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Abstract: Laser Fusion Rocket (LFR) is an advanced propulsion system that converts
inertial fusion energy into kinetic energy in magnetic thrust chamber. However, the concept
of the magnetic thrust chamber had not been proved. It is necessary to demonstrate
magnetic thrust chamber to develop LFR. So, we conducted preliminary experiments for
demonstrating magnetic thrust chamber at Extreme Ultra-Violet (EUV) Database laser
facility in Institute of Laser Engineering (ILE). This facility has single-beam Nd:YAG
laser (the maximum energy 2.0 J). In these experiments, we measured magnetic field
strength history and impulse bit. As the result, we found that the interaction between laser-
produced plasma and magnetic field generates thrust. This indicates that laser-produced
plasma is redirected by magnetic field. Magnetic thrust chamber is proved to have the
possibility to gain thrust from laser-produced plasma.
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I. Introduction

In the future, the propulsion system having high specific impulse and large thrust is needed for space
utilization. This propulsion system with high thrust can shorten space mission time and reduce cosmic

radiation dose rate of astronauts in the spaceship. One of the promising candidate met above these conditions
is Laser Fusion Rocket (LFR). LFR is an advanced propulsion system that converts inertial fusion energy
into kinetic energy in magnetic thrust chamber. The concept of generating thrust by this is shown in Fig.1.

Figure 1. The concept of generating thrust by magnetic thrust chamber.

1. High power lasers are focused into a millimeter-sized spherical fuel pellet to create the high temperature
and high density plasma. This laser-produced plasma is expanding in the initial magnetic field of
superconducting magnet (SCM).

2. Larmor motion induces diamagnetic current sweeping aside the magnetic field. The magnetic field is
compressed with the expanding plasma.

3. Plasma is pushed back by the restoring force of the compressed magnetic field as a sprig does. Finally,
magnetic thrust chamber can gain thrust by redirecting plasma.

Magnetic thrust chamber is considered to gain thrust by the Lorentz force between diamagnetic field
of plasma and the current of SCM. Magnetic thrust chamber has three advantages. Primarily, the thrust
in various missions can easily be generated to combine fuel pellet with laser energy, because fuel pellet
type and laser energy for creating laser-produced plasma are set up independently. Secondly, in the case of
Deuterium-Tritium fusion reaction, the kinetic energy of one alpha particle is amounting to 3.5 MeV. As
the result of the interaction between this charged particle and magnetic field, this system gains large thrust.
Thirdly, plasma can not touch solid wall of spaceship because the wall is protected by magnetic field. So,
there is no kinetic energy loss of plasma.

D+T=He+ (3.5 MeV) +n

However, the concept of the magnetic thrust chamber had not been proved. It is necessary to demonstrate
magnetic thrust chamber to develop LFR. So, we conducted preliminary experiments for demonstrating mag-
netic thrust chamber at Extreme Ultra-Violet (EUV) Database laser facility in Institute of Laser Engineering
(ILE).

II. Laser-produced plasma experiment at ILE

EUV Database laser facility has single-beam Nd:YAG laser. The maximum energy is 2.0 J. In these
experiments, we conducted three measurements. Primarily, we observed plasma emission distribution in
magnetic field of magnet. To clarify the interaction between plasma and magnetic field, we also used dummy
to observe distribution under the condition of non-magnetic field. Secondly, we measured magnetic field
strength history to clarify diamagnetic effect. Thirdly, we measured impulse bit with magnet and dummy.
The experimental setups and conditions each cases are set up as follows.

A. Plasma emission distribution
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Figure 2. Plasma emission distribution
setup.

The laser energy and the pulse width were set up about 1.1
J and 2.5 ns, respectively. Fuel pellet is 100 µm-dia. spherical
polystyrene target. Spot diameter is also 100 µm. To make ini-
tial magnetic field, 16 mm-dia. x 50 mm-long cylinder neodymium
permanent magnet was used. Figure.2 shows schematic illustration
of experimental setup. The angle between magnet and laser beam
is 45 degrees. The distance between magnet and target point is 10
mm. The magnetic field strength around target point is about 0.13
T. And, plasma emission distribution was observed with two ICCD
cameras, indirectly and squarely.

B. Magnetic field strength history measurement

Magnetic field strength history was measured under the conditions that the laser energy is 0.7 J, 1.0 J and
1.5 J, respectively. Fuel pellet is 500 µm-dia. and 100 µm-dia. spherical polystyrene target. Spot diameters
are also 500 µm and 100 µm, respectively. Magnetic probe being set up on the axis of magnet is 1 turn
and 3.9 mm-dia. loop with enamel wire. Figure.3 shows schematic illustration of experimental setups. The
distance between magnet and magnetic probe, and magnetic field strength on the axis of magnet are shown
in Fig.3. To make initial magnetic field, 16 mm-dia. x 60 mm-long cylinder permanent magnet was used.
The angle between magnet and laser beam is 45 degrees.

Figure 3. Magnetic field strength history and Impulse bit measurements setup.

C. Impulse bit measurement

Pendulum type thrust stand was made to measure impulse bit. Figure.4 shows thrust stand. This
stand length is about 260 mm. Magnet is putted on the top. This magnet makes magnetic thrust chamber.
Counter weights are placed in the middle of the stand. On the bottom, there are LED displacement sensors
to measure the displacement of this pendulum. Impulse bit is easily estimated from the linearity between
amplitude of this displacement and impulse bit. The shape of displacement and fitting curve are shown in
Fig.5. To make initial magnetic field, 16 mm x 60 mm cylinder neodymium permanent magnet was used.
The distance between thrust stand and target point is 11 mm shown in Fig.3. The angle between thrust
stand and laser beam is 45 degrees. The magnetic field strength around target point is about 0.12 T. The
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laser pulse width was set up between 6.6 ns and 9.6 ns. To prevent expanding plasma from colliding with
magnet, cover board was set up in front of magnet of thrust stand.

Figure 4. Thrust stand.
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Figure 5. The shape of displacement and fitting curve.

III. The results of experiments

A. Plasma emission distribution

Figure 6. Plasma emission distribution in
both magnetic field and non-magnetic field.

“0 s” is assumed to be the time of laser-produced plasma injec-
tion. The time of upper left in pictures of Fig.6 and Fig.7 are
time-delay. The size of pictures is 15 mm x 15 mm. Figure.6
shows plasma emission distribution near plasma behaviours in
both magnetic field or non-magnetic field. This result indi-
cates the interaction between plasma and magnetic field affect
the expanding. Figure.7 shows plasma behaviours in magnetic
field. At “0 s”, a few mm-dia. expanding plasma was made.
At “500 ns”, high-energy particles of plasma collided with the
magnet. Other particles moved to right hand by magnetic field.
At “750 ns”, particles were deflected by magnetic field or elas-
tic collisions with the magnet. At “1.75 µs”, elongated plasma
is found in the right hand. Otherwise, there was no plasma in left hand. The plasma was pushed back in
the same right direction as magnetic field. The particles are moved along the magnetic field line like the
shape of Laval nozzle. This indicates that magnetic thrust chamber has the possibility to gain thrust from
the interaction.

Figure 7. Plasma emission distribution history.

B. Magnetic field strength history measurement

Caption for three points “a, b and c” is shown in Fig.8. These data was measured with 100 MHz sampling.
Primarily, diamagnetic effect works and strengthened proportional to the laser energy. Secondly, the time
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which the change of magnetic field strength becomes peak is slowed at each points. It is assumed that plasma
is pushed back into the opposite direction of magnet because the time is proportional to the distance from the
magnet. Thirdly, magnetic field strength history at point “b” has two valleys. First valley is assumed to be
made by diamagnetic effect of expanding plasma at injection, however the rebounded plasma after colliding
with magnet is assumed as the cause of second valley. Fourth, the cause that magnetic field strength at
point “c” is more than the origin value “0.027 T” is assumed as follow. Plasma pushed back by the restoring
force of the initial magnetic filed is moving with freezing magnetic field. From these results, it is found that
diamagnetic effect depend on laser energy and plasma is pushed back by the restoring force.
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(a) Point “a”.
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(b) Point “b”.
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(c) Point “c”.

Figure 8. Three points “a, b and c” of cylinder neodymium permanent magnet.

C. Impulse bit measurement
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Figure 9. Impulse bit measurement.

Catalog Laser energy Impulse bit
500 µm 1.5 J 0 µNs

500 µm mag 0.77 J 5.0 µNs
500 µm dummy 0.79 J 8.1 µNs
100 µm dummy 0.66 J 3.1 µNs

1.5 J 5.6 µNs

Table 1. The impulse bit of “500 µm” and
“dummy”.

Figure.9 shows impulse bit of experiments. “cover” means using cover board. The impulse bit of “500
µm” with cover board and magnet, “500 µm mag” with magnet and “dummy” with dummy are shown in
Table.1. The impulse bit of “100 µm mag” with magnet is assumed to be putted on the square of laser energy
from the reason that impulse bit is proportional to the square of laser energy because impulse bit and laser
energy are proportional to the velocity and the square of the velocity, respectively. Impulse bit is proportional
to laser energy. This is corresponding with the result that diamagnetic effect is larger proportional to plasma
energy from Fig.8. To clarify this, we used cover board. As a result, the interaction between plasma and
magnetic field is found and assumed to be independent on the target size from Fig.9. That is to say, the
maximum impulse bit of this magnet with cover board is considered to be about 2 µNs because the impulse
bit of “100 µ mag” begins settling to about 5 µNs from around 1.5 J. On the other hand, it is assumed
that the collision between plasma and thrust stand cause the almost of impulse bit because the impulse bit
of the interaction is limited to about 2 µNs. So, the reason of the impulse bit of “dummy” is larger than
others as follow. The ablation velocity proportional to laser energy is assumed to contribute the impulse bit
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of “dummy” fully. Finally, when target size is 500 µ-dia., the plasma mass and ablation velocity are larger
than others. So, this indicated that impulse bit is larger than others.

IV. Summary

We conducted preliminary experiments for demonstrating magnetic thrust chamber at EUV Database
laser facility in ILE. In these experiments, we observed plasma emission distribution, and measured magnetic
field strength history and impulse bit. Primarily, from the results of plasma emission distribution, we found
the interaction between laser-produced plasma and magnetic field. Secondly, from the results of magnetic
field strength history, it is found that diamagnetic effect depend on laser energy and plasma is pushed back
by the restoring force. Thirdly, the maximum impulse bit of cylinder neodymium permanent magnet with
cover board is considered to be about 2 µNs because impulse bit is proportional to the square of laser energy.
So, impulse bit and laser energy are proportional to the velocity and the square of the velocity, respectively.
It is found that impulse bit depends on the ablation velocity largely. From these results, magnetic thrust
chamber has the possibility to gain thrust from laser-produced plasma.

In these experiments, we used for pendulum type thrust stand with neodymium permanent magnet.
However, magnet has two disadvantages. One is that the collision of plasma to magnet cannot be avoided.
Another is that magnetic field made by magnet is not perfect axial symmetry. So, we are making thrust
stand equipping solenoid coil with copper wire. To use coil, condenser bank making high current is being
making. This bank is 3-step Pulse Forming Network (PFN) pulsed power supply system. This bank is
assumed that the maximum DC power voltage is 5 kV, the peak current is about 10 kA and the pulse width
is 20 µs. To examine the influence of the scale of magnetic thrust chamber on thrust, it is necessary to obtain
a scaling law. Laser-produced plasma experiment similar to EUV Database laser facility will be conducted
at GEKKO-XII in ILE. GEKKO-XII has 12-beam glass laser and the maximum energy of 3.6 kJ. By using
the outcome of experiment between EUV Database laser facility and GEKKO-XI, the scaling law of the
magnetic nozzle will be clarified.
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