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To confirm the validity of the modified numerical simulation performing a series of numerical simulations for high-
energy laser injection onto a spherical target and the ablation plasma behavior in a magnetic field, the modified
numerieal simulation is compared with experiments and original numerical simulation. The modified numerical
simulation consists of a one-dimensional Lagrangian radiation hydrodynamic code to calculate the creation process of
laser-produced plasma and a three-dimensional hybrid particle-in-cell cade, The original numerical simulation does
not consider the creation process, The measured impulse bit due to the interaction between the diamagnetic currentin
a laser-praduced plasma and the magnetic field generated by neodymiom permanent magnets is 2.42 & 0.23 N . 5.
The caleulated impulse bit in the modified and original numerical simulations is 1¢.3 and 72.7 #N -5, respectively.
These results reveal that the modified numerical simulation models closer to the experintent than the original
numerical simelation, Tn addition, to investigate the effect of the magnetic field strength on the plasma behavior in a
magnetic thrust chamber system for a laser fusion rocket, the modified numerical simulationis performed. Asaresult,
it is revealed that there is an approximation region of the magnetic field strength for high thrust performance.

Nomenclature pi = ion pressure
B =  magnetic field ’ q = artificial viscosity
c = speed of light o, f f:lectron source term
¢, = electronic specific heat tQi = ;.oniisource term
€, = ion specific heat B
D, = (diffusion coefficient for v r. = t:electron temperature
e = elementary charge i'f = };’; ée\{';{)::?tt;fe
E = electric field - -
E, = photon energy density for v zf = ieéic\tr;(:gc‘i’?;oc’ty
Ji = ion current density . 7 = charge state of jon
iﬂ = Blzz:ttzrlonmn mm ac;;mstant Z* = effective charge state of ion
1 = g . .

e = ion Imass a = thermal relaxation coefficient
N = nomberofions e = emissivity for v ..
n = electron density K, = electron thermal conductivity
= ion density k¥, = djon thermal conductivity
P' = electron pressure A = laser wavelength

¢ H#o = permeability of vacuum
- v = frequency group

Received 14 January 2013; revision received 31 August 2013; accepted for gy = energy damping rate
publication 3 September 2013; published online 30 December 2013, P = mass density
Copyright © 2013 by the American Institute of Aeronautics and Astronautics, 7 = equipartition time
Inc. All rights reserved. Copies of this paper may be made for personal or P = absorption coefficient for v
internal use, on condition that the copier pay the $10.00 per-copy fee to the v
Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923;
include the code 1533-3876/13 and $10.00 in correspondence with the CCC, R

*Graduate Student, Interdisciplinary Graduate School of Engineering L Introduction
Science, Kasuga; maeno @aces kyushu-v.ac.jp. o N THE future, space propulsion systems capable of generating

tGraduate Student, Interdisciplinary Graduate School of Engineering large thrusts with high specific impulses will be required for

Science, Kasuga.
*Associate Professor, Interdisciplinary Graduate School of Engineering
Science, Kasuga,

manned interplanetary flights. A promising rocket is the laser fusion
rocket (LFR), which was first proposed in the 1970s by Hyde etal. [1]
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energy and creates high-energy-density plasma in about 10 ps by
focusing homogenously laser beams onto a millimeter-sized capsule
target filled with DT fuel. The laser pulse energy absorbed on the
critical surface of the target generates an ablation plasma. This high-
pressure plasma causes the fuel to implode to the center of the target.
In this process, the target is compressed to adensity several thousand
times greater than that of solid materials. The DT fusion reaction,
D+ T — n(14.1 MeV) + *He(3.5 MeV) releases about 400 MJ
from a 2-mm-diam capsule target filled with DT fuel.

The LFR employs a magnetic thrust chamber system to generate
thrust. The system produces thrust by inducing a diamagnetic current
in the laser-produced plasma. Figure 1 depicts the mechanism for
producing thrust in the system of an LFR. It involves the following
processes:

1) ICF plasma expands in an applied magnetic field with a suitably
designed geometry. The magnetic field is typically produced by a
solenoid superconducting magnet (SCM).

2) Because plasmas are good conductors, the charged particles in
the plasma undergo Larmor motion when a magnetic field is applied.
This Larmor motion induces the diamagnetic current to sweep aside
the magnetic field. Then, the magnetic field is compressed.

3) The compressed magnetic field pushes the plasma back in a
manner similar to a spring. LFR then generates thrust through the
interaction between the diamagnetic current in the plasma and the
magnetic field generated by the SCM.

The magnetic thrust chamber system of an LFR has the following
three advantages. First, it reduces the time of space missions because
an LFR can generate large thrusts with high specific impulses. This
will reduce the exposure of the space flight crew to cosmic radiation,
which is one of the greatest problems associated with manned space
flight. Second, the thrust can be easily varied during the mission by
varying the system parameters. For example, the thrust can be
changed by varying the operation frequency of the system because
the thrust is proportional to the production frequency of impulse bits.
Third, this system has along lifetime. The direct plasma impingement
on the solid wall of the vehicle is minimized as the plasma is confined
by the magnetic field produced by the SCM, although the radiation
shielding of the vehicle is damaged. Consequently, little charged
plasma energy is wasted and the damage of the spacecrafi structure is
minimized, resulting in long lifetimes.

Several numerical simulations and experiments have been
performed to investigate the behavior of the laser-produced plasma in
the magnetic thrust chamber system for an LFR. In experiments,
Vchivokv et al. [6] observed the temporal plasma behavior in an
axially symmetric dipole magnetic field. Using a magnetic probe,
they discovered that a diamagnetic cavity forms in the applied
magnetic field. Maeno et al. [7,8] experimentally demonstrated a
novel system for an LFR that employed a laser-produced plasma and
cylindrical neodymium permanent magnets, rather than an ICF
plasma and an SCM. These experiments for various laser pulse
energies were performed using an extreme ultraviolet (EUV)
database and the laser facilities at Gekko XII (GXII), in collaboration
with Osaka University having these laser facilities made for
researching EUV lithography and ICF. The impulse bit due to the
interaction between the diamagnetic current in the plasma and the
magnetic field generated by the magnets was directly measured by
using a pendulum thrust stand. The impulse bits for the EUV database
and the GXII laser facilities were in the ranges 1.5-2.5 uN - s and
0.03-10 mN - s, respectively. In addition, no measurable impulse bit
was observed when a nonmagnetized cylindrical iron was used
instead of the magnets. These results indicate that the magnetic thrust
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chamber system for an LFR is capable of generating an impulse bit.
They also show that the impulse bit increases with increasing laser
pulse duration, laser pulse energy, an\d laser frequency (which is
nversely proportional to the laser wavelength). In numerical
simulations [9,10], a three-dimensional (3-D) hybrid particle-in-cell
(PIC) code [11-13] was used to simulate the behavior of charged
particles in a magnetic field.

Then, we tried to use only the 3-D hybrid PIC code (original code)
to estimate the impulse bit measured in the previous experiment [7],
in which the representative measured impulse bit is 2.42 & 0,23 K
s at alaser pulse energy of 1.05 J and a laser pulse duration of 9 ns. Six
cylindrical neodymium permanent magnets connected in the axial
direction were used to generate a magnetic field. Each permanent
magnet is 16 mm in diameter and 10 mm long. The permanent
magnets were arranged so as not to disturb the incident laser beam.
The distance between the axis of the permanent magnets and the
targetis 11 mm and the angle between the permanent magnets and the
laser beam is 45 deg. The magnetic field strength at the target is
calculated to be 0.12 T. In the original numerical simulation, the
following initial plasma conditions were added to the code. The
plasma mass is taken to be the target mass, The ion density is assumed
to have a uniform distribution. The ion speed distribution is assumed
to have a Maxwellian distribution and the initial plasma kinetic
energy is assumed to be 30% of the incident laser pulse energy. The
calculated impulse bit of 72.7 uN - s did not agree well with the
measured value. This is considered to be because the input conditions
do not account for the creation process of a laser-produced plasma. To
consider the creation process in numerical simulations, Maeno et al.
[14] performed a series of numerical simulations for the high-energy
laser injection onto a spherical target and the ablation plasma
behavior in a magnetic field. They combined a 3-D hybrid PIC code
and a one-dimensional (1-D) Lagrangian radiation hydrodynamic
code [15], which can compute the hydrodynamic evolution of a
radiating plasma heated by laser pulses (modified code).

In the present study, to confirm the validity of the modified
numerical simulation that considers the creation process of a laser-
produced plasma, we compare results obtained using it with those
obtained using the original numerical simulation that does not
consider the creation process and with experimental results. Using
these two numerical simulations, we investigate the effect of the
magnetic field strength on the plasma behavior in a magnetic thrust
chamber system for an LFR.

II. Numerical Simulation Methods
A. 1-D Lagrangian Radiation Hydrodynamic Code

A 1-D Lagrangian radiation hydrodynamic code named Star-1D
was developed by Sunahara et al. [16]. Star-1D can simulate the
evolution of a wide variety of high-energy-density laser-produced
plasmas. It employs a one-fluid. In the high-density plasma, although
the relative velocity between the nuclei is generated by the self-
organized electromagnetic field, the nuclei collide with each other
and comoving as one-fluid. On the other hand, because the
temperature directly affect plasma pressure, the two-temperature
(T; # T.) model is employed. The plasma is assumed to be quasi
neutral due to comoving electrons (i.e., Zn; = n,). Thus, the
following equations are solved. Equation (1) is the equation of
continuity. Equation (2) is the equation of motion in planar and
spherical geometries, in which the artificial viscosity ¢ smooths the
shock front. Equations (3) and (4) are energy equations for ions and
electrons, respectively

Impulse

Fig.1 Mechanism for generating thrust in the magnetic thrust chamber system of an LFR. The LFR produces thrust through the interaction between the

diamagnetic current and the magnetic field.
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In Egs. (2-5), the variables Ds» Cys, and pog o are functions of #; and
T;. They are obtained from SESAME equation of state tables [17].
Here, the subscript s indicates an ion (i) or an electron (). The second
terms on the rght-hand sides of Egs. (3) and (4) represént thermal
conduction due to ions [18] and electrons [19], as shown in Eq. (6).

Here, Z* is defined as <Z* > / < Z >, where < > indicates
averaging over the ion species, and In A is Coulomb logarithm [20}.

The flux-limited Spitzer-Harm model [21], with a flux Timit factor of
0.1, is applied. The third terms in Eqs. (3) and (4) indicate electron-
ion temperature relaxation. Here, a{= 1.5kgn, /fz,;) is determined
from the Spitzer relaxation time [22], as shown in Eq. (7), and f isthe
reduction factor of the laser absorption due to the Langdon effect
[23], which is important for long-wavelength laser irradiation, Here,
Qi(= —gV - v) is the viscous heat, which is generated by the
conversion of kinetic energy into ion thermal energy due to the
viscosity. Here, 0, consists of a laser energy deposition term and a
Taser heating term for electrons. The laser energy deposited between
the vacuum-plasma boundary (expansion surface) and the critical
surface is caleulated by ray tracing using 100 rays. The critical
surface density ne(= 4mm, /poe’?) is 9.8 x 10?° cm™. The Taser
absorption coefficient [24] is denoted by /v, Inverse
bremsstrahlung [25] is assumed to occur during the laser energy
absorption process. Other mechanisms, such as resonance and
parametric absorptions, are not considered because they mostly
convert the light energy to the energy of the plasma waves and
produce superthermal electrons. In general, such mechanisms do not
cause local thermalization on the critical surface. The deposition for
each calculation mesh is calculated to be P = exp(—uy,AD), as
shown in Eq. (8), where P is the local laser power, and At is the time

taken for the laser ray to pass through each mesh size at its group
velocity (v, = ¢+/1 ~ (n,/n)%)
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Equation (9) is the radiative wansport equation, To evaluate the
radiation transport process, the multigroup diffusion approximation

model [26] using a flux limit, as shown in Eq. (10), is applied. The
photon energy hv is in the range 01 keV; this range is divided into
100 bins for v to numerically solve Eq. (9), where h is the Planck
constant. Here, A and the opacity x,{= y,/p) are based on the
collisional radiative equilibrfium model. In this model, the plasma is
assumed to be optically thin without reabsorption. of the radiation
energy

d

E,
pa (7) + V- (D, VE,) = dmn, — cr.E, 6]

c
D= 10
3, + IVE,I/E, oo

B. 3-D Hybrid PIC Code

Nagamine and Nakashima [9] developed a 3-D hybrid PIC code to
simulate plasma behavior in a magnetic field, This code treats ions as
individual particles and electrons as a magnetic hydrodynamic fluid.
The basic equations are given next. Equations {11) and (12) are the
equations for particle and fluid motion, respectively, Here, m, is
assumed to be zero because the code neglects the inertial term. High-
frequency plasma phenomena, the resistivity, and electron motions,
such as electron plasma oscillation and cyclotron motion, are also
neglected [27]. The plasma is assumed to be quasi neutral due to
comoving electrons (i.e., Zn; = n,). Here, T, is assumed to be zero
because the plasma cools as it expands and its inertial energy will be
converted into kinetic energy. Here, p, is also assumed to be zero
from p, = n,kgT,. Equation (13) is given by Ampere’s law and
Ji = Zenv;. The transverse displacement current in Ampere’s law is
neglected by the Darwin approximation. The ion current density is
important because it relates the ion motion to the electromagnetic

. field. These approaches are valid because the system behavior i is

dominated by ion physics

du;
i — P =Zen{E+v;XxB) (11)

d
nemczvf— =—en,(E+ vy, XB)-Vp, - (12)
1 VxB
=— |- 1
b= (;. - ) (13)

C. Coupling Procedure Between Two Codes

In the modified numerical simulation, the results of Star-1D are
used as 3-D ion super particle distributions for the particle position
and expansion velocity, which are inputted into the 3-D hybrid PIC
code. To convert from a 1-D Lagrangian mesh model to & 3-D
Cartesian coordinate particle model, the plasma is assumed to expand
into the vacuum isotropically as the 1-D meshes are elements along
the radius of multilayer sphere. Because the number of ions in each
shell is caleulated by multiplying the shell volume by the ion density,
it is easy to divide the ion superparticles into each shell. Finally, the
physical quantities of the 1-D meshes are distributed among the ion
superparticles. When the number of ion superparticles is small by the
limitation of calculation cost, the number of particles divided into the
outer shells is few because the ion density of the outer shells is smaller
than that of the inner shells by a few orders of magnitude.

The inputted ions have only expansion velocities; they do not have
thermal velocities. The effect of ion thermal velocity is negligibly
small because the ion expansion velocity accelerated by the laser is
faster than the thermal velocity estimated from the ion temperature.
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ITI. Experiment Method

A. Experimental Setup

In the experiment setup, shown in Fig. 2, the ion beam current of a
laser-produced plasma was first measured using a charge collector,
The distance between the charge collector and the origin is 155 mm
and the angle between the charge collector and a single laser beam is
14 deg. The plasma was created by focusing a 1064 nm Nd: YAG laser
beam (pulse duration: 9 ns; pulse energy: 4 J) onto a 500-um-diam
spherical polystyrene target. The laser beam was focused on the
central axis of the coil by a lens (F-number: 20) so that its diameter
was equal to that of the target. To reduce the measurement error
caused by the ablation plasma generated by the glass rod, the target
was suspended on the end of a carbon fiber attached to a glass rod. A
pulsed power supply and an edgewise coil were used to generate a
pulsed magnetic field. The coil (outer diameter: 60 mm; inner
diameter: 50 mm; length: 10 mm) that generates the magnetic field
consists of 10 turns of a rectangular copper wire. The wire is coated
with a polyimide thin film as an insulator (width: 5 mm: thickness
perpendicular to the coil axis: 1 mm). The coil is set 25 mm from the
origin, as shown in Fig. 2. The edgewise coil has a high lamination
factor, a small temperature difference between the inside and outside
of the coil, and a high-frequency response.

B. Charge Collector

Figure 3 shows the charge collector that consists of a Faraday cup
[28] and the current-to-voltage (I-V) converter. The charge collector
in the vacuum chamber is biased to —50 V to repel electrons. Four
resistors with a resistance of 50 Q each are used for impedance
matching. The Faraday cup has a very low secondary electron
emission rate, making it very suitable for absolute measurements of
the ion number and energy. This is because almost none of the
secondary electrons generated in the Faraday cup escape from the
collector through the 4-mm-diam hole, as shown in Fig. 3. To prevent
electrons in the plasma from entering the Faraday cup, the hole is
covered with a mesh that has 500 lines/in. with a line diameter of
0.025 mm and an ion penetration rate of 25%. The ion expansion
velocities were derived by dividing the distance between the target
and this probe (155 mm) by the arrival time of ion beam current.

C. Pulsed Power Supply

The pulsed power supply was made by us and uses a three-step
pulse forming network (PFN) [29]. The power supply can generate a
maximum current of 10 kA with a pulse width of 20 us when the
charging voltage is 5 kV. The circuit diagram of the supply is shown
in Fig. 4. The section of the PFN that supplies a voltage consists of a
high-voltage dc power supply, a switch, a charging resistor (100 k€),
and a potential divider (1 GQ and 1 MQ). The section for the
charging voltage consists of three capacitors (32 xF), two inductors
(2 pH), a matching resistor (250 m€2), a fast high-voltage solid-state
diode, and a switch. The edgewise coil in the vacuum chamber has a
self-inductance of 7 uH. Figure 5 shows the experimental and
theoretical output currents of this supply when measuring a potential
drop across a 0.002 m£2 current shunt resistor for a charging voltage

A 330 mm

-
3 mm

: W]
Fig.2 Experimental setup and cubic calculation model for 3-D hybrid
PIC code.

10 mm 25 mn# __________

Oscilloscope

Fig.3 Charge collector with a Faraday cup and an I-V converter. The
4-mm-diam hole is covered with a mesh to prevent electrons in the plasma
from entering the Faraday cup.

Chamber

Fig.4 Circuit diagram of pulsed power supply with a three-step PFN.

0f 230 V. The peak currentis 450 A at 10 us. The current starts to flow
31 ps prior to laser ignition induced by a digital delay/pulse
generator. The monitored current agrees well with the theoreti-
cal value.

D. Torsional Thrust Stand

In the previous experiment, some impulse bits due to the
interaction between the diamagnetic current and the magnetic field
were measured under the certain condition of the magnetic field
strength of 0.12 T. In this experiment, the impulse bit measurement
was tried by using a torsional thrust stand that has a detection limit of
50 pN - s. The stand is calibrated by striking the thrust stand to cause
an impact. The impact is directly measured by a force transducer
attached to the counterweight. The force transducer records the
impulsive force as a function of time; integrating this yields the
applied impulse. It is assumed that the impulse on the force
transducer is proportional to the amplitude of the output of the stand.
It is also verified that the output is zero when the pulsed magnetic
field of the edgewise coil is generated without plasma. However, the
level of the impulse bit was lower than the detection limit of the
thrust stand.

IV. Numerical Simulation Conditions
A. Calculation Model of Star-1D
To compute the experiment using a carbon-hydrogen (CH)
spherical target with a diameter of 500 gm, the target is divided into
six parts. Bach part has a solid angle of 0.636 7 sr, as shown in Fig. 6.
In the experiment, a single laser beam is focused onto the target. In

500

Current, A
Lod
2

g

Experimental value
Theoretical value

[=]

-100 1 L L L L 1 L

-40 30 20 -10 0 10 20 30 40 50 60
Time, ps

Fig. 5 Experimental and theoretical output currents of pulsed power

supply at the peak current of 450 A. Current starts flowing 31 ps prior to

laser ignition.
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Cone region

Fig. 6 Calculation model of Star-1D.

contrast, a single laser beam is assumed to be focused onto each part
in Star-1D. The surface area of the part in Star-1D is assumed to be
equal to the laser beam spot size (i.e., the full width at half maximum
of the laser beam). Each laser beam has an energy of 0.636J; i.e., the
total energy of the laser beams focused onto the target is about 4 I.
The laser beam is generated by a 1064 nm Nd:YAG laser with a
Gaussian intensity profile. Figure 7 shows the Gaussian time-variable
power profile of the laser beam. The rise and fall times of the peak
power are 10 and 20 ns, respectively. The peak power of the laser
beamis 2.51 X 103 W at the calculation time of 25 ns. The distance
between the laser focal point and the target is set to 0.5 cm. The
number of radial meshes with widths Ax in the range 0.01-1 pm is
500. They move with the hydrodynamic evolution of the plasma
heated by the laser beam. For a CH material, the atomic mass
averaged over carbon and hydrogen and the mass density are
assumed tobe 6.5 amu and 1.06 g/cm?, respectively. The calculation
start and finish times are set to 0 and 75 ns, respectively. The
calculation time step At is initially set to 0.1 ps and it is subsequently
varied according to the Courant-Friedrichs-Lewy (CFL) condition.
When the numerical simulation does not meet the CFL condition
(cAr/Ax < 1), the numerical simulation becomes unstable and
diverges.

B. Calculation Model of 3-D Hybrid PIC Code

The initial laser-produced plasma is located at the origin of the
model. The modelisan 110Ax X 110Ax x 110Ax cube, where Ax =
3 mm is the mesh width, as shown in Fig. 2. Figure 8 shows the
magnetic field strength along the central axis of zatx = y = Qandin
the z-x plane at y = 0, produced by the edgewise coil at the peak
currentof450 A. The magnetic field strength at the origin is 0.0321 T.
The calculation start time is set to zero. At this time, numerical
simulations are changed from Star-1D to the 3-D hybrid PIC code.
The number of ion superparticles is 10°. To analyze the particle
behavior in the electromagnetic field, a large number of particles is
required. The calculation time is 100,000 Az (5 us), where At =
50 ps (ion cyclotron frequency wy; = 1/2047Af)is the time step. Itis
according to the CFL condition that ¢ is replaced by the Alfven speed,
because the hybrid PIC code uses the implicit method, not the explicit
method.

3.0x10° —————— R —
s 251x10°'W
DX B

2.0x10%F E
= 10ns | 20ns
§ 1.5x10°} : 3 .
o
~

1.0x10°} .

5.0x10"F .

0.0 1 -_/4 n L " 1 \_. 1 L L
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Time, ns

Fig. 7 Gaussian time-variable power profile of a single laser beam for
Star-1D.

0.240
E 0.227
e Magnetic field strength along the axis of z, T l 0.215

Magnetic field strength on the z-x planc, T

x, mm

-25
Z, mm

Fig.8 Magnetic field strength produced by the edgewise coil at the peak

current of 450 A. Magnetic field strength at the origin is 0.0321 T,

0
=100 =75 -50 0 25 50

V. Results and Discussion

A. Impulse Bit and Ion Expansion Velocity in the Numerical
Simulations and Experiments

We compare an impulse bit measured in a previous experiment [7]
with the values computed by the modified numerical simulation to
confirm the validity of the modified numerical simulation. The
modified numerical simulation employing a 3-D hybrid PIC code and
Star-1D, which accounts for the creation process of a laser-produced
plasma, calculated the impulse bit as 10.3 uN - s. This does not agree
with the value of the previous experiment [7] (2.42 & 0.23 uN - ).
This discrepancy is considered to be due to the calculation processes
in Star-1D and the 3-D hybrid PIC code. Star-1D assumes that the
plasma expands isotropically. In the experiments, the laser beam is
focused on a section of the target face, whereas the laser beams are
focused on almost the entire face of the target in Star-1D. This
difference may affect the plasma mass and the expansion direction
calculated by Star-1D. Another possible cause of the preceding
discrepancy is the boundary between the plasma and vacuum in
the 3-D hybrid PIC code. An ion density of 10'® cm™ is used as
the threshold for separating the plasma from the vacuum when
calculating the electric field for the present conditions. When the
desired level is smaller than the threshold, the 3-D hybrid PIC code
diverges. Thus, having the electric field calculated in a vacuum rather
than in a low-density plasma may affect the impulse bit. Another
possible cause for the discrepancy is particle collisions. Collisions
may reduce the impulse bit, but the 3-D hybrid PIC code assumes that
the plasma is collisionless. However, the value for the impulse bit
calculated by the modified numerical simulation is closer to that
of the previous experiment than that of the original numerical
simulation.

In this experiment, the measured ion expansion velocity at B =
0.0321 T is 199 km/s. The uncertainty in the time range at the
oscilloscope is of the order of nanoseconds, so that the uncertainty in
the estimated velocity is negligible. In the original numerical
simulation, the velocity is calculated to be: 15 km/s. The velocity
obtained using the modified numerical simulation is 194 km /s.
Thus, the experimentally measured velocity and that calculated by
the modified numerical simulation at B = 0.0321 T are almost the
same; that is, the initial plasma velocity for the modified numerical
simulations is adequate for the experiment.

These indicate that the creation process of a laser-produced plasma
is important when investigating plasma behavior in a magnetic field
by numerical simulations. This is considered to be because the
different ion expansion velocities calculated by the two numerical
simulations affect the impulse bit.
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Ion expansion velocity calculated by the

modified numerical simulation

Magnetic field strength, T _Ton expansion velocity, km /s

0.0321 194
0.961 194
1.92 182
2.88 155

B. Thrust Performance for Various Magnetic Field Strengths

The reason we were unable to measure an impulse bit in the
experiment is considered to be that the ion expansion velocity of the
plasma is very high, up to about 200 km/s. The high-speed ions pass
through the system prior to interacting sufficiently with the magnetic
field to be pushed back by the compressed magnetic field. If the
magnetic field strength is sufficiently strong, the impulse bit should
be high. The modified numerical simulation was used to investigate
the effect of the magnetic field strength on the plasma behavior in
the magnetic thrust chamber of an LFR. Calculations were conducted
for magnetic field strengths at the origin of 0.0321, 0.961, 1.92,
and 2.88 T.

Table 1 lists the ion expansion velocities in these four magnetic
fields calculated by the modified numerical simulation. It is found
that the ion expansion velocity decreases with increasing magnetic
field strength from the value of 0.961 T. This indicates that, with
increasing magnetic field strength, the plasma is decelerated more by
the magnetic pressure when the plasma particles pass through the
edgewise coil. Figures 9-12 show the ion super particle distributions
at a calculation time of 5 ys in the z-x plane at y = 0 for various
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magnetic fields calculated by the two numerical simulations. They
show the effect of the magnetic field strength in the magnetic thrust
chamber of an LFR. The squares in the figures indicate the edgewise
coil. When an ion super particle collides with the coil, the particle is
eliminated from the 3-D hybrid PIC code. The particles with
velocities of: 194 km/s expand isotropically into the vacuum, as
shown in Fig. 9a. The plasma around the coil at B = 0.961 T (see
Fig. 10a) is pushed back by the magnetic field. Figures 10a, 11a, and
12a show that the particle distribution changes with increasing
magnetic field strength; specifically, the particles move in the exhaust
direction without isotropically expanding at high magnetic field
strengths. Therefore, the thrust of the system is improved by
increasing the magnetic field strength. Figure 9b shows that the ions
are guided by the magnetic field through the edgewise coil. In this
case, the critical magnetic field strength is considered to be 0.961 T,
That is, the particle distribution at B = 0.961 T shown in Fig. 10b is
similar to the results for B = 1.92 T shown in Fig. 11b, and for
B = 2.83 T shownin Fig. 12b. This suggests that thrust performance
calculated by the original numerical simulation will saturate at
magnetic field strengths greater than the critical magnetic field
strengthof B = 0.961 T. Figure 13 shows the impulse bits calculated
by the modified and original numerical simulations. As the ion super
particle distributions in Figs. 9-12 show, the impulse bit in the
modified numerical simulation increases with increasing magnetic
field strength from the value 0f 0.961 T, whereas the impulse bit in the
original numerical simulation saturates at high magnetic field
strengths.

From these results, when the effect of the magnetic field strength
becomes larger as the ion expansion velocity is decelerated, the
impulse bit increases. The effect on the thrust performance is small
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Ion super particle distributions at B = 0.0321 T calculated by a) modified and b) original numerical simulations.
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Fig. 10 Ton super particle distributions at B = 0.961 T calculated by a) modified and b) original numerical simulations.
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Fig. 13 Impulse bit for various magnetic field strengths calculated by
modified and original numerical simulations.

when the magnetic field energy is much weaker than the threshold of
0.961 T. Thus, for high thrust performance, these results indicate that
there is an approximation region of the magnetic field stren gth.

VI. Conclusions

A modified numerical simulation that uses Star-1D to calculate the
creation process of a laser-produced plasma and a 3-D hybrid PIC
code was used to perform a series of numerical simulations for high-
energy laser injection onto a spherical target to investigate the
ablation plasma behavior in a magnetic field. To confirm the validity
of the modified numerical simulation, the results obtained using the

modified numerical simulations were compared with those of
experiments and the original numerical simulation (a 3-D hybrid PIC
code that does not consider the creation process). Comparison of the
impulse bit due to the interaction between the diamagnetic current in
a laser-produced plasma and the magnetic field revealed that the
modified numerical simulation is closer to the previous experiment
than the original numerical simulation. Comparison of the ion
expansion velocities measured by the charge collector and calculated
by the two numerical simulations revealed that the experiment and
the modified numerical simulation at B = 0.0321 T give almost the
same ion expansion velocities. These results indicate that the creation
process of a laser-produced plasma is important when investigating
plasma behavior in a magnetic thrust chamber system for an LFR.

However, the impulse bit could not be measured in the final
experiment because it was lower than the detection limit of the thrust
stand. If the magnetic field strength is sufficiently high relative to
high-speed ions, with velocities up to about 200 km/s, the impulse
bit should increase. To investigate the effect of the magnetic field
strength on the plasma behavior in a magnetic thrust chamber system
for an LFR, modified numerical simulations were conducted for
various magnetic field strengths. Calculations of the ion expansion
velocity reveal that ions moving in the direction opposite to the
exhaust direction through the edgewise coil are decelerated upon
increasing the magnetic field strength. Calculations of the impulse bit
reveal that the impulse bit increases with increasing magnetic field
strength. Thus, for high thrust performance, it is found that there is an
approximation region of the magnetic field strength.

In summary, the creation process of a laser-produced plasma
significantly affects the plasma behavior in a magnetic thrust
chamber system for an LFR. In the future, to estimate the optimal
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experimental conditions, we plan to improve the modified numerical
simulation by combining two-dimensional radiation hydrodynamic
code instead of Star-1D and comparing with more experimental
results. In addition, we would like to use the DT reaction calculation
adjusted to radiation hydrodynamic code and to investigate an
actual LFR.
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