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The paper introduces briefly the scenario and discuss the attractive
characteristics of D-3He fueled commercial fusion reactor ARTEMIS-1..
By using favorable characteristics of a field-reversed configuration,.the
fusion plasma of ARTEMIS-L is compact and its beta-value is extremely
high. One find consequently a possibility of constructing an economical
fusion power power plant on this prospect..The life of the structural
materials is sound during the full reactor life (30 years) and the safety
of the reactor is intrinsic to D-3He fuels. The amount of disposed
materials is rather small and the level of these intruder dose is so low
that the plant appears to be acceptable in view of the environment.

1. Introduction

The discovery of minable helium-3 [1] on the Lunar surface stimulated
researches on D-3He fueled fusion appreciably. In a fusion reactor with these fuels,
charged particles carry major part of the fusion power and the fusion neutrons
decreases to a few percent of the fusion power. The plant efficiency of the reactor
with D-3He fuels can be very high if one introduces these charged particles to highly
efficient direct energy converters. Damages and radioactivities of structural
materials attributed to neutron bombardments consequently reduce appreciably. One
finds, therefore, a possibility of constructing economical, safe, and environmentally
sound commercial fusion reactors with these D-3He fuels.

A US-Japan cooperative research has carried out a design study of a D-3He
fueled commercial fusion reactor ARTEMIS [2]. The prime purpose of this design
study is to visualize these attractive characteristics and clarify critical issues needed
to realize a D-3He fueled fusion reactor for a commercial use. They fixed a set of
plasma parameters optimized to give the maximum plant efficiency. An estimated
plant efficiency is as high as 60.2 %, if one introduces a field-reversed configuration
(FRC) as a plasma container. Nevertheless, the averaged neutron load on the first
wall is 0.423 MW/m2, which value appears still large to keep structural materials
sound during whole life operation of 30 years.

ARTEMIS-L [3] is a modified version of ARTEMIS, i.e., modified to reduce
the neutron yields of a reactor as low as possible. The design has also paid the care
for the unwanted links to weapons. On the bases of this design study, we will
introduce briefly the concept and discuss its attractive characteristics and needed
issues for constructing the reactor.



2. D-3He Fusion and an FRC

The neutron yields of a 1 GWe fusion reactor depends on the operating plasma
temperature, concentration of fuels, and the confinement of ashes components. In a
case of high deuterium concentrations or low operating temperatures, comparatively
dominant D-D tritium reacts with deuterium to produce 14 MeV neutrons. On the
other hand, due to their large radiation losses, fusion power decreases for high
plasma temperatures or high helium-3
concentrations of the plasma. Thus
one has to select carefully these Py /Pret
quantities to construct favorable ’
- fusion reactor. Fig.1 shows the 010 T
fuston power carried by neutrons, - 7
which takes its minimum if the
temperature is 83.5 keV and
helium-3 density is 1.35 times the -
deuterium density. We have
assumed reinjection of fusion
tritium that escapes out of the 0.05F 140 .10 -
plasma region . ) |

The confinement parameter ] w i
<n ¢ >1 of a D-3He buming ! 135 i
plasma is required to be 3.5x 10 '
21 s/m3, which value is one order I
larger than that required for D-T i
fusion. A high beta-value of the
burning plasma can reduce the 0
synchrotron radiation loss of the Y 100 T(keV)
plasma and produces a larger
amount of the fusion power Fig.1: The fusion power carried by neutrons
by charged particles. carried

Once one obtains a needed high-beta plasma, accessibility of a high power
direct energy converter is required for obtaining an economical fusion reactor. This
requirement seems difficult to meet with closed magnetic systems such as a tokamak,
because coils for toroidal magnetic field surround plasma closely and no space for
installing high power direct energy converters is available.

Among various ideas so far presented for plasma confinements, a field-
reversed configuration (FRC) appears to meet those requirements for D-3He fusion.
Absence of toroidal magnetic field allow us to produce very high plasma beta-
values, which values observed in experiments are much higher than 50 % [4]. An
FRC plasma is experimentally stable if their averaged gyroradius is comparable to
the plasma radius. The energy confinement time 7 of a plasma in an FRC is
comparable to that of tokamaks and expressed empirically [5] as
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TE(sec)=3-0"]O'5(rs /JP_G)2'7T(kCV) (D)

where rg and pp stand for the separatrix radius and the averaged gyroradius of
ions, respectively in the MKS unit system. Open lines of force in free space surround
an FRC plasma, that allow us to install a high power direct energy converter system.
Kinetic effects attributed to a large averaged gyration radius of ions stabilize [6]
MHD modes in an FRC. Further, a directed flow of energetic protons due to the
preferential trapping of fusion protons inside the plasma region produces a bootstrap
current needed to keep a plasma in a steady equilibrium of a burning FRC plasma.

3. Burning Plasma Foermation

The method to obtain a burning plasma succeeds to that developed in
ARTEMIS study. The reactor has a formation chamber, a burning chamber, and a
pair of direct energy converter systems. The formation chamber is the section for
producing an mitial FRC with a conventional reverse-biased fast theta pinch method.
An energy of 1.8 GJ stored in two set of fast capacitor banks connected to 4-staged
tandem coils produces a seed FRC. With a fast acting gas puff for feeding 52 mPa of
D, gas and use of an axial contraction of an initial FRC, we obtain a plasma with an
averaged electron density of 4.1x 10 20 m-3 and a plasma temperature of 3 keV. For
obtaining an FRC plasma reliably, the aluminum oxide vacuum chamber keeps its
axial symmetry as perfectly as possible to avoid unwanted disturvances and has only
a small port for gas puffing.

An applied current in cusp-magnetic field coils translates the FRC plasma to
the adjacent burning chamber, just after the FRC formation. Injections of 1 MeV-
100 A deuterium atom beam, magnetic compressions, and injections of D-3He fuel
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Fig.2: A development of plasma attributed to the injections
and magnetic compression

pellets develop the plasma into a burning state after 50 seconds. A set of lead-acid
storage batteries supplies the energy of 32 GJ (720 MW) needed to develop the
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plasma. An example of the development of plasma parameters up to the burning state
is exhibited in Fig.2. The method to inject D-3He fuels is so-called "Pac-man”
method. A fuel pellet made of liquid helium-3 in a solid deuterium vessel falls into
the plasma chamber. FRC plasma moves, then, toward the pellet with a very high
speed to involve the pellet deeply inside the plasma region before it evaporates.
Table 1 shows a set of

Table 1: Plasma Parameters of ARTEMIS-. ~ Principal plasma para-meters
of 1 MWe fusion reactor
Electron Density 51X 10* m* ARTEMIS-L. The plasma
Density Ratio of *He and D 135 \ﬁ)llume 15 as _srnalé’as 200 ;‘13
€ separatrix radius rg that
Averaged Plasm‘ji Tefmperature 83.5keV is needed to obtain the
EXtemal Magnetlc Fleld 5.36 T I‘equired energy Conﬁnement
Averaged Beta-Value 98 % (1) is 1.68 m. An edge
. injection of fuel pellets gives
I;anefgy gonﬁnement Time 6.9s an extremely high beta-value
uston Fower 1757 MW [7] of an FRC equilibrium.
Neutron Power Fraction 0.032 The bootstrap current
Heating Power (NBI) 100 MW supplemented by a sced
) current due to a preferential
P IE;(SHII)? Rad“ﬁe 1.68 m trapping of fusion protons
asma Length X222m provides a plasma current
Plasma Current 189 MA needed to keep plasma in an

equilibrium state.

4. Reactor Concept of ARTEMIS-L

On the bases of these considerations, a modification of the conceptual design
of ARTEMIS has been carried out, i.e., ARTEMIS-L, a whole view of which is
exhibited in Fig.3. The reactor has a formation chamber, a burning chamber, and a
pair of direct energy converter systems.

A converter system has a cusp type direct energy converter and a travelling
wave direct energy converter. The former is a double cusped shape for controlling
the energy carried by leaked fuels and ashes components. The first cusp is the
electron separator that separates electrons from ion components and introduces them
to collector plates installed at the first line cusp. Because of its large moment of
inertia, an ion pass through the first cusp and goes to the second line cusp. Due to the
applied electrostatic field, the ion decreases its kinetic energy and then goes to an ion
collector plate. An efficiency of 65 % is estimated with this cusp type direct energy
converter. Details of the cusp type direct energy converter will be presented at this
conference, separately.

The travelling wave direct energy converter has a modulator and a
decelerator. The energy of 14.7 MeV carried by fusion protons is too high to handie
with an electrostatic device. The travelling wave direct energy converter [8] controls
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this high energy particle on the base of the principle of a Linac. Because of their
high energy, fusion protons pass through a cusp type direct energy converter. An
applied travelling electric wave moderates the velocity of the proton beam. Then the
proton beam forms a bunch at the entrance of the decelerator at a downstream. The
decelerator has a set of meshed grids, each of which are connected to a transmission
circuit. One has to adjust the location of bunched protons at a decelerate phase of the
travelling wave. The phase velocity of the transmission circuit also decreases as same
as that of protons. Protons, therefore, decrease their velocity along the stream.
Auto-phasing of the proton bunching persists during deceleration. The kinetic
energy of 14.7 MeV protons changes to an oscillating electromagnetic energy in the
transmission circuit with an efficiency of 76 %.

We are now studying a possibility of introduction of an advanced direct
production of hydrogen and thermoelectric and galvano-magnetic converters instead
of a turbine-generator. High energy photons radiated from burning plasma excite
electron-hole pairs in a metal oxide semiconductor. This can produce more than 100
tons/day of hydrogen with ARTEMIS-L reactor. The energy corresponds to the
hydrogen is 110 MWe and the efficiency of producing hydrogen fuel is
approximately 18 %. Energies carried by neutrons and the synchrotron radiation can
be converted to heat that are introduced together with the heat from the hydrogen
plants into thermoelectric and galvano-magnetic generators. The generator produces
electricity by using temperature gradient of a semiconductor in a magnetic field. An
effictency of 20 % can be estimated for this energy conversion system and the total
conversion efficiency might be 36.7 %. Details of this hydrogen production will be
presented in this conference, separately.

Fig.4 is the power flow diagram of ARTEMI S-L. Radiations carry
approximately 1/3 of the fusion power, leaked thermal fueis and ashes carry 1/3, and
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Fig.4: The power flow diagram of ARTEMIS-L




14.7 MeV fusion protons carry another 1/3. We have employed a high-beta FRC
plasma that allows us to produce a large portion of the fusion power carried by
charged particles if one applies D-3He fusion fuels. Since a device for an FRC is
linear, one can install high power direct energy converter systems with a very high
conversion efficiency at both ends of the device. It is these two facts that provides a
very high plant efficiency of 56.9 %.

Fig.5 shows particle flows in ARTEMIS-L. If assumed capacity factor is 75%,
consumption of helium-3 fuel is 67.3 kg/yr and that of deuterium is 50.4 kg/yr. To

*He:63.7kefy R . .
: He:0.5x10 “kg/min

*He Reservoir
0.62 %10 kg/min

Turbo Molecular Pemmeation

Pump Membrane
0.35%10" *ke/min a,’He,p,D, T i(p,D,T)zO
i 0
D,1 Resereor Isotope Separation z

s . D,0 Gasifer

D:0.25x10 kg/min __ —— 7 D.T
—s . ,

D:50.4kgfy T:3.34 %10 "ke/min

Fig.5: The particle flow diagram of ARTEMIS-L

reduce stored tritium, one has to reinject diffused tritium after separating those from
others. The plant contains,
consequently, only a few
grams of tritium.

Table 2: Engineering characteristics of the reactor

Table 2 lists Fusion Power 1,757 MW
engineering characteristics Output Electric Power 1,000 MWe
%EARTEMIS'L reactor. Power to Heat Converters 668 MW

e maximum magnetic
field of 6.3 T on tl%:coils is Power to TWDECs 526 MW
weak enough to apply Power to Cusp DECs 563 MW
present technology. The Total Weight 4.900 tons

averaged neutron load on

the first wall is as low as TOtal. Length L 160 m
0.18 MW/m2. Since the life | Maximum Magnetic Field 63T
of the structural materials Radius of the First Wall 2.28m

in a neutron irradiation is i )
approximately 10 Heat Load on the First Wall 2.0 MW/m

MW.yr/m?2 with a ferritic Neutron Load on the First Wall  0.18 MW/m’
steel, the wall load enables




us to keep the first wall sound during the full reactor life of 30 years.

5. Characteristics of ARTEMIS-L

Detailed studies on the reactor components are still needed to clarify their
performances precisely. The cost of electricity (COE) from ARTEMIS-1, however,
can be estimated after ESECOM [9] studies approximately. The estimated direct cost
of the plant is 1,030 M$ and the total capital cost is 1,800 M$. Since the average

neutron wall load is

Table 3: The estimated cost of electricity 0.18 MW/m2 or

equivalently their
Net Electric Rating (PE) 1,000,000 kW approximate fluence is
Total Direct Cost 1,030,000000§ | ~90dpaafter 30 years
' operation, a ferritic
Total Capital Cost (CT) 1,800,000,000 $ steel as the first wall
Annual Capital Cost (Ca = CT 0.0844) material appears to be
O&M Cost (Com) 36,000,000 $ sound during 30 years
operation. Thus we can
Fuel Cost (Cf) 13,000,000 $ assume a life of the
COE = [Ca + Com + CfJ/[PE 8760 0.75] reactor to be more than
- 0.0304 $/kW h 30 years. As is show in
$ the Table 3, the cost of
e electricity is 30.5 mill/
.ASSUHIPUOI.IS. a fixed charge- rate of 0.0844, KW-h. The assumed
interest during the construction of 8.56%/yr, cost of helinm-3 is 0.2
and a capacity factor of 75 %. M$/kg. This assumption
Costs are in constant 1986 U.S.Dollars. affects slightly the cost
' of electricity and an

expensive cost of
helium-3 by a factor
5 gtves still a cheep COE as 38.4 mill/kW-h.

One also can imply the following approximate results concerning the safety
and environmental effects on the bases of previous studies such as ESECOM studies.
The neutron yield in the reactor is as small as 4 x 1019 /s and a plant contains only a
few grams of tritium. The public surface exposure in normal operations is
consequently less than 4 mSv for 50 years that is much smalier than the allowable
maximum of 0.25 Sv/50years. The occupational whole body exposure is less than 1.4
mSv for the 13 days that is much smaller than the allowable maximum of 2.0
Sv/13days.

Since the plant lacks a breeding blanket and the neutron yield is very few, no
nuclear heating of structural materials is appreciable in ARTEMIS-L even for a case
of a loss of coolant accident or a loss of flow accident. Namely the plant is inherently
safe The total volume of disposed radioactive wastes after 30 years operation is



approximately 460 m3, whose intruder dose is 0.0024 mSv/yr, which value is much
smaller than the allowable limit of 5 mSv/yr.

6. Conclusions

1. A complete scenario to obtain and sustain a burning plasma is available.
Nevertheless, experimental data bases available to construct the reactor are very
poor. Extensive studies on FRCs and experimental verifications of the scenario
(the Proof of Principle) are urgent.

2:  Engineering bases applied in D-3He fueled ARTEMIS-L design are
conventional.Developments of high power-high energy neutral beam injectors
and highly efficient direct energy converter systems are necessary.

3:  The cost of electricity (COE) from ARTEMIS-L reactor is estimated to be
cheaper than that obtained with a present power plant. The cost of helium-3
affects only slightly on the COE.

4:  Inherently safe and environmentally sound characteristics of ARTEMIS-L is

intrinsic to D-3He Fusion.
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