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ABSTRACT
Concepts of innovative energy production in neutron-lean fusion reactors without
having the conventional turbine-type generator are proposed for improving the plant
efficiency. These concepts are (a) traveling wave direct energy conversion of 14.7 MeV
protons, (b) cusp type direct energy conversion of charged particles, (¢) efficient use of
radiation with semiconductor and supplying clean fuel in a form of hydrogen gas, and (d)
direct energy conversion from deposited heat to electric power with semiconductor
utilizing Nernst effect. The candidates of reactors such as a toroidal system and an open
system are also studied for application of the new concepts. The study shows the above

concepts for a commercial reactor are promising.

KEYWORDS: fusion reactors, neutron-lean fusion reactor, direct energy conversion,
plant efficiency,

I. INTRODUCTION
In this article, we propose innovative concepts of fusion reactor system. Part

of the original motivation to start fusion research was to develop a clean energy
system with abundant fuel in the earth. As research advanced, however, choices in
the categories: (1) fuel, (2) confinement scheme, (3) energy conversion method have
become rather limited. At present, resources and man power in the world are put
mainly on the field of a D-T tokamak fusion reactor, of which representative is
ITER (International Thermonuclear Experimental Reactor). It is expected that the
ignition will be demonstrated with the tokamak reactor in the beginning of 21st
century. On the other hand, however, it is widely recognized that the D-T tckamak
reactor has the following severe problems in the reactor technology: (a) steady state
operation, (b) plasma disruption, (c) large inventory of tritium and breeding, (d)
radioactivation and damage of structural material by high energy neutrons.

Therefore, if we limit the fusion rector concepts in the very narrow field at this
stage, it would unfavorably delay the realization of a commercial fusion reactor.

Here, we will not limit fuel species only as D-T, but study more clean advanced
fuel such as catalyzed D-D [1,2] (Cat.D-D) and D-3He [3,4]. Furthermore, as for
concept of fusion reactor, we treat open system and FRC as well as toroidal system.
Moreover, we study energy conversion methods in the wide variety of the fields
such as innovative schemes of direct energy conversion from the fusion energy to
electricity and to fuel hydrogen gas without having a turbine generator.

Fortunately, reliability of plasma productions and their confinements have been
improved appreciably in tokamak experiments and plasma temperatures are ready to



several tens of keV which is closed to an ignition temperature of advanced fuels such
as Cat.D-D or D- 3He.
For D-T fusion fuels, reaction:

D+ T — 4He (3.52MeV) + n (14.06MeV) (1)

is available. The D-D reactions are negligible if the operating plasma temperature is
around a ten keV. The fusion ignition is easiest with this fusion fuels. There are
practically no natural resource of tritium, therefore, one has to produce it in a
breeding blanket. The primary nuclear reactions of Cat.D-D fusion are:

D+D — 3He (0.82MeV) +n (245MeV) (2)
and

D+D — T(1.0IMeV) +p (3.03MeV). (3)

The branching ratio of these reactions are approximately the same. One reinjects the
fusion products 3He and T into a Cat.D-D buming plasma to produce energy through
nuclear reactions with fuel deuterium. Therefore, reaction (1) may supplement the
reactions (2) and (3) as well as the reaction:

D +3He — “He (3.67MeV) + p (14.67TMeV). (4)

The primary fuel of Cat.D-D fusion is only deuterium that is naturally abundant in
water and no breeding blanket is necessary. Consequently, engineering problems
attributed to the tritium breeding are dissclved. The D- 3He fusion utilizes the
reaction (4), as the primary fusion reaction. D-D reactions (2) and (3) and the D-T
reaction (1) follow to this reaction.

Confinement Parameter n,T, (m3sec)

1023 : T H T 7 KIITT T T T T Ilill T T T T TT!E
i —— D-3He
* -—Cat.D-D
1022 .
: | .
L N \
t A N
' DT ;
1021 ¢ ‘: / 5
1020 L [T | e L T LI [N T
1 10 100 1000

Temperatare T (keV )
Fig. 1 Ignition conditions for D-T, catalyzed D-D and D- 3H, concepts.



Nevertheless, the concentration of 3He is large and the operation temperature is so
high that effects of those accompanied reactions reduce appreciably. The natural
resource of 3He is, however, very poor on the Earth. One needs to develop
extraterrestrial 3He resources such as the Lunar surface to construct commercial D-
3He fusion reactors.

The ignition conditions for Cat.D-D and D-3He concepts are shown in Fig. 1.
The fusion powers are carried in the following three forms: (a) neutrons (Pp), (b)
charged particles (Pch), and (c) radiation (Pr).

In the fusion reactor scheme with D-T fuel cycle, 80 % of the D-T fusion
energy is in 14 MeV neutrons, while 30 % of the fusion energy for Cat.D-D is in
neutrons. In case of D-3He, only a few % is in neutrons. The fraction of neutron
power in fusion power with parameter of temperature is shown in Fig. 2.
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Fig. 2 Fraction of neutron power in fusion power.
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II. ADVANCED REACTOR CONCEPTS
The ignition conditions for Cat.D-D and D- 3H reactors are shown in Fig. 3,
where all charged particles stemming from fusion are assumed to be trapped in the
plasma confining region, and the reflectivity of the wall surface is assumed as 0.99
(SUS material at 570 K). The bulk plasma particles (as fuel), however, have an
finite confinement time as parameter. The mixing ratio of D particles to 3He
particles is taken as 1 for D- 3He.
The ratio Nash = Tash / TE of ash particle confinement time Tash to energy
confinement time T is assumed to be 2. This is an important factor, although it is
often neglected (implicitly taken as Tash =0). If Naeh is unreasonably to be taken as 0,



the limit of B value decreases to 15 % for the Cat.D-D reactor., When MNjash is 2, the
high B value of at least 62 % is necessary.
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Fig. 3 Ignition condition for catalyzed D-D and D-3Hg reactors at T)ash = Tash/TE
=2 as a function of f§ value.

For a D-3He reactor, the allowed lowest B value is 22 % for Tash of 2, and
necessary neTE value of 8.1x1020 sec/m3 is also by a factor of several smaller than in
case of Cat.D-D. Thus, the Cat.D-D is favorable in viewpoint of abundant available
resources, while D-3H, has advantage in operation condition. Under the above
condition, the dependence of fraction ratios of Ppr , Psy and Pch to fusion power P¢
on B value may be interested for determining which scheme should be utilized
mainly in a reactor. The symbols of Py, Psy and Pch stand for bremsstrahlung
radiation power, synchrotron radiation power, and the loss power of plasma fuel
particles through convection and thermal conduction, respectively. The neutron
power fraction for D- 3H, is only 2-4 % which includes both contribution from D-D
and D-T reactions. The latter contributes more by a factor of 1.5 - 4 than the case of
the former. The neutron power fraction for Cat.D-D concept is 35 %, of which
main contribution is due to D-T reaction (29 %).

For one example, the calculated power fractions are shown in Fig. 4 for D-3H,
at Te =70 keV and nash = 2. As seen in the figure, the synchrotron radiation is



negligibly small except for the relatively low B value region (< 50 %). It should be
noted that the fraction of bremsstrahlung power remains almost constant at about 30
%.

From the above results, the D-3H, scheme for fuel seems most plausible. One
of the appropriate devices confining the high B D- 3He plasma is FRC, of which
schematic drawing is shown in Fig. 5. In this case, the main power outputs are Pp by
14. 7 MeV protons, Pyr and Pch. Pp by neutrons and Pgy are relatively small. In an
open system like FRC, the charged particles (Pp and Pch) flowing out along the
magnetic field lines into open space are converted directly to electricity by the direct
energy conversion system, and the radiation (Ppy) is converted to electricity and/or to
hydrogen gas for energy resource as will be described in the next chapter.

If we can increase the reflectivity of the wall surface, the ignition condition
becomes possible under lower § values as shown in Fig. 6. This is because
synchrotron radiation power can be absorbed in the plasma after multi-reflection.
One of candidates for such wall material having high reflectivity is beryllium. Then,
a toroidal system such as a helical system having divertor configuration with { value
of <10 % has also a chance to a commercial reactor [5]. In such a low B D- 3H
toroidal device, the synchrotron radiation (Psy) becomes large (order of 50 %).
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Fig. 4 Calculated power fraction for D-3H, at Te = 70 keV and Mash = Tash / TE =2.
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Fig. 5 Schematic drawing of FRC.
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Fig. 6 Ignition condition with parameter of wall reflectivity.

A method of direct energy conversion from the synchrotron radiation to
electricity using “rectena” (solid-state rectifying antenna receiving high frequency
wave beginning at over 2500 GHz) was proposed by Kulcinski et al. in case of
APOLLO D - 3Hg tokamak fusion reactor [3]. In contrast to this, we propose a new



concept. The synchrotron radiation as well as neutrons are once changed to thermal
energy, and then, the direct energy conversion is carried out from thermal energy to
electricity by using the Nernst effect, as will be described in the next chapter.

III. CONCEPTS OF DIRECT ENERGY CONVERSION
A. Direct Energy Conversion (DEC) of Particle Energy

A typical example of direct energy conversion has been presented in a D-3He
fueled fusion reactor design ARTEMIS-L [4]. The geometry of the reactor is linear
and a pair of direct energy converter systems are installed at both end of the reactor.
A converter system has a cusp type direct energy converter (Cusp DEC) and a
traveling wave direct energy converter (TW DEC). The schematic view of Cusp DEC
and TWDEC is shown in Fig.7.
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Fig. 7 Schematic view of Cusp DEC and TWDEC.

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 other ion species 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
leaked fuel ion decreases its kinetic energy and then goes to an ion collector plate. An
efficiency of 65 % is estimated [6] with this cusp type direct energy converter.



TW DEC has a modulator and a decelerator. The energy of 14.7 MeV carried
by fusion protons is too high to handle with an electrostatic device. TWDEC controls
this high energy particle on the base of the principle of a Linac. Because of their
high energy, fusion protons pass through Cusp DEC. Then, an applied traveling
electric wave moderates the velocity of the proton beam at the modulator and the
proton beam forms a bunch at the entrance of the decelerator at 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 in a decelerate phase of the
traveling wave. The phase velocity of the transmission circuit also decreases as in
case of protons. Protons, therefore, decrease their velocity along the stream. The
kinetic energy of 14.7 MeV protons changes to an oscillating electromagnetic energy
in the transmission circuit with an efficiency of 76 % [7].

B. Direct Electron-Hole Pair Production With Radiation

The well known device to utilize the radiation energy from the sun is a solar
battery, which is typically made of p-n junction of silicon semiconductor. If the light
having energy more than the band gap energy is illuminated on the semiconductor,
electron-hole pairs are produced in the region of the p-n junction. This can cause
current, and thus, electric power. Unfortunately, due to the low equivalent
temperature spectrum of the sun light, the available photons are limited. In contrast
to this, the spectrum of the radiation from the fusion plasma has a much higher
equivalent temperature. Then, the available photons to produce electron-hole pairs
are abundant. So, the radiation from the fusion plasma may efficiently induce
current in the semiconductor.

On the other hand, Fujishima and Honda found that an only p-type or n-type
semiconductor such as TiO; illuminated by photons having more than certain energy
can be used for electrolysis of water [8]. The process has been well explained with
energy band configuration of a semiconductor immersed in the liquid electrolyte.
For example, the process for TiO; can be considered as follows:

TiO; +hv — e~ + pt
H20 + 2pt — 1/20, +2Ht  (at TiO; electrode)
2H* + 2¢e- —> H, (at Pt electrode)

The energy level of the conduction (and also valence) band increases near the
surface of semiconductor TiO; facing the liquid electrolyte. If the photon having
energy larger than the band gap energy €; of the semiconductor (£,= 3 eV in case of
T103) is illuminated on the semiconductor, electron-hole pair(s) are produced, and
the electron excited into the conduction band moves the opposite direction to the
surface of semiconductor facing the liquid electrolyte, while the hole in the valence
band moves to the surface of the semiconductor facing the liquid electrolyte. Thus, if
the semiconductor is connected to the other electrode also immersed in the liquid
electrolyte with a conducting wire, electrolysis of water can occur: oxygen gas
appears at the TiO; electrode, and hydrogen gas appears at the other electrode. The
principle of direct hydrogen production [9] is shown in Fig. 8, where the membrane
to separate hydrogen and oxygen gases is not shown for simplicity.




For estimating conversion efficiency, “radiation ionization energy” &; (eV)
defined as the average energy required to form one electron-hole pair in
semiconductor materials is a useful concept:

£; —_—Cob'g'i'cl

where ¢, and ¢; are constants, experimentally obtained as 14/5 and 0.5 - 1.0 (eV),
respectively [10]. These two constants are fortunately independent from the form of
energy source, that is, applicable all to alpha particles, electrons, and photons.
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Fig. 8 Principle of direct hydrogen production by 7y rays.

The efficiency 1, of direct current production by photons in the semiconductor
is given as:

nsem = nsnwnm(EV /Eg)/(co +C] /Sg)

where 7, n,, 7, are ratio of available surface area to the vacuum chamber wall,
transparency of photons through the first wall, and efficiency of deposition of photon
energy on the semiconductors, respectively, and, Ev = Er - EQr, where Er and EQR
are the Fermi energy level of the semiconductor, and oxidation-reduction potential
of the electrode immersed in the liquid electrolyte, respectively.



The efficiency ny,y of direct hydrogen production by photons in the
semiconductor is given as with Faraday constant:

nhyd =nsnwnmAHf /(2F8i)

where AH is the enthalpy change by burning hydrogen gas (285.8 kJ/mol at 298 K).
The main reason for determining limit of efficiency comes from the fact that
ionization energy &; is by a factor of about 3 larger than the band gap energy &, as
described. The harmful effects on semiconductors by neutrons are usually
concerned. In this article, however, we consider the case that the neutron dose is
rather low. We estimate the effect is negligible. Furthermore, there may be a
possibility to find the adequate material of the semiconductor for this purpose.

Two cases are considered here. In Case 1, £, and 7, are assumed to be 3.0 eV
(such as for TiO3), 0.49, respectively. Then, the energy conversion ratio 17},
becomes 0.10, and the hydrogen production efficiency 1, is 0.06. In Case 2, €
and 1, are taken as 1.5 eV, 0.80, respectively. Then, 7, and 77, are 0.14 ‘and
0.18, respectively. Thus, the direct hydrogen production is favorable in Case 2. Itis
essential to find appropriate materiel for such a system.

The rest of radiation energy is converted to heat due to phonon excitation in the
semiconductor.

C. Thermoelectric Conversion

Heat load from plasma through radiation and particles is directly converted to
electricity with conventional thermoelectric method such as using temperature
gradient and also a new method using Nermnst effect (thermoelectric effect in the
presence of magnetic field).[11]:

E=]J/0+SVT+RgBXJ+NBXVT

where o, §, Rp, and N are electrical conductivity of the semiconductor, and

coefficients for thermoelectric, Hall, and Nernst effects, respectively.
The schematic configuration of using the Nernst effect is shown in Fig. 9.
The conversion efficiency 7, is given as:

My =Tog {1+ 20 /1, + (4702 [ 7,Z,T3)
where n,,=AT/T,, r,=R. /R, ,and AT, T}, , R;, and R, are temperature difference,

temperature of the hot side, external resistance of the circuit, and internal resistance,
respectively. For conventional thermoelectric effect,

Z,=06C?/x

where C,, and x are thermoelectric coefficient and thermal conductivity of the
semiconductor, respectively.
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For Nernst effect,
Z, =0C2B* [ x

where C, and B are Nemst coefficient and magnetic field strength, respectively.

In case of T, - AT = 350 K and B= 5 T, the relation between 7, and AT is shown
in Fig. 10, where the ideal Camnot cycle, conventional thermoelectric effect, and
Nernst effect are shown. When AT= 300 K, we get n,= 0.22 (2,=0.01) with Nernst
effect, while n,= 0.1 (Z,=0.002} with thermoelectric effect. The case for B = 10 T
is also shown as Z,=0.04, which improves the efficiency to n,= 0.32. Thus, Nernst
effect may play a dominant role in the direct energy conversion of heat.

This system is applicable to the toroidal reactors as well as to the open system,
and it may be replaced with a conventional turbine generator for converting thermal
energy to electricity, as the conversion efficiency might be rather higher under the
optimum condition.

IV. DESIGN CONSIDERATION OF SYSTEM PLANT

The new scheme of a fusion reactor system involving the above concepts seems
promising as an advanced reactor of next generation such as innovative Cat.D-D or
D- 3H, fusion reactors with high temperature.

Candidates for the D- 3H, reactor concept has been proposed for tokamak [3] and
FRC (Field-Reversed Configuration, a typical design is ARTEMIS-L [11)).

In case of 1 GW electricity output for ARTEMIS-L, the power flow is shown in
Fig. 11. The higher electricity output is, however, preferable for better plant
efficiency. Such optimization is the one of subjects to be studied in future.

The total conversion efficiency 7, is given as:

al
Mot =Pg::r /Pf
where

Péirtal = inp+ncPch +Tfkyder +
nt{(lmnkyd)Pbr+(1_nc)PCh+Psy+Pn}
Pf:Pp+PCh+Pbr+PS)’+PH

Using 1, = 0.76, 1, = 0.65, Mhye = 0.18, 0, = 0.22-0.32, we get total efficiency:

N = 0.59-0.64.

As indicated in Fig. 11, the indirect hydrogen gas production through the
electrolysis with produced electricity from the fusion reactor can be also used for
energy reservoir. If the commercial needs of electricity become low in night for
example, the excessive electric power can be stored in the form of hydrogen gas.
The efficiency of electrolysis of water is rather high (more than 90 %) within the

12



present state of art. Thus, both the direct and indirect hydrogen production scheme is
attractive from the viewpoint of efficiency and flexible energy storage.

Direct Electron-Hole Pair Production
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Fig. 11 Power flow for ARTEMIS-L having 1 GW electricity output.

The image of the total plant system is shown in Fig. 12, where the energy system
consists of electricity and hydrogen gas.

V. CONCLUSION

Concepts of innovative energy production in neutron-lean fusion reactors
without having a conventional turbine-type generator are proposed for improving
the plant efficiency. These concepts are (a) traveling wave direct energy conversion
of 14. 7 MeV protons, (b) cusp type direct energy conversion of charged particles,
(c) efficient use of radiation with semiconductor and supplying clean fuel in a form
of hydrogen gas, and (d) direct energy conversion from deposited heat to electric
power with Nemnst effect. The candidates of reactors are also studied for application
of the new concepts. The example of power flow is also shown.
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Y. Ohkouchi, S. Sasaki, S. Takamura, T. Kato, Effective Emission and
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Sheet Pumping; July 1993



NIFS-238

NIFS-239

NIFS-240

NIFS-241

NIFS-242

NIFS-243

NIFS-244

NIFS-245

NIFS-246

NIFS-247

NIFS-248

NIFS-249

K. Watanabe, T. Sato and Y. Nakayama, Q-profile Flattening due to
Nonlinear Development of Resistive Kink Mode and Ensuing Fast
Crash in Sawtooth Oscillations; July 1993
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