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ABSTRACT

A novel and highly efficient direct energy converston system is proposed for utilizing
D-*He fueled fusion. In order to convert kinetic energy of ions, we applied a pair of
direct energy conversion systems each of which has a cusp-type DEC and a traveling
wave DEC (TWDEC). In a cusp-type DEC, electrons are separated from the escaping
1ons at the first line-cusp and the energy of thermal ion components is converted at the
second cusp DEC. The fusion protons go through the cusp-type DEC and amive at the
TWDEC, which principle is similar to "LINAC." The energy of fusion protons is
recovered to electricity with an efficiency of more than 70%. These DECs bring about the

high efficient fusion plant.

KEYWORDS : D-*He fueled fusion, FRC, fusion reactor, direct energy converter

1. Introduction

In a D-3He FRC fusion reactor such as "ARTEMIS-L," [1] more than 70% of
fusion cnergy is carried by charged particles which escape directly out of burning
plasma. By iniroducing these particles to direct energy converters (DEC) along the
magnetic lines of force, it is expected to obtair a fusion reactor with high plant
efficiency. These particles consist of thermal components with energy of few
hundreds keV and fusion protons with high energy of 15 MeV. In order to convert
these 10n energies characterized above energy spectrum, we applied a pair of direct
energy conversion systems each of which consists of a cusp-type DEC and a
traveling wave DEC (TWDEC). In a cusp-type DEC, electrons are separated from
the escaping ions at the first cusp and the energy of thermal ion components is
converted to electricity at the second cusp. Note that the cusp-type DEC avoids
unnecessary bombardment losses of energetic protons, which is inevitable to a
traditional Venetian-Blind DEC [2]. The 15 MeV fusion protons pass through the
cusp-type DEC without any bombardments and orbital changes because of their
high energy. These protons are guided to the TWDEC and recovered their energy.
The applied electric voltage in the TWDEC is less than 1MV, which is much lower
than that of the flashover voltage of the insulators. In this paper, the principles of
a cusp-type DEC are presented as well as a traveling wave DEC.
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2. Cusp-Type Direct Energy Converter

In order to separate electrons from the escaping ions and to convert the energy
of the thermal tons to electricity, we employed a double-cusp magnetic field
configuration. After escaping from burning plasma, the perpendicular energy of
the charged particles with respect to the magnetic field is converted to the parallel
component by a reduction of magnetic field.

At the entrance of the cusp-type DEC of "ARTEMIS-L," the typlcal Larmor
radii of electrons and thermal ions are 6x 10" m and 3% 102 m, respectively.
Because of the small Larmor radius of electrons, they go along the constant
magnetic flux surface and are introduced to the first line-cusp. The thermal ions
,which energy is characterized to be few hundreds keV, pass through the first line-
cusp. The higher magnetic field at the second line-cusp compared with the first
line-cusp leads the thermal ions to the second line-cusp. On the other hand, the
orbit of fusion protons with energy of 15 MeV is hardly affected by this cusp-
magnetic field and they pass through these line-cusps. The charactenistic radius of
incident fusion protons is estimated to be 2.6m in case of "ARTEMIS-L." From
this incident radius, the coil radii of the inlet and outlet of the cusp-type DEC are
determined to be 5.3 m and 4.2 m, respectively (Fig.1). In this case, the distances
of line-cusp coils are 4.2 mand 6.4 m .
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Fig.l The arrangement of cusp type DEC ; the radii , distances and currents of cusp coils :
The incident particles come from the left side. The magnetic field lines are also shown
by dashed lines.



The electrons diffuse out of the burning region with the mono-energetic
distribution which is characterized to be 167 keV for the plasma temperature of
83.5 keV in the "ARTEMIS - L " reactor, if the particle confinement time T of
ions and electrons is twice as long as the energy confinement of plasma particles .
ie., Tn/Te=2. This energy corresponds to the ambipolar potential of the plasma.
This potential accelerates the escaping ions out of the burning plasma. We adopt the
following form as the diffused energy distribution of thermal ions :

fion < e =( e_emin)/B : £>E€min (])

The minimum energies £, are 167 keV for proton, deuteron and triton, and 334
keV for *He and “He, respectively. The energy spread 8 is 167 keV for all ion
species in case of Tn/ Te = 2 . On the other hand, fusion protons have a shifted
Maxwellian energy distribution :

f, e~(Ve-v)/By 1 e>en (2)

with the center energy €, of 15 MeV

w0t T R and the minimum energy €mi, of
- ; 167 keV. The fusion reaction with
- : a plasma temperature of about 100
- ] keV enhances the spread of the

10 pass through cusps energy distribution of fusion

protons up to 1 MeV (= By ).
The particle orbit traces bring
the classification of ions with
respect to their energy and the
incident radius. In case that the
currents of the inlet and the outlet
coilare 0.8 MA-Tand 24 MA-T
( Fig.1), which high current is
needed to prevent the thermal ions
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Fig.2 are introduced to the second line-cusp or reflected to the burning region.
These reflected ions will be ultimately introduced to the first line-cusp as a result of
phase randomization due to the multi-periodic motion of a nonlinear oscillation.
For the thermal ions whose minimum energy is 167 keV or 334 keV, lower energy
parts are introduced to the second line-cusp , however higher energy parts pass
through cusps.  For fusion protons with incident radius of 2.6 m, the protons with
higher energy than SMeV are pass through these line-cusps (Fig.2). For the
electrons , the energy scale of Fig.2 is lowered by the proton mass ratio (=1/1836).
This indicates that electrons with energy of 167 keV are almost introduced to the
first cusp.  From the consideration of particle orbit traces included with the energy
distributions, a classification fraction of incident particles is tabulated in Table | in
case of the cusp-coil arrangement indicated in Fig.1.

Table I The classification fraction of incident particles to the cusp type DEC.
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More than 99% of electrons are introduced to the first ling-cusp. On the other
hand, because of higher energy, majority of fusion protons passes through these
line-cusps. A part of thermal ions is introduced to the second line-cusp, but the
rest passes through these cusps.  Note that higher coil-currents increase the number
of thermal ions introduced to the second line-cusp but decrease the number of
fusion protons to pass through these cusps. The increment of 40 % of coil-
currents introduces thermal ions more than 97 % to the second line-cusp but the
fraction of fusion protons to pass through decreases to 85 %. As a result, in the
first line-cusp there are only electrons and in the second line-cusp there exist only
thermal ions.

3.Traveling Wave Direct Energy Converter

The 15 MeV fusion protons, which pass through cusp-type DEC, are guided to the
traveling wave direct energy converter [3], which consists of a modulator and a
decelerator. At the modulator, a traveling electric field is excited by grid meshes
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with a spacing of 1.2 m installed in the proton beams. The velocities of incident
proton beams are modulated to form bunched protons at the down stream by this
traveling electric field of | MV/m with a phase velocity of 3.3 X 107 m /s which
corresponds to the velocity of 15 MeV incident protons. The applied maximum
voltage to the modulator is 0.82 MV.  The modulated proton beam performs a
proton beam bunching at 11 m down stream from the modulator. The energy of
the bunched beams is recovered by the decelerator, which utilizes a principle of a
"LINAC" [4]. Namely, the bunched proton beam excites an electrostatic wave on a
grid mesh array and this electrostatic field decelerates the bunched protons. By
choosing the initial phase of traveling wave to be self-phasing and decelerating of
incident bunched protons and controlling to match the phase velocity and the
spacing of grids to the velocity of the decelerated proton beams, the energy of
fusion protons is recovered to electricity with a high efficiency. The maximum
voltage of 0.42 MV is applied to the decelerator.  The phase-trajectory of fusion
protons in the traveling wave DEC is exhibited in Fig.3, where the total length of
the TWDEC is 31 m and 95 % of the energy of fusion protons is decelerated.
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Fig.3 The phase trajectory of fusion protons in the traveling wave DEC.
The velocity is normalized by that of 15 MeV proton { vy= 5.3 X 107 m/sec ),
and distance is measured by the wave length of 4.7 m (= % ;) at the modulator.

The grid meshes at the modulator and the decelerator are installed with a spacing
of 1.33 m. This grid pipe with 18 mm diameter and [ mm thickness is cooled by
the water with a pressure gradient of 1.2 MPa/10m. This pressure difference
restrains the temperature increment at the outlet of a grid pipe to the value of 30 °C
and the stress of grid pipes is as small as 40 MPa. Taken into consideration of
bombardment of fusion protons to the grids and the energy recovery at the end
collector, the conversion efficiency of the traveling wave DEC is estimated as high
as 0.76 ( Fig4 ).
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Fig.4  The energy flow diagram of traveling wave DEC. The conversion
efficiency of the traveling wave DEC is estimated as high as 0.76

4. Conclusions and Discussions

A novel and highly efficient direct energy conversion system was proposed for
utilizing D-*He fueled fusion reactor. It consists of a cusp-type DEC and a
traveling wave DEC. In a cusp-type DEC, electrons are introduced to the first
line-cusp. Thermal ions with lower energy are introduced to the second line-cusp.
Concerning a higher energy part of thermal ions that pass through this cusp-type
DEC, they are able to be reflected into the cusp-type DEC by use of a reflector
electrode with an applied voltage of less than 1 MV, which is installed outside the
outlet of the cusp-type DEC. The 15 MeV fusion protons pass almost through the
cusp-type DEC, because of their high energy. This cusp-type DEC avoids
completely unnccessary bombardment losses of energetic fusion protons. Thus, we
confirmed a principle of the cusp-type DEC. The energy recovery of classified
thermal ions is still remained as one of the future issues. Fusion protons with 15
MeV, which pass through the cusp-type DEC, are guided to a traveling wave DEC
and are converted their energy to electricity with a high efficiency of more than
70%. In this TWDEC, the applied electric voltage is controlled to be less than
I MV which allows us to avoid flashover of the insulators. The schematic drawing
of the proposed DECs, i.e., the cusp-type DEC and the traveling wave DEC is
given in Fig.5. By the use of these novel DECs, one is able to obtain a fusion
reactor with a high plant efficiency.
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Fig.5 The schematic drawing of the proposed DECs , 1.e., the cusp-type DEC
and the traveling wave DEC
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