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A laser fusion rocket has been proposed for interplanetary flight. This rocket generates a high-energy plasma

via laser-fusion and expels it via a magnetic nozzle. The magnetic nozzle is a key component for the rocket

performance, and we have investigated the impulse bit generated from the magnetic nozzle by using simulations

and experiments in relatively low energy regime of a few joules. In addition, the energy dependence on the thrust

performance is an essential factor to evaluate and design the laser fusion rocket. Here, we conducted numerical
simulations in energy regimes from a few joules to mega joules to understand the thrust performance both for
small-scale experiments and for full-scale fusion rockets. We find that the momentum efficiency does not depend
on the propellant mass, material, and plasma energies, and the impulse bit is expressed as the power-law of the
plasma energy and mass. These relations are important for designing missions and for estimating the thrust of

fusion rockets.
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1. Introduction

NASA is currently executing Artemis program which
includes crewed lunar flights and construction of lunar or-
biters. Next, a crewed mission to Mars is expected. Al-
though various systems have been proposed for travelling
to Mars, in general, it takes 9 - 12 months with the cur-
rent propulsion systems [1]. This mission time needs to be
shortened to decrease the harmful effects of a zero-gravity
environment and from cosmic radiation. A laser fusion
rocket (LFR) [2] has been proposed by R. A. Hyde [3, 4]
to reduce this long mission time. In this rocket, a pro-
pellant is ionized and energized by inertial-confinement-
fusion (ICF), and the high-energy plasma is controlled by
a magnetic nozzle formed by a super-conducting coil. As a
result, the rocket obtains a thrust as a reaction force. Vari-
ous researches have been conducted to understand the per-
formance of the magnetic nozzle. Nagamine et al. have
investigated the thrust performance from a high-energy
(4 MJ) gold (Au) plasma with numerical simulation [5].
Maeno et al. compared the simulation and experiment with
the laser energy of 10 - 1000 J [6]. Morita ef al. conducted
experiments in various laser energies all less than 1000 J
and investigated the similarity of the plasma structure [7].
The experiments have been performed with the energy of

energy is scaled from a few joules (for experiments) to 62
M]J (for LFR) [8].

In this paper, we investigate the thrust performance
of the magnetic nozzle in a wide range of plasma energy
with three-dimensional hybrid simulations. We find that
the thrust efficiency n does not depend on the plasma en-
ergy (E,), species, or propellant mass (m,). We also find
that the impulse bit (1) is expressed as a power-law of en-
ergy and mass (m,E},) with the index of ~0.5, or in other
words, the normalized impulse bit I,/ /1, is in the power-
law of E,,.

2. Calculation Method
2.1 Hybrid simulation

We used a three-dimensional hybrid code[5] from
prior work to calculate the plasma expansion in the mag-
netic nozzle. Ions were treated as super-particles and elec-
trons were treated as an inertialess fluid. By assuming
quasi-neutrality and using Darwin approximation, we ig-
nored high-frequency and fast phenomena such as electron
plasma waves and electromagnetic waves.

The following equations are solved in a Cartesian co-
ordinate. The motion of ions and electrons are described

. . . . below.
less than 10 J in most experiments, and it remains unclear dv:
how thrust performance varies on the plasma energy as the mid—tl =Ze(E +v; X B), 1)
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where m; and m. are the ion and electron masses, respec-
tively, and m. = 0O is assumed here. v; and v, are the ve-
locities of ions and electrons, respectively, E and B are the
electric and magnetic fields, respectively, x; is the position
of an ion, and n. is the electron density. P, is the electron
pressure expressed as

P. = nT., “4)
and Eq. (3) becomes
0=—-en(E+vexB)-Vn.T,). (5)
Ampere’s law is expressed as
V X By = wo(i + Je)s (6)

where j; and j, are the ion and electron currents, respec-
tively, B, is the magnetic field induced in the plasma, and
the electron current is expressed as

je = —€Nele. @)
From Egs. (5), (6), and (7), the electric field becomes

1 1
E = —(VXBy)X B~ jixB—-ZT.Vn;|,
Zen; | to

®)

and the time-evolution of the magnetic field is expressed
from Faraday’s law:

0B

o
In the simulation code, Eq.9 is calculated via the leap-
frog method [9]. The ion density and ion current are cal-
culated using a particle-in-cell (PIC) method in each grid
position. In order to prevent E from diverging, a lower
threshold is set to n; where the number of super-particles in
a single mesh must be larger than 10. For vacuum region
where n; is less than the threshold, the Laplace equation
is solved by successive over-relaxation (SOR)[10]. The
Neumann boundary condition in which the first derivative
of the field value is assumed to be zero, is applied to the
plasma surface. Here, we assume that a high-temperature
fusion plasma expands adiabatically and that the plasma
becomes cold after the expansion. Therefore, the plasma
energy is distributed only in kinetic energy, i.e. we assume
T.=T;=0.

-VxE. €))

2.2 Simulation conditions

As in Ref. [8], we assume the laser energy of 1 MIJ,
fusion gain of 200, and the energy conversion efficiency
from the total output energy to the propellant as 31% (20%
from alpha particles and 11% from neutrons), resulting in
the propellant energy of 62 MJ. The plasma mass of 2.4 g
is estimated from the specific impulse of 15000 s which is
required to reach Mars in 90 days 8, 11].

The super-particles are initially distributed uniformly
spherically in both space and velocity-space, having only
radial velocity without random motion assuming 7; = O.
In this case, the number of particles at the radius r; is
Ni(r)dr; « rizdri and that at the velocity v; is Nj(v;)dv; o«
vizdvi. Using these relations, the velocity distribution is cal-
culated as N;(v;))dv; = (BN /vmax) vizdvi, where N is the total
number of super-particles and v, is the maximum veloc-
ity at the outer edge expressed as vmax = (10E,/3my)!/2,
where the plasma energy is the sum of all super-particles:

E, = ml—v‘z (10)
P~ 2

The minimum velocity is vy, = O at the center, and the
averaged velocity is estimated as vy,y = (2E, /mp)l/ 2 The
total number of particles is N = 107 and is enough to accu-
rately represent the velocity distribution discussed above.
Here, the time-step and the grid size were set to satisfy
Courant-Friedrichs-Lewy (CFL) condition: Ar < Ax/V
where V is the typical plasma velocity, and At < 0.2/w;
for numerical stability where w is ion cyclotron fre-
quency.

Figure 1 shows the simulation model in this study. The
Au or H plasma is set at z = z. in front of the electromag-
netic coil with the radius of r. and the center of the coil is
at the origin (z = 0). The ratio of r./z. = 1 is set for all
conditions (I-III), and z. = r. = 5 m for the highest en-
ergy of 62 MJ. The external magnetic field is applied via
a constant current in a circular solenoidal coil. The mag-
netic field energy is 5 times larger than the plasma energy
as consistent with Ref. [5] to obtain the maximum momen-
tum efficiency.

We conducted the following three simulation condi-
tions:

I Au plasma with 8 different energies with the average
velocity of 227 km/s and the mass density of 3.0x10~*
kg m~3.

II Au plasma with 8 different energies with the average
velocity of 71.8 km/s and the mass density of 3.0 x
1073 kg m=3. Here, the propellant mass is 10 times
larger than that used in the condition I.

Magnetic coil
®

T Propellant (Au or H)
G2

Fig.1 Schematic diagram of the simulation. The magnetic
field is applied externally with a single-turn coil, and the
plasma is located on the central axis of the coil at the dis-
tance z..
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Table 1 The simulation parameters for 8 different energies and three conditions: I-III.
Au (I) Au (II) H {1II)
Ey (11 |re[m]|l [KA-turn] [ B [T]|  my[g]  [var [kmys]|  mylg]  [var [kmys]|  my[g] [ var [kmys]
62 x 10° 5 5500 0.24 24 227 24 71.8 - -
3.968 x 10%| 2 2200 0.24 0.1536 227 1.536 71.8 - -
496 x 10° 1 1060 023 | 19.2x 1073 227 0.192 71.8 - -
62 x 10° 0.5 530 023 | 24x1073 227 24 x 1073 71.8 2.4x1073 227
3.968 x 10° | 0.2 258 0.28 | 153.6 x 107 227 1.536 x 1073 71.8 153.6 x 107° 227
496 0.1 106 023 | 192x107° 227 192 x 1076 71.8 19.2x 1076 227
62 0.05 51.2 0.23 - - - - 2.4x107° 227
3.968 0.02 24.8 0.26 - - - - 153.6 x 107° 227

IIT Hydrogen (H) plasma with the parameters same as the
condition I: The same energies with the average ve-
locity of 227 km/s and the mass density of 3.0 x 107*
kg m=.

Table 1 shows the initial parameters for all conditions and
all energies. We performed simulations for 8 different
models for each condition. We evaluate the plasma ex-
pansion radius in a magnetic field in terms of a magnetic
confinement radius rg = BuoEp/ 2773(2))1/ 3 where By is the
initial ambient magnetic field [12—15] and it is proportional
to Erl,/ 3. The external magnetic field in our simulations
at the initial plasma location is B, ~ 0.2 - 0.3 T for all
conditions, and therefore, the length (L) is scaled with the
relation E, o« L3, and the coil radius is in the same rela-
tion, E, o r3. Also, the plasma energy is scaled keep-
ing the mass density in all 8 models in each condition,
E, o m,, and therefore, vy, is same for every model.
Here, in the non-dimensionalized simulation without the
magnetic field, the ratio of length and time scales, L/T, is
generally constant, and the velocity is kept, meaning that
the simulations with different energies are identical. On the
other hand, with the magnetic field, the typical Larmor ra-
dius, 7, is almost the same for 8 models but it changes rel-
ative to the typical plasma scale. This means that our non-
dimensionalized simulations investigate the plasma expan-
sion depending on the ratio of r;/L, or in other words, de-
pendence on effective field strength. In addition, we also
performed simulations with two different mass density or
different v,,, to investigate the dependence of initial condi-
tions as shown in Table 1.

3. Result and Discussion

Figures 2(a)-2(c) show the ion density distributions at
t = 20, 30, and 40 us, respectively, with the energy of
62 MJ in the condition I, and Figs. 2 (d)-2(f) are those at
t = 0.4, 0.6, and 0.8 us, respectively, with the energy of
496 J in the condition I. Figures 2(g)-2(i) show the ion
density distributions at ¢+ = 1.2, 1.8, and 2.4 us, respec-
tively, with the energy of 496 J in the condition II, and
the plasma mass is 10 times larger than that in the con-

dition I. The position of (x,y,z) = (0,0,0) is the initial
position of the plasma and the plasma is exhausted toward
z-direction. Although the energy of 62 MJ is 50° times
larger than that of 496 J, the spatial and temporal scales
show only 50 times difference, showing mushroom-like
shapes in both energies, as shown in Figs. 2 (a)-2(c) and
Figs. 2 (d)-2(f). This is why the initial expansion velocity
is almost same for both energy conditions with 50 times
different spatial scales. In addition, the density distribution
with 10 times larger density [Figs. 2 (g)-2(i)] show identi-
cal shape to those with smaller density [Figs. 2 (d)-2(f)],
but in 3-times longer time-scale. These results suggest
that the plasma structure is either determined only by the
plasma energy and magnetic field energy, or the ratio of
magnetic field energy to the plasma energy as previously
discussed [5].

Figures 3(a)-3(d) show the momentum efficiency (77),
specific impulse (/p), impulse bit (Ip) and normalized im-
pulse bit (I,/ /my,), respectively. The impulse bit, Iy, is
derived by adding up the momentum of all super-particles,

I, = vaiz- (11)

n is the ratio of momentum in the z-direction to the initial
momentum at t = 0 as

X mu, I,

= = . (12)
17 Sl X bl
In addition, Eq. (10) is also expressed as
mv2 N vl N
Ey, = 1210 = EmlTO = Emi<vi(2)>
N
= omi [Quiol) + o . (13)

where N is the total number of super-particles, () indicates
the expected values, and o is the standard deviation. Us-
ing Eqgs. (12) and (13), the momentum efficiency is also
expressed in terms of the energy,

Iy

n= (14)

_ 222
2mpE, Moy,

The specific impulse, Ip, is obtained by dividing the
thrust by the mass flow rate of the propellant and expressed
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Fig. 2 The time evolution of the ion density distributions at (a) = 20, (b) 30, and (c) 40 us with E, = 62 MJ in the condition I, those at
(d)t=0.4,(e) 0.6, and (f) 0.8 us with E, = 496 J in the condition I, and those at (g) # = 1.2, (h) 1.8, and (i) 2.4 us with E, = 496
J in the condition II. The white dots represent the cross-section of the magnetic coil.
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Fig. 3 (a) The momentum efficiency, 7, (b) specific impulse, I,
(c) impulse bit, Iy, and (d) I,/ y/m,,. The values obtained
from the conditions I-1II are shown with circles, triangle,
and squares, respectively.

as

Iy = 2, 1)

mpg
where ¢ is the gravitational acceleration. These values are
estimated when they are saturated, for example, at ¢ = 80,
10, and 0.8 ps in the cases of E, = 62 MJ, 496 kJ, and 62
J, respectively, as in a same manner in Ref. [5].  ~ 0.65

for the cases of E, = 496 J - 62 MJ for the Au plasma, and
for E, = 3.968 J - 62 kJ for H plasma, which is more or
less same as the previous research with £, = 4 MJ [5].
The momentum efficiency does not depend on the
plasma mass and plasma energy as shown in Fig. 3 (a). The
specific impulse also does not depend on the energy in all
conditions (I, II, or III), but depends on the plasma mass
as shown in Fig. 3 (b). Here, the specific impulse goes as
Iy ~ mllj/ 2. The impulse bit is expressed as a power-law
of the energy and the absolute value is dependent on the
plasma mass as expressed in Fig.3(c). Ten times larger
mass generates about three times larger impulse, while the
specific impulse, Iy, decreases by three times. This ten-
dency can be seen in Figs.3 (b) and 3(c). These results
also suggest that I, is expressed with the power-law of Ej,
and m,. If an exact power law can be determined, the pro-
pellant mass can be sized according to the thrust needed,
allowing the propellant mass to be sized to each mission
requirement. By fitting all data in Fig. 3 (d), we can obtain
the following relation:
b 0.52
—— ~ 0.68E.". (16)
\/I’)Tp p
In the case of E, = 62 MJ and m, = 2.4 g, vyax = 293 km/s
and o, = 56.7 km/s, and therefore mp0-|2Ui0|/ 2E, = 0.062,

meaning that I, is more or less proportional to /mpE;, [see
Eq. (14)] and the obtained index of 0.52 is consistent with
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that of 0.5 estimated with small velocity deviation. This
result suggests that I, can be estimated with any material
and mass using model experiments and the scaling-law of
Eq. (16).

In the simulations with H plasma in the high energy
region: £, > 500 kJ, the plasma is unstable in the magnetic
nozzle as it expands, and the thrust performance can not be
estimated reliably. In general, the hybrid simulation ana-
lyzes the spatial scale on the order of an ion inertial length
as discussed in [16]. In our simulation, Ax 2 0.2¢/wp; and
the ratio of E,/my, is constant for all models in each con-
dition. The ion Larmor radius (7.;) becomes smaller than
the grid spacing Ax as the energy and the magnetic field
strength increase. Therefore, the spatial resolution may be
poor in H-ion high-energy conditions due to small r.;/Ax,
which allows numerical instability to grow rapidly. On
the other hand, the simulation with low-energy Au plasma
can not be calculated correctly due to the violation of CFL
condition because of small Ax and relatively large expan-
sion velocity, or r¢; may be too large compared with typical
plasma size. Therefore, all data in Table 1 only use stable
simulation models.

4. Summary

We performed simulations to investigate the energy
dependence on the thrust performance of a magnetic noz-
zle for a laser fusion rocket. We looked at energies ranging
from E, = 3.968 J to 62 MJ with the propellants of Au and
H plasmas by changing the spatial scale or coil radius as
L EII,/ 3. Momentum efficiency of 0.6 - 0.7 were obtained
at various plasma energies, and we find the momentum ef-
ficiency does not depend on the plasma energy, mass, or
material. The impulse bit and normalized impulse bit are
expressed as the power-law of the energy. These results
suggest that the impulse bit for the laser fusion rocket can
be estimated and optimized for various missions using the
scaling-law obtained here.
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