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ABSTRACT
As one of methods of innovative energy production in fusion reactors without having a
conventional turbine-type generator, an efficient use of radiation produced in a fusion
reactor with utilizing semiconductor and supplying clean fuel in a form of hydrogen gas are
studied. Taking the candidates of reactors such as a toroidal system and an open system
for application of the new concepts, the expected efficiency and a concept of plant system
are investigated.
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L. INTRODUCTION

Scientific feasibility of the fusion reactor scheme with using the deuterium - tritium (D-T) fuel
cycle will be proved in near future. It seems, however, very difficult to achieve economic feasibility,
mainly because 80 % of the D-T fusion energy is in form of 14 MeV neutrons which induce radiation
damage and radioactivity in the structure surrounding the plasma, The challenging attempts to minimize
such harmful effects by neutrons, of course, have been continued so far. Under the circumstances of
the difficulty, we treat here the schemes producing less neutrons. As for advanced reactors of next
generation, catalyzed D- D [1,2] and D- 3Hg [3,4] fusion reactors with high temperature are considered.
In cases of the former and latter schemes, the ratio of neutron energy to the fusion energy are 30 - 35 %
and 3 - 5 %, respectively.

In this paper, we propose innovative schemes of direct energy conversion from the fusion energy
to electricity and fuel hydrogen gas in order to apply to the fusion reactor power plant. A new concept
of direct energy conversion from 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 - 3H, fusion reactor [3]. This conversion scheme is related with
the high temperature (58 keV) in the high magnetic field (19.3 T). In this case, the energy of
synchrotron radiation is about 50 % of the fusion power. In contrast to this, here, we mainly study the
case of the high temperature (up to 100 keV) but the relatively low magnetic field in the range of 5-7 T
(thus high B) especially for D - 3Hg scheme, where the energy of synchrotron radiation is negligibly
small (less than 0.3 % at extremely high ). Therefore, in this article, we study direct electron-hole pair
production from radiation (DEHPRA) with utilizing semiconductor, that is, bolometric radiation power
from the plasma is used to produce directly current or hydrogen (deuterium) gas. The principle of the
latter one is based on the electrolysis of water with a semiconductor. The indirect hydrogen production
by electrolysis of water with produced electricity can be also utilized for the purpose of flexible energy
storage.



IL. REACTOR CONSIDERATION

‘As described in Introduction, the high temperature (up to 100 keV) and high § (thus, relatively
low magnetic field in the range of 5 -7 T) plasma is mainly treated for a fusion rector. For this purpose,
D-3He as well as catalyzed D-D schemes for fuel seem to be most plausible. The conceptual power
flow chart for D-3Hg fuel scheme is considered here. The main power outputs are Pp by 14.7 MeV
protons, Py by bremsstrahlung, and Pcf by hot fuel ions flowing out from the confining region. Py by
neutrons and Pgy by synchrotron radiation are relatively small. These power outputs are converted
mainly to electricity and partly to hydrogen gas as will be described in the next section.

The Bremsstrahlung radiation spectra from high temperature plasma (Te of less than 0.3 MeV)
including relativistic effect are given by Maxon [5]. In Fig.1, the data given in Reference [5] and their
best-fit curve are shown for Te = 100 KeV. Here, the average charge state of ions, Z, is assumed to be
1. This best-fit curve is used hereafter for calculation of y-ray deposition in the material.
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Fig.1 Bremsstrahlung radiation spectra data points given in reference [5] and the best-fit curve,

III. CONCEPTS OF DIRECT HYDROGEN PRODUCTION

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 semiconductors. I the light having energy more than the band
gap energy is illuminated on the semiconductor, electron-hole pair(s) are produced in the region of the
p-n junction. This can cause current, and, thus, the electric power.

Unfortunately, due to the low equivalent temperature spectrum of the sun light, the available
photons are limited. Thus, the efficiency is quite low. 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 only a p-type or n-type semiconductor such as
TiQ, illuminated by photons having more than certain energy can be used directly for electrolysis of
water [6]. 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
HyO +2pt — 120, +2H* (at TiO; electrode)
2Ht +2e- = H, (at Pt electrode)

The energy level of the conduction (and also valence) band Ecp 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 €V in case of Ti0y) is illuminated on the semiconductor,
electron-hole pair(s) are produced, and the electron(s) excited into the conduction band moves the
opposite direction to the surface of the semiconductor facing the liquid electrolyte, while the hole in the
valence band Ecy 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, surface, and hydrogen
gas appears at the other electrode as shown in Fig. 2, where the membrane to separate hydrogen and
oxygen gases is not shown for simplicity.
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Fig. 2 Principle of direct hydrogen production by 7y rays.
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The symbols of Ep and Epy are the Fermi energy levels of the semiconductor and the metal electrode,
respectively. In the equilibrium state, Erppm becomes equal to Eor, where Egr denotes oxidation-
reduction potential of the electrode immersed in the liquid electrolyte. Thus, the potential difference, Ey
=EF - EQr , appears, and then, the current occurs in this system.

In some type of reactors, there are abundant photons. These photons might be used for direct
electrolysis of water without using a turbine generator. One of candidates of primary energy source for
efficient H, production is y -ray, because v -ray has ability to penetrate the material (of the window, for
example) rather well. For this purpose, a high temperature reactor such as an advanced D- 3He reactor
is adequate. _

Here, a reactor plasma with temperature of 100 keV is assumed for model calculation, where a
ceramic window (such as SisN,) is taken as a first wall. Absorption of y-ray in the material can be
calculated by the following simple formula:

[ /1y =exp{—(u/ p)pt}

where [ is the intensity of y-ray at some position in the material, and [ is the initial intensity of y-ray,
and /L / p is mass attenuation coefficient, and pf is mass thickness. In case of compound, Ul/pis:

plp=2Z;Wiu/p)

where W is the weight fraction of i th element in the compound or mixture [7]. The photoelectric, total
absorption, and total cross sections (the last incudes scattering cross sections) of y ray in titanium are
given by Storm and Israel [8].

Then, mass attenuation coefficient { / p can be calculated. Some of mass attenuation coefficients
for the relevant materials are shown in Fig.3.
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Fig.3 Mass attenuation coefficients for the relevant materials.
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Fig.4 Absorption fraction of y ray energy in the materials.

Taking energy distribution of emitted photons, absorption fraction of Yray energy in the materials
are shown in Fig.4. From the figure, 37 % of the total energy is absorbed by the first wall of ceramic
(SizN,) with thickness of 2.5 mm, while 38 % is absorbed by the semiconductor (such as TiO;) with
effective thickness of 25 mm immersed in the water.

The energy deposition calculation is rather simple, while the configuration of multi-layer of the
semiconductor is expected depending on the depletion layer thickness of the semiconductor. If the part
of the 1st wall would work as a semiconductor, then the efficiency will be rather improved. We
suppose one unit of pipe with outer diameter of 50 mm, and about three layers of such pipes inside the
vacuum chamber as shown in Fig. 5. The absorbed power fraction by the TiO, semiconductor becomes
in total 0.49, while that by the ceramic window is 0.39. The rest is absorbed in the water and the thin
Be electrode.

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:

E; =C()£g+(,‘1

where ¢ and ¢ are constants, experimentally obtained as 14/5 and 0.5 - 1.0 (eV), respectively [9].
These two constants are fortunately independent from the form of energy source, that is, applicable all
to alpha particles, electrons, and photons. Then, we can estimate the production rate N ep of electron-
hole pairs:
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Fig.5 Basic configuration of direct hydrogen production system.

Neh = nsnwnmpbr /egi

where 1), 1],,.and 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. If the produced electron-hole pairs are used as a simple battery, the produced electric
power P, is given as follows:

Psem = E‘ifeN*?"z
= nsrlwnmpbr(EV /Sg)/(co TG /83)

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

Nsem = ﬂsﬂwﬂm(EV /Sg)/(co +¢ /Eg)

In case of direct hydrogen production, the above electron-hole pairs are used for electrolysis of
water. The production rate N gyg of hydrogen gas is given as:



Niyd =eNew/ (2F)

where F is Faraday constant (9.65X10% C/mol). Thus, the expected power Py, by burning the
hydrogen gas (with oxygen gas) as fuel becomes:

Py, =AH ¥ Nya
where AH £ is the enthalpy change by burning hydrogen gas (285.8 kJ/mol at 298 K). Then, the
efficiency 7)4y, of direct hydrogen production by photons in the semiconductor is given as:

nhyd =Pkb/Pbr =nsnwnmAHf/(2F£i)

Then, we get the ratio Ry

Rhs = nhyd /nsem zAHf /(ZFEV)
=1.48/ Ey (eV)

This result indicates that the direct hydrogen production is preferable, if Ey, based on the
characteristics of semiconductor is less than 1.48 eV. The main cause limiting efficiency comes from
the fact that the ionization energy £; is by a factor of about 3 larger than the band gap energy £, as
described above. Due to this fact, the ultimate efficiency for both 7], and 7]y, is limited at about

1/3.
Two cases of the above efficiency are given in Table 1 with the assumed values of the parameters.

Table 1. Efficiency of hydrogen production.

Assumed Values Meaning of

Symbol
/ Unit Case A | Case B Symbol
£, /eV 3.0 1.5 | Band Gap Energy

Eyle 0.5 0.7  {Normalized Available
8 Voltage
n 0.85 0.90 |Rato of Available
5 Surface Area

n 0.90 0.90 | Transparency of 1st
¥ Wall

Efficiency of Photon
1 0.49 0.80 |Energy on the

m Deposition of
Semiconductors
[ Symbol/ Calculated Meaning of Symbol
Unit Values

Efficiency of Direct
1, 0.10 0.14 | Current Production by

e Photons in the
Semiconductor
Efficiency of Direct
0.06 0.18 |Hydrogen Production
by Photons

nhyd




In Case A, £, and 7], are assumed to be 3.0 eV (such as for TiOp), 0.49, respectively. Then, the
energy conversion ratio 7], becomes (.10, and the hydrogen production efficiency Mhyq 15 0.06. In
Case B, €, and 1}, are taken as 1.5 eV, 0.80, respectively. Then, 7, and 7]y, are 0.14 and

€.18, respectively. Thus, the direct hydrogen production is favorable in Case B. It is essential to find
appropriate materiel for such a system.

The necessary conditions for the semiconductor adequate to hydrogen production are:

(1) The semiconductor should not be solvable in the liquid electrolyte. Such material for

semiconductor is typically oxide composites,

(2) The energy level of the conduction band should be higher than the hydrogen production

potential,

(3) The energy level of the valence band should be lower than the oxidation-reduction potential,

(4) The semiconductor should resist against radiation and high temperature.

If Pyr is assumed to be 612 MW as will be described for ARTEMIS-L in chapter VI, the hydrogen
production rate in Case B becomes 364 mol/sec, which corresponds to 63 ton/day hydrogen
production. The rest of radiation energy is converted to heat partly due to phonon excitation in the
semiconductor. This heat may be directly converted to electricity with utilizing thermoelectric effects
[10].

The merit of direct hydrogen production inside the reactor would be in the following points:

(1) The direct hydrogen production can be combined with direct heat conversion scheme. These

two are additive. So, the total efficiency can be improved compared to the conventional turbine

type generator,

(2) The cooling water could be used simultaneously as electrolyte,

(3) Without changing photon energy to heat, hydrogen gas can be produced directly. This means

the burden of heat on the configuration material might be mitigated.

The degree of the merit depends on the characteristics of the semiconductor material and on the
plant configuration.

1V. TECHNICAL CONSIDERATION

First, we check the feasibility of use of Si;N; for the ceramic window, although this material is not
unique but only one example among several candidates. In Table 2, the physical property of SisN,
ceramic are shown. The tensile strength is rather high up to about 1100 K.

Table 2 Characteristics of SisN, ceramic.

Physical property Unit Value
Thermal conductivity W/mmK 2.93 x 10-2
Specific heat W/kgK 5.02 x 10*
Specific gravity kg/ mm? 3.2x10°0
Flexural strength kg / mmé 1.0 x 104
at 310 -1070 K
Young’s modulus kg / mm? 3.1x104
Poisson’s ratio - 27x 1071
Coefficient of linear expansion 1/K 2.5x 10-6
at 310- 670K




The heat and stress analyses of the pipe made of SizN,4 containing water are carried out. The
direction of the heat flux is taken into account. The heat flux qo from the plasma is assumed as 2 MW /
m2. The thermal load q,; on the pipe surface is then qy, = qo sin8 , where 8 is angular coordinate of the
pipe. Two cases are studied; in Case I, the temperature of the cooling water is assumed to be 573 K at
inlet and 603 K at outlet, and in Case II, 413 K at inlet and 443 K at outlet. The former case is
favorable to the second use of the thermal energy, for example, with thermoelectric effects in the
semiconductor. The latter is adequate for applying the existing membrane to separate the hydrogen and
oxygen gases, because well established polymer membranes would be used under the relatively low
temperature. The fluid velocity is adjusted to keep the above temperature difference. The pipe length is
5 m in both Cases. The pressure is taken as 15 MPa in Case L These analyses show the SisN, ceramic
pipe with diameter of 50 mm and thickness of 2.5 mm (as shown in Fig.5) should be able to withstand
both the thermal stress and internal pressure (28.2 kg / mm? in total for fluid velocity of 1.82 m/s). The
effects of fluid velocity on temperature and tensile stwength of the pipe are shown in Fig.6.
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Fig.6 Effects of fluid velocity on temperature and stress of the pipe for direct hydrogen production.

The new scheme of a fusion reactor system involving the above concept without a turbine
generator seems favorable as an advanced reactor of next generation such as innovative catalyzed D-D
or D- 3H, fusion reactors with high temperature. One of candidates for the D- 3He reactor concept is
FRC (Field-Reversed Configuration, a typical design is ARTEMIS-L [4, 11-13]).

In case of 1 GW electricity output for ARTEMIS-L, the power flow is shown in Fig. 7. As
shown in Fig. 7, the indirect hydrogen gas production through the electrolysis with produced electricity
can be also used for energy reservoir. If the needs of electricity becomes 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 present state of art.

G
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Fig. 7 Power flow for ARTEMIS-L having 1 GW electricity output.

Y. CONCLUSION

As one of methiods of innovative energy production in fusion reactors without having a

conventional turbine-type generator, an efficient use of radiation produced in a fusion reactor with
utilizing semiconductor and supplying clean fuel in a form of hydrogen gas are proposed. Taking the
candidates of reactors for application of the new concept, the expected efficiency is estimated.
Furthermore, the power flow is preliminarily studied.
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