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Numerical analyses on plasma behaviors in a dipole magnetic field are performed using a three-dimensional (3D) hybrid
code. Results are compared with the experimental data and magnetohydrodynamics (MHD) analysis. Dependence of plasma
expansion on initial plasma energy and location are discussed by temporal evolutions of plasma position and magnetic field
strength. An overall good agreement in the expansion behavior of plasmas among these results is found. The asymmetrical
shape of the expanding plasma in the cross-field direction is also noticed, and the reason for this is discussed.  For future
engineering applications, these results will be useful in designing an optimal configuration of the magnetic thrust chamber for
laser fusion rockets, and for studying the effective explosive methods for protecting the earth from collisions by asteroids or

comets.
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1. Introduction

Many basic studies on laser produced plasma under an am-
‘bient magnetic field have been performed for the purpose of
future applications such as in direct energy conversion from
fusion reactors. High-energy plasmas expand into a vacuum
space with interactions with the ambient external magnetic
fields. From the viewpoint of controlling plasma expansion to
protect a chamber wall of the reactor, it is necessary to deter-
mine the configuration and location of its expanding surface
and to determine its propagation limit. Because of the nonlin-
ear nature of the interacting process, numerical analysis has
been a useful aid to study these complex physics reactions.

In the fields of astrophysics, Nikitin and Ponomarenko?
have analyzed the dynamics of three-dimensional (3D)
plasma expansion for a dipole field configuration in the frame-
work of the ideal magnetohydrodynamics (MHD) approxi-
mation. Their interests le in nonstationary processes of an
explosive nature in cosmic plasma, and in particular, in the
global instability of the earth’s magnetosphere for estimating
the effective explosive methods for protecting it from colli-
sions by asteroids or comets.”? Their model was compared
with the results of an experiment on the expansion of the
laser produced plasma cloud. They have found an important
parameter {«) characterizing the interaction of the expanding
plasma cloud with the dipole field.”

We have numerically studied the behaviors of expandmcr
plasma under various magnetic fields.>> Analyses were car-
ried out on magnetic field modeling a magnetic thrust cham-
ber for a laser fusion rocket using a 3D hybrid code.*> The
hybrid code treats ions as individual particles and electrons as
a fluid. The magnetic field adopted there was produced by a
single solencidal coil and hence the magnetic field structure
was a variant from a dipole type field, since decreasing coil ra-
dius could reproduce the dipole field configuration. The inter-
action between plasma and a properly designed magnetic field
could convert initial isotropic kinetic motion of plasma to di-
rected motion for thrust generation. Nikitin and Ponomarenko
have applied the same MHD methed to estimate the thrust ef-
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ficiency in the magnetic thrust chamber and compared their
results to those from the 3D hybrid code.® They have found
a good agreement between them.

The MHD approximation is a very useful approach to
examine global motion of high-density magnetized plasma.
However, it would not be suitable for analysis of a system
where the particle motion of plasma is dominant. In addition,
it is not that easy to follow a complex surface or boundary
with the numerical MHD simulation. In the dipole field, the
spatial distribution of magnetic field strength varies consider-
ably, so an ion’s finite Larmor motion should not be neglected
locally. Moreover, it is considered that the plasma cloud sur-
face forms a very complex shape. Thus applying a hybrid
code for the analysis of an ion’s motion in the dipole field
seems reasonable.

In this paper, we study plasma behaviors in a dipole mag-
netic field using the 3D hybrid code. In §2, the numerical
model adopted here is introduced. The experimental setup
and its characteristic parameters are briefly mentioned in §3.
Section 4 presents comparison of results from the 3D hybrid
code with the experimental data and the MHD analysis. De-
pendences of the expansion behaviors on initial plasma en-
ergy and location are also discussed. Finally, the conclusions
are given in §5.

2. Numerical Model

To calculate the plasma behavior under the dipole magnetic
field, we have developed a 3D hybrid particle~in-cell (PIC)
code based on the model given in ref. 7. The hybrid code
treats ions as individual particles and electrons as a fluid. This
approach is valid when the system behavior is dominated by
ion physics. The motion of an ion is solved self-consistently,
that is, ions affect magnetic and electric fields, and ions are
moved under the fields.

The basic equations of the model are as follows,

The electric field is computed from the momentum equa-
tion for an electron fluid

neme(dv. /dt) = —en (E + v, X B) —~ VP, n
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where m, is the electron mass, 1. the electron density, e the él-
ementary electric charge, v, the electron velocity, E the elec-
tric field, and B the total magnetic field. F. is the electron
pressure given by

Pe=n.T, (2)

where T, is the electron temperature and it is assumed to be
uniform for the sake of simplicity.

The electrons are approximated as a massless fluid, so the
left-hand side of eq. (1) becomes zero, and

E=-v.xB—(l/en.)VPF.. (3)

Ampere’s Law with Darwin approximation, which means that
high-frequency electromagnetic waves do not exist, reduces
o

VX By = po(Je + Ji). (4)

where B, is the magnetic field generated by the plasma cur- -

rent density. Substituting —en.v. for J. in Ampere’s law,
solving for v,, and substituting v. into eq. (3), we obtain

E = (1/upZen;)(V X By) x B
— (I/Zeni).]i x B — (Te/eni)Vni.

We assume quasi-neutrality and set the ion charge density
equal to the electron charge density, i.e.,

Zn =n, 6)

(5}

in eq. (5), where Z is the charge state of the ion. Equation (5}
includes the terms inversely proportional to the ion’s number
density n;. In a vacuum region, these terms must cause nu-
merical infinity. We solve the Laplace equation to obtain the
electric field in the vacuum region,

VZE =0. (7

The ion density r; and the current density J; are calculated
by the PIC method from particle position x; and velocity v;
which are obtained by integrating the equations of motion.
The equations are given as follows

dvi/dt = (Ze/m)(E + v; x B), (8)
C o dxi/dt =, &)

where m; is the mass, Ze the charge, »; the velocity, and 'xi
the position of the ion.
The magnetic field is advanced by Faraday’s law

3B/8t = —V x E. (10)

Cartesian coordinates (X x ¥ x Z) are adopted here. The
time levels of the ion’s position and field quantities are de-
fined at an integer time step, and the ion’s velocity and the
current density at half time step, The leap-frog method which
is a time centered difference scheme is adopted to solve the
lon’s equation of motion. Faraday’s law is solved with the

backward difference scheme in time. Field quantities, num-

ber density and current density are spatially defined at the
same grid points. The boundary condition adopted here for
the field quantities is that the spatial differences of the normal
components are set to be zero at the surface of the cylindrical
calculation region.
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Fig. 2. Schematic of the calculation model.

Table 1. Experimental parameters.
Distance of dipole center to the target Rg (cm) 22
Dipole magnetic moment |m} (MG - cm”) 11
Initial magnetic field at R = Rp (T) 0.11
Initial kinetic energy Eg (J) 8 {x = 0.02}
) [3 {x = 0.036)
Ion charge state Z (Ht 50%, C*+ 50%) 2.5
Ion mass (AMU) 6.5

3. Experiments

For the comparative analysis, we will use the data of an ex-
periment in ref. | where a quasi-spherical plasma cloud was
produced by means of the bilateral symmetric action of a CO4
laser pulse on a small Nylon 6 (CgH;;ON), target. Figure I
shows the schematic of the experimental setup. The target
was placed in a vacuum chamber near a current coil with mag-
netic moment magnitude || = 11 MG-cm®, The experimen-
tal parameters are given in Table I. H* and C** ions were
mainly generated under these conditions. We assumed a sin-
gle kind of plasma with charge state Z of +2.5 and mass of
6.5 amu by taking the average quantities of these two kinds of
ions. This is becanse we focused here on a numerical simula-
tion for analyzing the macroscopic plasma behavior. (We also
performed the same calculation for a single C** ion and found
almost the same macroscopic behaviors mentioned below.)
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Fig. 3. Simulation results of particle positions projected onto (a) xz plane
(left} and (b) xy plane (right} (x = 0.02),

‘Nikitin defined a parameter (interaction parameter) «
which characterizes the interaction between the expanding
plasma and the dipole field" and is given as

Ey  3EoR]
— an
T Eq  ImP
where Ej is the initial kinetic energy of an ion and Ey the
field energy integral of the dipole within a spherical radius Rg
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(Bm = |m|? /3R3). The parameter has a critical value of 0.1.

In the case where « is lower than 0.1, a substantial plasma
deceleration will occur in all directions from the explosion
location (“quasi-capture” mode), meanwhile the plasma will
not be captured by an ambient field when « is greater than 0.1

. (“rupture” mode).

First, the explosion is assumed to take place in the equato-
rial plane at radius Ry = 22 cm at a point with field strength
B =0.11T. The kinetic energy of the plasma cloud Ey is 8 or
13 J. The interaction parameters are estimated from Table I to
be 0.02 and 0.036 when the initial kinetic energies are 8J and
137, respectively, corresponding to “quasi-capture™ mode.

Next, another initial plasma position different from that in
the above mentioned experiments is also assumed. Details are
explained in a later section.

4. Comparison with Experlmental Pata and MHD Anal-
ysis

In this section, we will present three kinds of simulation re-
sults along with the experimental results and the MHD anal-
yses. First, two “quasi-capture” mode simulations are pre-
sented for the cases where the locations of the initial plasma
are different (§4.1 and 4.2). Next, a “rupture’” mode simu-
lation is presented (§4.3). Discussions and comparisons are

- also made among these results.

4.1 “Quasi-capture” mode analysis
The plasma behaviors were calculated by the 3D hybrid
code under the plasma conditions of “quasi-capture” mode.

Initial plasma was located on the x-axis at radius Ry as shown '

in Fig, 2. It was assumed to have a radius of 2 cm with a mass
of 1 g and its maximum velocity Vi, was 170 km/s with ini-
tial plasma energy of 8J (¢ = 0.02). Initial distributions of
the particle positions and velocities were assumed to be uni-
form. The dimensions (X x ¥ x Z) of the calculation region
are 90 cm x 90 cm x 90 cm, and the center is the initial posi-
tion of the plasma. The mesh size adopted is (1.5 cm)®. The
number of simulated particles is 100,000 which are assumed
to be a single kind of ion with charge state 2.5 and mass 6.5 by
taking average quantities of 50% of H* and 50% of C**. The
coil to produce the dipole field is assumed to have a radius of
5cm with a current density of 1.4 MA to generate the same
field strength of 0.11 T at the initial plasma point Ry similar
to the experiment.

Numerical results for the time evolutions of particle posi-
tions are shown in Figs. 3(a) and 3(b), where they are pro-
jected onto the xz and xy planes, respectively. Here, the sim-
ulation starts from ¢ = 0.1 us to take account of the time
elapsed for the plasma expansion to 2cm in radius. As seen
in Fig. 3(a), the plasma shape is spherical at the initial stage
and the plasma expands almost isotropically, and then some
downward ions are reflected by the external magnetic field,
and its shape changes to follow the dipole magnetic field line.
It is found that the main body of plasma particles was cap-
tyred by the dipole magnetic field in the xz plane.

On the other hand, as shown in Fig. 3(b) an initially sym-
metrical plasma cloud begins to be asymmetric in the xy plane
{cross field plane) after 0.5 ps. Figures 4(a) and 4(b) show the
time evolution of velocity distribution projected onto the xz
and xy planes at an early stage. Figures 5 shows plots of ion
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Fig. 4. Time evolution of velocity distribution at an early stage projected
onio the (a) xz plane (left), and (b) xy plane (right) (¢ = 0.02). The
maximum velocity Vi, is 170km/s.

number density contours on the xy plane at z == 0 at two dif-
ferent times. From these figures, this asymmetrical pattern
is thought to be caused by the following reasons which are
briefly illustrated in Fig, 6.

At the initial stage, the plasma cloud expands isotropically
as a free stream with high kinetic energy [Fig. 6(a)]. Then,
plasma expanding downward begins to decelerate because
the ambient field is stronger at a lower region near the coil
[Fig. 6(b)]. Kinetic beta g defined as the ratio of plasma ki-
netic energy density to magnetic energy density reaches unity
around this area first, and then strong interaction between
-plasma and the ambient field occurs. Thus, the diamagnetic
motion of plasma is induced to generate the surface diamag-
netic current asymmetrically, only on the lower plasma sur-
face [Fig. 6(c)]. The asymmetrical diamagnetic motion of
plasma generates the divergence of plasma from the right side
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Fig. 5. Numerical results of ion number density contour on xy plane at
z = Qattime(a) r = 0.6 and (b) t = 0.9 us after laser pulse (x = 0.02).

of the cloud, while the plasma is concentrated around the left
side [Fig. 6(d)].. The densification around the left side of the’
cloud 1s also shown in Fig. 5. In the end, on the right surface
of the plasma cloud, the force inducing its diamagnetic mo-
tion could balance against the external magnetic field pressuré
which causes bounce motion of the plasma. On the left side
of the surface, the bounce motion of plasmas occurs because
of the absence of the force against the external field pressure.
That makes the shape of the cloud asymmetrical.

Figure 7(a) shows a picture taken at time = 1.73 ps after
the laser pulse for the case of ¥ = 0.02 with the initial plasma
energy of 81 on the xz plane and Fig. 7(b) shows that on
the xy plane. We found from these results that the plasma
particles were still captured by the dipole magnetic field and
the asymmetry of the plasma cloud on the xy plane similar to
the numerical results was observed.

Figure 8(2) shows numerical results for the case of k¥ =
0.02 of the time evolution of magnetic field strength on the
x-axis and (b} spatial distribution of the magnetic field on the
xy plane at.z = 0 at t+ = 0.6 5. Plasma expands by com-
pressing the external field at the early stage [Fig. 8(a)] and
the diamagnetic cavity is formed [Figs. 8(a) and 8(b)].

Figure 9(a) shows the front of the plasma cloud obtained
with the aid of a sensitive image-converter tube at time ¢ =
0.7 ps after the laser pulse in the case of initial plasma energy
13T (¢ = 0.036). Also shown here for comparison are the
results from the MHD calculations indicated by the shaded
area. Figure 9(b) shows a plot of parlicle positions obtained
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(a)

Initial plasma is
expanding isotropically. -

Plasma Cloud

Lower field pressure is stronger

so downward plasma is compressed
strongly and kinetic beta reaches
unity first.

Magnetic Field Pressure |

Plasma particles are concentrated
arcund here.

Larmor motion is
generated asymmetrically.

(@

Divergence of plasma in a direction
against that of bounce motion.

Plasma particles are concentrated
around here.

Direction of Field Pressure
After Kinetic Beta Reaches Unity

Fig. 6. Schematics explaining a macroscopic asymmetrical shape of
plasma cloud.

from the 3D hybrid calculation. The maximum velocity of
the plasma, Vi, was 228km/s. From these results, we found
an overall good agreement among the MHD analysis, the ex-
perimental result and numerical results. A densification of
the particles is observed in the plot of the simulation results
[Fig. 9(b}], due to the reflection of particles from the inner
magnetic field.

~ Comparison among our numerical results by the 3D hybrid
code, the MHD analysis and the experimental results, showed
overall good agreement with regard to the motion of plasma
cloud and its macroscopic shape. The plasma cloud was cap-
tured in the dipole field under these experimental conditions
and it followed the magnetic field line. Finally, the plasma
cloud had an asymmetrical shape in the cross-field direction,
which could not be predicted by the MHD analysis.

4.2  Angular dependence of plasma explosion

In this section, we have analyzed the plasma motion with its
initial location being 30° from the z-axis as shown in Fig. 10.
Other parameters are the same as mentioned in §4.1, and the
plasma explosion point is located at the distance Ry = 0.22m
from the dipole center. The field strength has the same value
of .11 T.

Figure 11 shows the experimental results observed by an
image camera at f = 0.55 ps after laser irradiation. Figure 12
shows the time evolution of plasma positions projected onto
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Fig. 7. Experimental data of plasma cloud at time 1 = 1.7 us after laser
pulse {a) view on xz plane and (b) on xy plane (¢ = 0.02).

the xz-plane as calculated by the hybrid code. It is found
that the plasma cloud expands under the influence of the am-
bient field and its center moves apart at an almost constant
speed. The movement speed calculated by these results is
about 100 kim/s. Note that during 1.1 to 1.4 us an abrupt ex-
plosion occurred around the point (x, ) = (7,7 cm). In this
case, the plasma cloud was not captured even when the pa-
rameter £ was much less than unity. This result is also in
good agreement with the experimental one.
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4.3  “Rupture” mode analysis

The “rupture” regime was studied by increasing the initial
plasma energy and also the interaction parameter «. We tried
to simulate the case of & = 0.36 with the initial plasma en-
ergy of 130]. The maximum velocity of the plasma, V;,, was
721km/s, These values are one order of magnitude larger
than those in the previous “quasi-capture” mode. (Note that
the critical value-for « between the two modes is 0.1.)

Figure 13 shows the simulation result of particle positions
projected onto the xz plane at time = 0.3 us after the laser
pulse. Plasma particles are found to expand more rapidly at an
early stage as compared with those in “quasi-capture” mode
(Fig. 3). Att = 0.32 us, the plasma particles are found to
move away from the calculation region and consequently we
could not continue the calculation in the case of “rupture”
mode, and the magnetic field could not capture the plasma
cloud,

5. Conclusion

We carried out analyses on plasma behaviors in a dipole
field using a 3D hybrid code, and a comparison was made
among the experimental data, MHD analysis and the results
from the 3D hybrid code.

A parameter (interaction parameter) x is defined, which

T. MURANAKA et al. 829
@ —MITIQ.D analysis
- e
| 3]
1
- 1
N\
f
i I
ey Jb
- 48
]
E 1
| _.Experimental data

—_ —_
o (411
T T

{

X (cm)

0'71 Hs 1

0 1 I 1 1 1
20 15 <10 -5 0 5 10 15 20
Z {cm)

Fig. 9. (a) Experimental data (dashed line) and MHE calculational results
(shaded area) of plasma cloud at time ¢ = 0.7 us after laser pulse. (b)
Simulation results of particle positions projected onto the xz plane at
t = 0.7 us (x = 0.036).

Plasma Cloud
Initial Radius: 0.02 m

30 degrees
Z

Fig. 10. Schematic of the calculation model.

characterizes the interaction between the expanding plasma
and the dipole field."” The parameter has a critical value of
0.1. In the case where « is less than (.1, a substantial plasma
deceleration will occur in all directions from the explosion lo-
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Fig. 11. Experimental data of plasma cloud at time 1 = (.55 us after laser
pulse on xz plane (x = 0.02).

cation {designated as “quasi-capture” mode). The plasma will
not be captured by an ambient field when « is greater than 0.1
(as “rupture” mode). ‘

First, we analyzed the plasma in the case of “quasi-capture”
mode with the parameters ¥ = 0.02 and 0.03. The initial
plasma was located on the equatorial plane. Our numerical
results on time evolution of particle position, particle veloc-
ity and magnetic field strength were presented. Comparison
of the numerical resulis obtained by the 3D hybrid code with
the MHD analysis and the experimental results, showed good
agreement with regard to the motion of the plasma cloud and
its macroscopic shape. The plasma cloud was captured in the
dipole field and followed the field line, but it had a remark-
able asymmetrical shape in the cross-field direction. This was
due to the asymmetry of the diamagnetic motion and external
magnetic field pressure on the right and the left sides of the
plasma cloud. The formation of a diamagnetic cavity was also
observed. :

Second, the angular dependence of plasma expansion was
discussed in the case of “quasi-capture” mode using the pa-
rameter & = 0.02. The initial plasma was located 30 degrees
from the z-axis. It is found that the plasma cloud expands un-
der the ambient field configuration and its center moves away
at an almost constant speed from the magnetic coil. In this
case, the plasma cloud was not captured although the param-
eter ¥ was much lower than unity. This result is also in good
agreement with the experimental one.

Finally, the “rupture” regime was studied by increasing the
initial plasma energy and also the interaction parameter x. We
tried to simulate the case of k = 0.36. The values are one
order of magnitude larger than those of the previous “quasi-
capture” mode. In this case, the plasma expanded rapidly and
did not tend to be captured by an external field.

From these analyses, we found that the interaction parame-
ter well characterizes the expansion behavior of the plasma in
a dipole field if the plasma is located on the equatorial plane.
If not, it would not be sufficient to characterize the plasma
behavior only using the interaction parameter «.

For future engineering applicaticns, these results will be
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useful in designing an optimal configuration of the magnetic
thrust chamber for laser fusion rockets, since the magnetic
field structure adopted there is a variant of a dipele-type field.
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For the space plasma field, for instance, as the earth’s magne-
tosphere is a dipole field, the effectiveness of methods for its
protection from collisions with asteroids or comets should be
studied.
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