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Laser fusion rocket is one of the candidate propulsion devices for Mars exploration. It obtains thrust from the
interaction between plasma and magnetic field and this propulsion system is called magnetic thrust chamber. We
constructed a spectrometer with high wavelength resolution of 35 pm to obtain plasma parameters by measuring
ion feature of laser Thomson scattering from a laser-produced plasma in a magnetic thrust chamber. We obtain
the plasma parameters such as electron temperature, electron density, and velocity as well as the plasma density
structure showing the stagnation of the plasma by magnetic field.
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These days Mars explorations have been planned in
United states and China etc. Round trip to Mars requires
about 500 days with a chemical rocket. This long mis-
sion time causes physical and the mental damages on as-
tronauts. To reduce the mission period, laser fusion rocket
(LFR) has been proposed as one of the candidates. LFR
obtains thrust from the interaction between plasma and
magnetic field, and it reuses a part of fusion energy to drive
a laser system. LFR generates large thrust with low fuel
consumption, and the mission period will be reduced to
135 days [1, 2].

The propulsion system of LFR is called as magnetic
thrust chamber. Figure 1 shows a mechanism of the
thrust generation in a magnetic thrust chamber. A fu-
sion plasma is generated by inertial confinement fusion
in an external magnetic field applied by an electromag-
netic coil (Fig. 1 (a)). A diamagnetic cavity is formed in
the plasma and the plasma compresses the magnetic field
outside (Fig. 1 (b)). Finally, the compressed magnetic field
pushes back the plasma and LFR is accelerated by a reac-
tion force (Fig. 1 (c)).

A conceptual design of LFR has been proposed by
Orth [3]. However, its propulsion system and plasma pa-
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Fig. 1 The mechanism of thrust generation in a magnetic thrust
chamber.

rameters in a magnetic thrust chamber have not been stud-
ied sufficiently. We have done some experiments in or-
der to demonstrate the propulsion system at Institute of
Laser Engineering (ILE), Osaka University. In the pre-
vious studies, thrust has been measured directly using a
thrust stand [1] and the electron density distribution in the
thrust system has been measured with Mach-Zehnder in-
terferometer [4]. However, plasma parameters: tempera-
ture velocity, and charge state have never been measured in
spite of its importance in the comparison between experi-
ments and numerical simulations. Therefore, we establish
a measurement system available in a magnetic thrust cham-
ber by using collective Thomson scattering technique.

The experiment used Gekko XII (G XII) laser beams
at ILE, to generate an ablation plasma instead of the fu-
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Fig. 2 Schematic of the experimental setup and Thomson scat-
tering system.

Fig. 3 Target irradiation by six beams.

sion plasma. Figure 2 shows the experimental setup. C-
H shell target with a diameter of 500 µm and thickness of
7 µm placed in the center of a target chamber is irradiated
by six beams (the energy of 25 J/beam) from six different
angles as shown in Fig. 3 to generate an ablation plasma
in a diverging magnetic field applied by an electromag-
netic coil. The initial field strength at the target position
is 0.7 T. After 100 ns from the plasma generation, the sec-
ond harmonic of the Nd: YAG laser (Continuum: Sure-
Lite Ex, wavelength of 532 nm and energy of 360 mJ) was
injected at 3 mm from the center of target chamber as a
probe laser. Thomson scattered light was collected by a
lens ( f = 300 mm) located at 300 mm from the plasma,
and was guided and focused to a spectrometer by another
lens ( f = 300 mm). A beam dump was set at the exit win-
dow to prevent the reflection of the probe laser.

Laser Thomson scattering is used for measuring
plasma parameters such as electron temperature, density,
and drift velocity without disturbing the plasma [5, 6].
Thomson scattering shows two different regimes depend-

ing on the parameter α = 1/kλd: collective (α > 1) and
non-collective (α � 1). Here, setting the wavenumber
vector of the incident laser as ki, and wavenumber vector
of scattered light as ks, k is defined by ks - ki as shown in
Fig. 2, where λd is Debye length. In this experiment, α is
about 1.7 and it is in collective regime. The collective scat-
tering is composed of ion and electron terms, and they have
two peaks in wavelength which correspond to ion acoustic
and electron plasma waves, respectively. The electron term
is too weak to detect because of large self-emission in high-
density laser-produced plasma, and we measured the ion
term with narrower width and higher intensity. Because the
ion term shows ion acoustic wave in the plasma, some pa-
rameters such as electron temperature Te, ion temperature
Ti, drift velocity vk (velocity along k), and electron density
ne are obtained. Te and Ti are defined from the width of
the spectrum, vk is defined from the Doppler shift from the
incident laser wavelength of 532 nm, and ne is calculated
comparing the Thomson scattering intensity with Rayleigh
scattering intensity: ne = ITσRn0/IRσTS i, where IT and IR

are the total scattering powers of Thomson and Rayleigh
scatterings, respectively, σT and σR are the cross sections
of Thomson and Rayleigh scattering, respectively, S i is the
total cross section of ion term and n0 is the nitrogen density
for Rayleigh scattering measurements [7]. We developed
an additive dispersion spectrometer with three gratings [8]
(Richardson gratings, 1800/mm) to measure the ion term.

To calibrate wavelength of this spectrometer and to
evaluate stray light, we measured Rayleigh and Raman
scattering of the probe laser in the nitrogen filled cham-
ber. The Rayleigh scattering spectrum was measured in
some different pressure varying pressure from 0 Torr to
100 Torr with the probe laser energy of 28 mJ. Figure 4 (a)
shows the Rayleigh scattering spectrum fitted with Gaus-
sian. The wavelength is calibrated from Raman scattering
and its value is 5.8 pm/pixel (not shown). The full width at
half maximum of Rayleigh spectrum becomes 46 pm. Fig-
ure 4 (b) shows the pressure dependence of Rayleigh scat-
tering signal intensity. The Rayleigh scattering power is
calculated from the integration of the signal along wave-
length. From Fig. 4 (b), the stray light intensity in this
measurement is estimated as 4.8, which is equal to the
Rayleigh scattering in the pressure of 1.5 Torr, and is six
times smaller than Thomson scattering intensity. There-
fore, the stray light is small enough for Thomson scattering
measurement.

Figure 5 (a) shows the Thomson scattering spectrum at
t = 100 ns. The vertical and horizontal axes show, respec-
tively, the position along the probe laser and wavelength.
The position at y = 0 is at 3 mm from the center of the tar-
get chamber. The positive direction of y-axis is the incident
direction of the probe laser.

The stray light observed at λ ∼ 532 nm at y > 1.4
comes from the reflection of the probe laser at the target
holder. Clear ion term of Thomson scattering is observed
at 0.5 mm < y < 1.1 mm. A broad spectrum in wave-
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Fig. 4 (a) Fitting result of Rayleigh scattering and (b) pressure
dependence of Rayleigh scattering signal intensity.

Fig. 5 (a) The Thomson spectrum of ablation plasma in a mag-
netic field of 0.7 T and (b) comparison of experimental
value and theoretical curve.

length is observed at y ∼ 0.9 mm. This spectrum shows the
thermal bremsstrahlung emission, meaning high-density
plasma exists because of the stagnation by the external
magnetic field. This stagnation is also observed in the pre-
vious experiment measured by Mach-Zehnder interferom-
etry [4].

Thomson scattering spectrum is also observed at y ∼
0 mm. This narrow spectrum shows that low tempera-
ture plasma exists near the coil axis without the stagna-
tion because the magnetic field line in this region is quasi-
parallel to the plasma expansion. The temperature and
density of the plasma are estimated as Te ∼ 4.1 eV and
ne ∼ 2×1017 cm−3, respectively. In general, when plasmas
stagnate, the temperature and density should increase due
to the compression by the magnetic field. However, this
plasma does not stagnate and the temperature and density
do not rise.

The spectrum averaged with a width of 0.1 mm at
y = 0.9 mm is plotted in Fig. 5 (b). Plasma parameters are
obtained by comparing experimental values with theoreti-
cal function with two ion species i (i = H for hydrogen and
i = C for carbon):

S (k, λ)= (2π/k)|χe/ε|2Σi(Z
2
i ni/ne) fi0((ω+k · ud)/k),

where ω = ωs − ω0, ωs and ω0 are the frequencies of scat-
tered light and probe laser, respectively, ni is the density of
each ion species, vd is the drift velocity, ε = 1 + χe + Σi χi

is the dielectric function, χe and χi are electron and ion
susceptibilities, respectively, fi0 is the ion velocity distri-
bution function assuming Maxwell distribution here, and
Zi is the average charge state. Here, we assume that the
carbon and hydrogen have the same temperature, density,
composition, and drift velocity, and that the hydrogens are
fully ionized. In Fig. 5 (b), experimental values and the-
oretical value are largely different near λ = 532 nm due
to stray light. Assuming the stray light as Gaussian, elec-
tron temperature Te is 18± 2.6 eV, electron density ne is
(1.3 ± 0.1) × 1018 cm−3 and velocity vk is 4 km/s along k
direction. We measured the spectrum between the target
and the coil, and the velocity component on k vector in this
region is basically positive and calculated as 15 km/s with-
out magnetic field. However, we observed smaller velocity
vk ∼ 4 km/s with the magnetic field. This means that the
plasma is decelerated by the magnetic pressure.

Figures 6 (a) and 6 (b) show the spatial distributions of
the electron temperature and electron density, respectively.
Considering the error bar, the electron temperature is al-
most constant in the range of y = 0.5 mm to 1.1 mm. In this
experiment, electron–ion collision time is about 2 ps us-
ing the typical plasma parameters, which is much smaller
than the exposure time of the detector (∼6 ns), and the elec-
trons and ions can be isothermal in the region we observe.
For this reason, it is considered that Te and Ti are con-
stant at 0.5 mm < y < 1.1 mm and the theoretical func-
tion is calculated assuming that Te = Ti. On the other
hand, the electron density changes depending on the posi-

1306016-3



Plasma and Fusion Research: Letters Volume 13, 1306016 (2018)

Fig. 6 (a) Electron temperature and (b) electron density of abla-
tion plasma distribution.

tion. It takes a maximum value at 0.9 mm and it decreases
as it approaches to 0.5 mm and 1.1 mm. The expanding
plasma stagnates while the slower plasma catches up with
the faster plasma around y ∼ 0.5 mm, making large density
jump at y ∼ 0.5 mm. Also, the stagnation region even has
larger temperature compared with low temperature plasma
observed at y ∼ 0 mm. The maximum value of the β at
the stagnation region is estimated from the initial mag-
netic field and the plasma pressure, resulting in β = 10. In
previous experiment, when the plasma expanse in a mag-
netic field, it is confirmed that the magnetic field becomes

stronger [9]. For this reason, it is considered that β is less
than 10.

In summary, we have conducted the Thomson scat-
tering measurement in a magnetic thrust chamber. We ob-
tained electron temperature, density, and velocity by fitting
the spectrum with a theoretical function. The stagnation
of the plasma by the magnetic field is observed as well.
This stagnation was previously observed in density mea-
surement [4]. This measurement system is useful to obtain
plasma parameters such as electron and ion temperatures,
electron density, and velocity, and also these results can be
compared with numerical simulation we are now develop-
ing for future thrust system [10].
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