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ABSTRACT

A magnetic nozzle, which is a convergent-divergent magnetic field to control a plasma flow, has been
investigated for application to plasma propulsion systems in spaceships. In the magnetic nozzle,
plasma thermal energy is converted to one-directional kinetic energy by Lorentz force to generate
thrust. Although magnetic field structure and strength are optimized for improvement of the thrust
performance, it is essential to understand physical processes of plasma ejection from the nozzle, be-
cause the plasma may flow back along lines of magnetic field if the directed plasma continues being
strongly magnetized. It is assumed, for one of the scenarios to explain a plasma detachment, that a
plasma detaches from magnetic field when a cyclotron radius exceeds a scale length of magnetic field
in size. Hence, we investigate a plasma detachment condition by analyzing parameters of the plasma
for unmagnetization. We assumed individual particle motion of a fully ionized plasma in the mag-
netic nozzle and conducted a full particle-in-cell simulation in a two-dimensional coordinate system.
We calculated a ratio of cyclotron radius to a scale length of the magnetic field. The ratio increased
in a downstream due to variation of magnetic field induced from a diamagnetic cavity, suggesting

unmagnetization.

1. Introduction

In the space propulsion study, a magnetic nozzle has been
investigated to be applied to advanced propulsion systems
such as a Magneto-Plasma-Dynamic thruster [1, 2], a He-
licon plasma thruster [3], and VASIMR [4]. The system is
equipped with a coil or magnet at an outlet of the thruster,
which generates convergent-divergent magnetic field, and an
induced plasma in the magnetic field is converted to an ax-
ial plasma flow on cylindrical coordinates by Lorentz force,
J X B, where J is a diamagnetic current in an azimuth direc-
tion. The coil or magnet is noncollisional with the plasma,
therefore, the magnetic nozzle is expected to prolong the to-
tal lifetime of a thruster. Figure 1 shows thrust generation
mechanism via Lorentz force. First, an initial plasma is gen-
erated in the external convergent-divergent magnetic field
generated by the electromagnetic coil, and the plasma ex-
pands spherically. When the plasma expands adiabatically
and velocity distribution is Maxwellian, fastest charged par-
ticles locate at an expansion radius of plasma and slower
charged particles locate at an inner part of plasma, and there
is a gradient of plasma number density. An outer product of
B, and the gradient of plasma number density causes a dia-
magnetic current on the expansion surface of plasma. Sec-
ond, an induced diamagnetic current in the plasma, J, and
the external magnetic field, B generate the Lorentz force:
J X B, and it converts a plasma flow velocity in the positive
z direction in Fig. 1. As a reaction force, the coil obtains
thrust.

We have investigated a space propulsion system which
ejects high-energy plasma such as an inertial fusion plasma
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Figure 1: Thrust generation mechanism in the external di-
vergent magnetic field. An initial plasma is generated in the
magnetic field and expands spherically. An induced diamag-
netic current in the plasma and the magnetic field generate
Lorentz force, J X B, and the plasma is directed to the positive
z direction. As a reaction force, the coil is accelerated in the
negative z direction.

by Lorentz force. This system is called a magnetic thrust
chamber [5, 6, 7, 8, 9]. The magnetic thrust chamber expels
the plasma as an unsteady flow. This thruster varies a rep-
etition frequency of thrust generation. The magnetic thrust
chamber can handle a fusion plasma for a laser fusion rocket
(LFR) [10, 11, 12, 13]. Maeno et al. have directly measured
the impulse of the magnetic thrust chamber [14]. Although
they have proven that the magnetic thrust chamber generates
thrust, there are still unsolved issues.

One of the issues is whether a plasma detaches from the
magnetic field after the plasma flow velocity is converted
in the axial direction. When the directed plasma contin-
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Figure 2: Plasma detachment due to increase in cyclotron
radius. lons detach from magnetic field earlier because r is
much larger than r. If electrons also detach from magnetic
field, the plasma is successfully ejected with charge neutrality.

ues being magnetized in the convergent-divergent magnetic
field, the plasma may travel along the looped lines of mag-
netic field and thrust gain decreases. Electrons are trapped
in magnetic field more strongly than ions due to the differ-
ence of cyclotron radius: r, o« m, where m is the mass
of ion or electron. Several studies agree that ion deviates
from the divergent magnetic field, when f; L z/V; becomes
order of unity, where f;, Lg, and V; are ion cyclotron fre-
quency, characteristic scale length of magnetic field inhomo-
geneity: Lg = B/|VB|, and ion flow velocity, respectively
[15, 16, 17, 18]. However, electron detachment has never
been shown directly. If ions detach from magnetic field as
same as the prior studies and electrons move along magnetic
field, an electric field is induced by charge separation be-
tween the detached ions and electrons in the plasma. In such
a situation, the ejected ions may return partially to the mag-
netic thrust chamber, and the thrust may decrease. Thrust
performance of the magnetic thrust chamber has been es-
timated using a hybrid model simulation [19, 20], however,
the charge separation has never been considered in these sim-
ulations, therefore, the effect of electric field on the plasma
detachment is unclear. Hence, we will review the perfor-
mance of the magnetic thrust chamber in terms of the de-
tachment of ions and electrons.

One of the plasma detachment scenarios is that charged
particles deviate from magnetic field where their cyclotron
radii get extremely larger than the characteristic scale length
of magnetic field gradient in a single cyclotron period: r, >
Ly as shown in Fig. 2. The magnetic moment of charged
particle may be not conserved in this condition, and the mag-
netic field barely holds the plasma. We investigated whether
the above detachment scenario is applied to the magnetic
thrust chamber using a full particle-in-cell (PIC) simulation,
which is a first-principle method for collisionless plasma,
and both ions and electrons are treated as individual super-
particles. The initial condition of the plasma was determined
to satisfy that the ratio of plasma kinetic energy to magnetic
field energy is order of unity. Ion and electron cyclotron radii

were compared with the characteristic scale length of mag-
netic field gradient. The results showed that electrons can
be unmagnetized in the downstream of the system to detach
from the magnetic field, where r,/ L g exceeds the unity.

2. Full PIC simulation

We conducted a full PIC simulation using the EPOCH
[21, 22, 23] code to clarify the criterion of the plasma de-
tachment. We applied a two-dimensional calculation model
to allocate a sufficient number of calculation grids for a large
area in the ejection direction. The grid width was smaller
than the electron inertial length of initial expansion plasma,
namely, Ax = Ay = 0.1c/w,,., where c is the speed of light,
and w,, is electron plasma frequency. The total number of
calculation grids was expanded from 100 X 100, which was
used in the calculation by Kawabuchi et al. [24], into 4000 x
4000 to simulate a plasma in a larger spatial scale in the
downstream. The time step of calculation was determined by
the Courant-Friedrichs-Lewy (CFL) condition, At = Ax/c ~
5 x 10716 5. The external magnetic field in the magnetic
thrust chamber was induced by coil currents, which are lo-
cated at x =—0.45 mm, and y =+0.15 mm as shown in Fig.
3. Calculation parameters are listed in Table 1. R is the coil
radius in the magnetic thrust chamber. The distance between
coil currents is 2R. The distance from the coil center to the
center of initial plasma, L, is 3Rc. r,; and r,, are ion and
electron cyclotron radii, respectively, under the initial mag-
netic field. g, is a dimensionless parameter for the magnetic
thrust chamber, defined as €, = r.;/ Ry, [24, 25], where R,
is defined as a plasma expansion radius in which magnetic
field energy is comparable with an initial plasma kinetic en-
ergy, Ry =(3;40E0/(27r302) ) 13 [26, 27]. When the plasma
is adequately magnetized: &, < 1, a diamagnetic current is
generated in the plasma for thrust generation, and &y, is one
of the important parameters for the magnetic thrust chamber.
The ratio of ion mass to electron mass, m;/m,, is 100 to cal-
culate both ion and electron behavior in realistic calculation
time. Initially, all particles were located in the plasma ra-
dius, R, to simulate an isotropically expanding plasma. The
initial velocity of the particles was determined by their posi-
tions, szrpVO / Rp, and the maximum velocity was defined
at the plasma edge, r,=R,, as V[, = 141 km/s. The initial
ion and electron temperatures, T; and T, were estimated to
be zero, and the initial number densities of ion and electron,
n; and n, were 10>* m™3 as same as the previous model [24].
The total number of super-particles was 1 x 109.

3. Simulation results

3.1. J x B generation in the magnetic thrust
chamber
Figures 4(a)-(c) show the time evolution of the strength
of magnetic field. Figure 4(a) shows the strength of mag-
netic field at 0.1 ns. There is almost no change from the ini-
tial magnetic field, because the initial plasma expansion near
(x,¥)=(0,0) is small. The magnetic field is weakened in a
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Figure 3: The structure of initial magnetic field. The coil
currents in +z direction are located at x = —0.45 mm, and y = +
0.15 mm.The initial plasma is located in a circle, where the
center is x = 0 mm, and y = 0 mm. The radius, R, ,is 0.065 mm.

Table 1
Calculation parameters and initial condition of plasma

Parameters

n; =n, = 10* m
c/wy, ~5 pm

Number density
Electron inertial length

Time-step At=56%x10"1% g
Grid width Ax =0.5 pm

Coil radius R =300Ax

Coil position Lo/Rc=3

lon cyclotron radius ri/Rc = 0.52

Electron cyclotron radius r./R: = 0.0052

&, =rq/Ry 1

Mass ratio m;/m, = 100

Number of super-particles 1 x 10°

Maximum particle speed ¥, = 141 km/s (= 0.141 mm/ns)

plasma region at 0.5 ns as shown in Fig. 4(b) , because the
diamagnetic current, J, is induced in the plasma as shown
in Fig. 4(d). In consequence, a diamagnetic cavity is gen-
erated at 1.5 ns as shown in Fig. 4(c). Figures 4(e) and (f)
show x and y components of J X B at 0.5 ns, respectively.
The J x B works to push back the plasma in the positive x
direction. The thrust generation mechanism of the magnetic
thrust chamber is satisfied in this calculation.

3.2. Time-variation of ion and electron flows

Figure 5 shows two-dimensional spatial distributions of
ions and electrons at 0.5 ns [Figs. 5(a) and (b)] and 1.5 ns
[Figs. 5(c) and (d)]. The red and blue plots show the ion and
electron number densities, respectively. The black arrows in
Fig. 5 show lines of magnetic field. As shown in Figs. 5(a)
and (b), ions and electrons in x > 0.2 mm show lower number
density (~ 102! m~3) because particles which have positive
V, in the initial plasma radius expand adiabatically toward a
downstream. Ions and electrons in x < 0.2 mm show higher
number density (> 102 m~3), forming a structure along the
line of magnetic field. Because the plasma locates in x < 0
mm has negative V, initially, and it interacts with a stronger
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Figure 4: Magnetic flux density at # = (a)0.1 ns, (b)0.5 ns
and (c)1.5 ns, respectively. (d)J,, (e)x and (f)y components
of J X B at 0.5 ns.

magnetic field in an upstream. Namely, the V, is converted
to Vy and V, by the magnetic field, and V, decreases, result-
ing in the increase of the number density. As shown in Figs.
5(c) and (d), J X B converts the momentum of plasma in the
positive x direction, and most of ions and electrons move in
the positive x direction.

Figure 6 shows flow vectors of ion (red) and electron
(blue) with magnetic field vectors (black) at 1.5 ns in the
regions of (a)0.3 mm < x < 0.5 mm, and 0.5 mm < y <
0.7 mm and (b)0.7 mm < x < 0.9 mm, and 0.6 mm < y <
0.8 mm as shown in Figs. 5(c) and (d). The region (a) was
selected as the stronger magnetic field region, and the region
(b) was selected as the lower limit region where the flow vec-
tor is computable in the downstream, representatively. The
difference between the flow vector and the magnetic field
vector at each location was compared in the two magnetic
field conditions.

In the region (a), ion and electron flow vectors are par-
allel to the magnetic field vectors, and both particles move
together along the magnetic field. No plasma detaches from
the magnetic field in this region. On the other hand, in the
region (b), ion and electron flow vectors are non-parallel to
a magnetic field vector, indicating a possibility of the de-
tachment. It is needed to analyze magnetized parameters of
plasma in the downstream to understand the detachment pa-
rameters.

3.3. Time-variation of ion and electron cyclotron
radii
Figure 7 shows ion number density att = (a)0.5 ns, (b)1.0
ns, (c)1.5 ns, and (d)2.0 ns, and ion cyclotron radius, elec-
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Figure 5: lon number density at t+ = (2)0.5 ns and (c)1.5 ns,
and electron number density at + = (b)0.5 ns and (d)1.5 ns
in the magnetic field, respectively. Black arrows show lines of
magnetic field.

tron cyclotron radius, and absolute value of magnetic flux
density in (0.2 mm < x < 1.5 mm, y = 0.5 mm) at (¢)0.5
ns, ()1.0 ns, (g)1.5 ns, and (h)2.0 ns. The definition of cy-
clotron radius is Vy,/@,, where Vp, is thermal velocity and
@, is cyclotron frequency. In the present calculation, a num-
ber of super-particles in one cell is small in a low density
region. Therefore, Vry, is calculated from Gaussian fitting
of V| p distribution in 50Ax X 50Ay region, where V| p is a
perpendicular velocity of each super-particle to a magnetic
field vector. Figure 7(e) shows only B, meaning the plasma
expansion radius is smaller than 0.5 mm at 0.5 ns as shown
in Fig. 7(a), and the distribution of magnetic flux density is

region (a

Ny

region (b)

A

éo.e— A éo.r s Z A
051 S sS | <~ & A
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Figure 6: Flow vectors of ion (red) and electron (blue). Black
arrows show lines of magnetic field. lon and electron move
along magnetic field at the region (a). lon and electron show
deviation from lines of magnetic field at the region (b).
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Figure 7: lon number density at 7 = (2)0.5 ns,(b)1.0 ns, (c)1.5
ns, and (d)2.0 ns. lon and electron cyclotron radii and mag-
netic flux density at y = 0.5 mm at t = (€)0.5 ns,(f)1.0 ns,
(g)1.5 ns, and (h)2.0 ns. r, and r, increase in the down-
stream. r exceeds the plasma expansion radius (L ~ 1 mm),
and ions detach from the magnetic field.

same as the initial magnetic field. As shown in Fig. 7(b),
ions and electrons expand and reach y = 0.5 mm at 1.0 ns.
As shown in Fig. 7(f), the magnetic flux density decreases
by 60-70 % compared with initial values at 0.2 mm < x <
0.8 mm due to the diamagnetism of the plasma. r exceeds
10 mm which is ten times larger than the plasma expansion
radius, L ~ 1 mm, as shown in Fig. 5. Therefore, ions
are unmagnetized at x > 0.4 mm. On the other hand, r., is
less than 1 mm, meaning that the electrons are magnetized
(ree < L)in 0.2 mm < x < 0.4 mm, and weakly magne-
tized (r,. S L)inx > 0.4 mm. As shown in Fig. 7(c)
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and (g), ions and electrons continue expanding to positive
x direction at 1.5 ns. Ions are unmagnetized and electrons
are weakly magnetized (r; > L and r.< L)inx > 0.5
mm. As shown in Fig. 7(d) and (h), ions and electrons con-
tinue expanding in the downstream at 2.0 ns. r; increases as
going to the downstream because the magnetic flux density
decreases in the downstream. Ions are unmagnetized at x
> 0.4 mm, and r keeps increasing. Therefore, ions detach
from magnetic field. On the other hand, a spatial difference
of r.. is unsteady at x > 0.8 mm, and it is unclear that r, in-
creases in the downstream. It is difficult to discuss electron
detachment only from the value of r.

3.4. Evaluation of electron detachment

It is insufficient to evaluate an electron detachment by
comparing r.. with the plasma expansion radius, thus, r, is
compared with smaller characteristic scale length, Lp. Fig-
ure 8 shows the spatial distribution of r./Lp at each cal-
culation time. The value of r_, /Ly increased with electron
expansion to the downstream because the magnetic flux den-
sity decreases and, r,, becomes larger as shown in Fig. 7.
As shown in Figs. 8(b) and (c), the value exceeds the order
of unity in x > 0.5 mm, indicating that there is a bound-
ary of the ratio r_./Lp at x ~ 0.5 mm. Figure 9 shows the
comparison of cyclotron radii between normalized by L and
Lg. L and Ly are computed at the time of the observa-
tion. L is computed at each location. r../ L p is larger than
eachr., /L because L g includes the spatial variation of mag-
netic field. It indicates that ./ Lp is a better parameter to
evaluate the electron detachment. The increase of r../Lg
is correlation with the magnetic moment of charged parti-
cle, pu, < V, 32/B. When Hp is conserved in a magnetic
field which has a gradient, the charged particle attaches to
the line of magnetic field. Although u, is almost constant
in the strong magnetic field region (x < 0), it increases
more than ten times from that of the initial condition in a
downstream(x > 0) in the simulation. This indicates a vio-
lation of Hp conservation in the downstream, and it is clari-
fied by the generation of the diamagnetic cavity because of
Hp o 1/B. In the condition, the magnetic field barely holds
the plasma, and the plasma deviates from the magnetic field.

The plasma reaches the calculation boundary at 2.0 ns,
and the outer electromagnetic field condition later in time is
obscure in the present calculation. The value of . /L g will
keep increasing in a downstream.

4. Conclusion

We have analyzed plasma flow in a magnetic thrust cham-
ber in the case of the ratio of the plasma kinetic energy to the
magnetic field energy is unity. The analyzed ion and electron
cyclotron radii showed unmagnetized ions and weakly mag-
netized electrons. It is found that ions detach from magnetic
field in the downstream. Furthermore, we have discussed
the evaluation method of electron detachment using the re-
lationship between the cyclotron radius and the character-
istic scale length of magnetic field gradients. A boundary
was found in the plasma where r./Lp exceeded the order

ree !/ Lp

ree!/ Lp

ree ! Lp

05 1
X [mm]
Figure 8: Electron cyclotron radius over the characteristic scale
length of magnetic field gradients, r. /L. r./Lg <1 shows
the attachment to the magnetic field, and r. /Ly > 1 is de-
tachment.
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Figure 9: lon and electron cyclotron radii over the plasma
expansion radius, and r /Ly at y = 0.5 mm at t = 2.0 ns.

of unity in the downstream. A diamagnetic cavity is found in
the plasma region, and y, increased extremely. We consid-
ered that the violation of Hp conservation induces the elec-
tron detachment in the calculation. Electron detachment will
be clarified when we investigate the critical condition of de-
tachment analyzing the downstream farther from the coil.
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