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An advanced Larue Helical Deviee (LHD) tvpe proton-boron reactor, in which the minority
protons are heated by ICRF, 1 proposed. The ratio of the fusion power to the RF input power 1s
evaluated. ’\Imn(‘ri( al computation of particle orbits shows that the ICRF of LHD can accelerate

protons in the p--'13 fusion relevant energy

Numerical results also show that the LHD magnetic

confizuration can confine the high energy 1Ho well. An active peripheral potential control method
and an active He ash exhaust scheme are discussed,

I Introduction

The drasticallv improved  performance for  the
plasma heating by the lon evdotron range of fre-
quency (ICRF) is shown in the third campaign of
the Large Helical Device {LHD) experiments in 1999
1j[2]. It is observed that the high energy lon-tail
extends to 300keV and that the clectron tempera-
ture is raised with the eleetron-drag relaxation pro-
cess of the directly heated protons {1][2]. It is also
fonnd that protons are heated to the order of 1MeV
and that they are well confined. throngh the mimer-
ical computations of particle orbits under the ICRF
heating of LHD. Stimulated by above results, we pro-
pose an advanced LHD tyvpe fusion reactor which has
the same magnetic configurarion o LHD and is sus-
taned by ICRF.

Stix has studied the radio frequency {RF) heated
tokamak plasma and the D-T reactor based on the
analvsis of RF heated rwo-component plasma [3]. It
has been found that the ratio of the fusion power to
the RF power input can significantly exceed unity.
Oniv D-T fusien reaction. however. has been dis-
cussed. In the present paper, we analyze the LHD
type proton-boron reactor (p-**B reactor] that is
sustained by ICRF. The p-1!B reaction,

p=1B 3 He + Qp.

((21: o~ STI\IP\/-) (1)

has the advantages as follows [4]{3]:

e Onlv few neutrons are produced by side reac-
tions at low eneray level (< 1MeV). So it is not
need to consider the neutron wall loading. the
severe radiation damage and the radicactivity

in structural materials. The blanket is not also
noeded,

p—

s A large amount of hydrogen and boron are ubiqg-
uitous on the carth.

The possibility of the p-'"B fusion reactor has been
investigated [[6]. It is pointed out that the eco-
nomnrical p-*-B reactor would be unlikely since the
bremsstrahlung power loss exceeds the fusion output
power. In such investigations, protons are injected
as the neutral beam into the reactor in which the
boron plasnia is sustained in a steady state. We will
argue, however, that the p-*!B reactor sustained by
ICRF may be possible.

In §2, the possibility of the ICRF sustained p-'*
reactor is discussed based on the simplest energy flow
wodel. The particle orbits of the protons under the
ICRF heating and the high energy *He are described
i 83. The peripheral potential control and the *He
ash removal method by ECH and ICRF heating in
the chaotic field iine region arc presented in 4. See-
tion 5 is devoted summary and discussion.

II Possibility of the ICRF sus-
tained p-'!B reactor

We consider a p-1'B reactor consists of the thermal
clectrons, the thermal borons and the minozity pro-
tons that are heated by ICRF. We show in Fig. 1
the simplest model of the energy flow in the ICRF
The TCRF

Py} is primarily absorbed into the mi-

sustained p-1'B fusion reactor plant,
power {=
nority protons and heat them until a fusion reaction
oceurs. The output power from the fusion plasma
(= Pgy + Py, where Pp denotes the fusion power) i
converted into the electric power with an efficiency
nep. Since a part of the electric power (= Prr/7rr)
is needed for the RF oscillator. we can get the net
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Figure 1: Simplest model of energy flow in the ICRF
sustained p-1'B fusion reactor plant.
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Figure 2: Relationship between @, Prp, 75, and T..
np/ne is set to the optimal value for the maximum
(2. The line of @ = 1 is shown for reference.

output power (=Pygr) reduced to

FPry
PneTr = npp(Par + Fr) — —— > 0. (2)
TRF

From this relation, it is found that the ICRF sus-
tained p-!!B reactor needs

1 - npp RF 3)

Q= Pp/Pryr) > ———

When we substitute reasonable values for npp(~ 0.5)
and nrp{~ 0.9), the above relation reduces to Q >
122-..

We use the simplest one proton model to evaluate
2 of the ICRF sustained p-!'B reactor. Protons are
heated by ICRF under the eleciron-drag with the
electron density (= n.) and temperature (= T,) as:

dEPRFET

’” Tip TE

(4)

2597, - asokev, tePee ! 1, = 5T0keV

T, = 250keV, TePgg / n,, = S00keV
T = 450keV, TePgge / Ny = 830keV
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Figure 3: Relationship between Q, n,/n., and 7, for
the case of optimal g Prp/n, values.

reduced to

E= EO T (TETfRF + Te - EU) (1 - e_t/TE)f (5)

P

where E and ny are the energy and density of the
proton, and 7g is the electron-drag time. Ey denotes
the initial energy of proton and is assumed to be
in the following. The value @ becomes

rind Ty, 7 )

npQF [2F

Q PRF H}j_'[l(Tb,Tf) j.g O-PB( ) Mp ’
(6)

where 7, denotes the time when the bremsstrahlung
power loss exceeds the fusion power, 7; represents
the time for the nuclear fusion, and M, is the mass
of a proton. opp denotes the p-''B fusion cross-
section [7]. Figure 2 shows the relationship between
Q, Prr, Tg, and T,. This figure shows that the opti-
mal ICRF power for the @ value (== 2) is nearly equal
to 0.32MW/m® when n, = 5 x 10%¥%m =3, np =N, [8
and T, = 250keV. We also show the relationship be-
tween Q, np/n., and T, for each optimal Pgr values,
in Fig. 3, which implies the existence of the optimal
T/ Me. Figures 2 and 3 indicate the existence of the
optimal T, value, also. The combination of these
optimal values will bring out the advanced p-11B re-
actor sustained by ICRF.

IIT High Energy Particle Orbit
in LHD

There is the iransition region in phase space of par-
ticles in helical systems. The particle orbits become
chaotic in this region{8]. It is essential whether pass-
ing particles can transit to the reflected particles
without being lost under the ICRF heating process.

Then, we trace the orbits of the protons under the
ICRFE heating i LHD, numerically by the following
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Figure 4: Maximum energy of ICRF heated proton
in LHD. Eq = 20kV/m, m =0, kr =0, and B,, =
2.52T. The starting points are set on Z = 0 plane In
the horizontally elongated poloidal crosssection and
starting energies are set to l1keV. Heating times to
arrive at the maximum energy are also shown.

equation,
0
dV
M—=¢ 0 sin{m¢ + k.r —wi)+V x B
dt E,

with conditions

Ey = 5.10.20kV/m
m = 0,10,40

k- = 0, 38.95m~1,
Oi_ — 38.47TMH:z
B,, = 252,275T.

The orbits of a proton are calculated until a proton
is lost to the vacuum vessel wall, with being changed
ihe starting point and the initial energy of a proton.
We also change the magnetic field intensity, the wave
number and the electric field intensity of ICRF. The
magnetic axis is fixed at R.x = 3.6m. Protons are
started as passing particles. As shown in Fig. 4, it
is found that the average maximum energy of pro-
tons becomes order of 1MeV except of the peripheral
region of the last closed magnetic surface (LCMS).
These computation shows that the ICRF of LHD
can accelerate protons in the p-'B fusion relevant
energy range.

In order to realize the economica! p-'B reactor,
‘He produced by p-1!B reaction is needed to be con-
fined for a long time to heat the plasma. We also
trace the guiding-center of 2.9MeV *He in LHD dur-
ing 1000 toroidal turns and analyze the confinement
capability of LHD. Numerical results show that the
LHD magnetic configuration can confine the high
energy 2He well (Fiz. 35).
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Figure 5: Loss ratio of *He in the LHD magnetic con-
figuration. Horizontal axis shows the stariing points
of tracing He in vertically elongated poloidal cross-
section. Ra.y denotes the major radius of the mag-
netic axis. B,, represenis the magnetic field inten-
sity on the magnetic axis. The loss ratio is averaged
in the initial pitch angle and in the vertical position
which are distributed equal between bottom and top
of the LCMS.

IV Peripheral Potential Con-
trol and ‘He ash removal in
LHD configuration

In order to reaslize the p-!'B reactor, the good
plasma confinement in the core region and the high
efficiency exhaust of the “He ash are important.
Therefore, we propose a peripheral potential control
method by ECH and ICRF heating in the chaotic
field line region just outside the LCMS.

The guiding-center equations show that the deeply
trapped particles move along the cross-lines of |B| =
const. plane and B - VB = 0 plane. By the numer-
ical analysis of the magnetic structure of LHD, we
find the existence of the cross-lines connecting the
chaotic field line region and the vacuum vessel wall,
as shown in Fig. 6. We call these cross-lines the loss
canals. If the resonance position of ECH is placed
at loss canals, the peripheral poteniial will increase
due to the rapid loss of the deeply trapped electrons.
If the resonance position of ICRF is placed at loss
canals, the peripheral potential will decrease due to
the rapid loss of the deeply trapped ions. These ac-
tive potential control methods may be expecied as
the active control scheme of the core plasma confine-
ment.

The peripheral potential control should be useful
for the ‘He ash removal. Furthermore, if the ICRF
frequency is set equal to the *He cyclotron frequency,
“CHe, We can directly exhaust them from the chaotic
field line region.
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Figure 6: Loss canals in LHD. The orbit of protons
lost through the loss canals and the last closed mag-
netic surface are also shown.

V  Summary and Discussion

We have proposed an ICRF sustained LHID type p-
1*B reactor and have been able to show some pos-
sibilities of the reactor. Furthermore, we have pro-
posed an active peripheral potential control method
and an active *He ash exhaust scheme.

In eq. (5), Ey = 0 have been assumed, however,
this assumption will be giving an severe evaluation
for {. An reasonable value for £y will be the order
of T,, but, the self-consistent distribution function
of the proton should be calculated for a more con-
vincing evaluation of ().

In the present paper, we have dealt with T, as
one of the frec parameters in calculations. But, T,
should be evaluated by the energy balance in the
reactor. Moreover, the synchrotron radiation power
loss may become a serious problem in high 7T, case.
In the LHD type p-11B reactor, howsever, the mag-
netic field intensity can be reduced, if we scale up
the machine size. There are no limitations for the
machine size from the neutron wall loading in p-1'B
reactor. Detail energy transport estimation based
on the confinement scaling law for LHD will be done
in future.

LOSS CANAL

In order to realize the economical and steady p-
1B reactor, it may be necessary to find another pro-
ton heating process. If we take into account the fact
of the inverse population of the fusion product *He
and the fact of wog = 2wepe., We can expect the
direct energy transfer from *He to protons. These
works will be carried cut in elsewhere.

Acknowledgements

We are grateful to Prof. T. Yamashina {Sap-
porc International University) and Prof. M. Ita-
gaki (Hokkaido University) for continuous encour-
agements. We are also indebted to Prof. Y. Tomita
for providing the valuable data and information on
advanced fusion reactors. One of the authors {T.W.)
would like to thank to Dr. J. Miyazawa and Prof. H.
Yamada for the motivation on the research for p-*'B
reactor and also thank to Prof. K. Itoh, J. Todor-
oki and all members the Theory and Data Analysis
Division {Naticnal Institute for Fusion Science) for
many discussions.



References

[1) T. Mutoh ¢t al. Phvs. Rev. Lett. 85, 4530
(2000},

2] T. Watan «f al, Proc. 18th TAEA Conf. on Fu-
sion Energy (EX 8/4), 2000, Sorrento,

3} T. H. Stix., Nuel. Fusion 17 (1975).

[4] J. M. Dawson, Fusion, vol. I, Part B {Academic
Press. New York. 1981) p. 453.

(5] B Tkegami., KabuyugoKenkyu I (The Univer-
sitv of Nagova Press, Nagova. 1996} p. 5 [in
Japanese].

(6] H. Momota et ol, IPPJ-460, Institute of Plasma
Phyvsics, Nagova, Japan (1980).

[7] R. Feldbacher, INDC(AUS)-12/G, vers. 1 (IAEA
International Nuclear Data Comittee, 1987).

[8] T. Watanabe ¢t ol, KakuyugoKenkyu 68, 208,
(1992) [in Japanese].



NFS-067

NIES 668

NIFS-6069

NFS-670

NIFS-671

NIFS-672

NIFS-673

NIFS-674

NIF§-675

NIFS-676

NIFS-677

NIFS-678

NIF§-679

NIFS-680

NIFS-681

NIFS-682

NIFS-683

NIFS-684

NIFS-685

NIFS-686

NIFS8-687

NIFS-688

NIFS-689

NIFS-6%0

Recent Issues of NIFS Senes

H Nakamura $ Fupware ena T Sato
Rigidity of Onemanonaliy Ordared Bomains of Short Chain Molecules Nov 2000

T Mutoh R humazawe T Schi K Swta Y Torn F Shimpe G “omura T Watan D A Harimann, M Yokata K Akaishy N
Ashikawa P deVroes ™ Fmoto H Funaba, M Goto, K Ida. H 1der K Theda. S Inagahi N Inoue. M lsobe, O Kaneho K
Kawahata, A Komor T Kobuchr, § Kubo, § Masuzahi T Morsahy, § Morta, J Mivazawa. S Muraham, T Minami, § Muto, Y
Nagayama Y Nahamura H “Nahamshi K Naphara N Noda, K Navhunura K Ohlubo, N Ohyabu S Ohdachi, Y Oka, M Osakabe T
QOzeki. B Peterson, A Sagara N Sato, § Sakahibara, R Sahamote H Sasas M Sasac. M Sato. T Shimozuma, M Shop, § Sudo, H
Suzukl Y Takeim. K Tansha K Toi T Tokuzawa K Tsumon, K'Y Watanabe, T Watanabe, H Yamada, | Yamada, § Yamaguchi K
Yamazaki. M Yohovama. Y Yoshmmurz. Y Hamada. O Motopma, M Fepwara,

Fast- and Slow-Wave Heattng of lon Cyclotron Range of Frequencies 1o the Large Hehceal Deviee Nov 2000

K Mima, M § Jovanovic Y Sentoku, Z-M Sheng, MM Skon¢ and T Sato.
Sumutated Photon Cuscade and Condensate 1n Relativistic Laser plasma Interacuon Nos 2000

1. Hadzievsks. MM Skond and T Sato.
On Ongin and Dynamcs of the Discrete NS Equanon Nov 2000

K Ohkubo. § Kube H Idei. T Shimozuma. Y Yoshumura. F Leuterer M Sato and Y Takna.
Analysis of Oversized Shding Waveguide by Mode Matching and Mulu-Mode “etwork Theory- Dec 2000

C Das, 8§ Kidaand S Goto,
Overall Self-Similar Decay of Two-Dimensional Tirbulence Dec 2000

L A Bureveva, T Kao, VS Lisitsa and C Namba,
Quasiclassical Representanion of Autoiomzation Decay Rates m Parabolic Coordinates Dec 2000

L A Bureveva, V3 Lisitsa and C Namba,
Radiative Cascade Due 10 Dielectronie Recombmanon Dec 2000

M FHeyn, 5.V Kasilof. W Kernbichler. K Matsuoka. Vv Nemov. § Okamura, O § Pavlichenko,
Configuranenal Effects on Low Colliston Plasma Confinement m CHS Heliotron/Torsatron  Jan 2001

K Iioh,
A Prospect at 11th International Tolky Conference - Plasma physics. quo vadis”, Jan 2001

S Satake, H Sugama, M Okamoto and M Wakatam,
Classificavon of Particle Orbits near the Magneuic Axis 1n a Tokamak by Using Constants of Mouon, Jan 2001

M Tanaka and A Yu Grosberg.
Giant Charge Inversion of a Macroion Due te Muluvalent Counterions and Menovalent Cowons  Molecular Dynamics Stadyn: Jan 2001

K. Akaistn, M Nakasuga, H Suzuks. M luma, N. Suzuki, A Komori, O Motopma and Vacuum Engineenng Group.
Simulanion by a Diffusion Model for the Vananon of Hydrogen Pressure with Trme between Hydrogen Discharge Shots i LHD, Feb.

2001

A Yoshizawa, N Yokoi, § Misizima, § -T Itoh and K Iioh
Vanational Approach io a Turbulent Swirling Pipe Flow with the A:d of Heheny, Feb 2001

Alexander A Shishkin
Estafette of Dnft Resonances. Stochasticity and Control of Particle Mouion wn a Toroidal Magnenc Trap, Feb 2001

H Momota and GH Miley.
Virtual Cathode 1 a Sphenical Inernal Electrostatic Confinememt Device, Feb 2001

K. Saito. R Kumazawa, T Mutoh, T Seki, T. Watan, ¥ Toru, D A Hartmann, Y Zhao, A. Fukuyvama, F Shimpo, G Nomura, M
Yokota. M Saszo. M Iscbe, M Osakabe. T Ozaki, K Nanhara, Y Nagayama, S Inagaki, K Itoh, § Menta, A V. Krasilmkov, K
Ghkubo, M Sato, § Kubo. T Shimozuma. H Tder, Y Yostlumura, O. Kaneko, Y Taken. Y. Oka, K Tsamon, K Ikeda, A Komon. H
Yamada, H Funaba. K Y Watanabe. S Sakakibara, M Shop, R Sakamoto. J Miyazawa. K Tanaka. B Peterson, N Ashikawa, §
Murakamu, T Mmam:, § OChakachi. § Yamamoto, § Kado, H Sasao. H Suzuki K. Kawahata. P deVnes, M Emoto, H Nakamshi, T
Kobuchi, N Inoue. N Ohyabu Y Nakamura, 5 Masuzaki. § Muto. K Sato, T Mornsaki, M Yokovama. T Watanabe, M. Goto, 1
Yamada, K Ida T Tokuzawa. . N Noda, § Yamagoch:. K Akaishi A Sagara. K Tol, K Nishimura, K Yamazak:, §. Sedo Y Hamada, O.
Motoyrma, M Fujiwara,

Ion and Electron Heating m [CRF Heating Experiments on LHD Mar 2001

S Kida and 8§ Goro,
Line Statistics Stretching Rate of Passive Lines 1 Turbulence Mar 2001

R Tanaka. T Nakamera and T Yabe,
Exactly Conservanve Semu-Lagrangian Scheme (CIP-CSL) i One-Dimension Mar 2001

S Toda and K lioh,
Analysis of Structure and Transition of Radial Electric Field in Helical Systems  Mar 2001

T Kurodz and H Sugama,
Effects of Mulnple-Helicity Fields on Ion Temperature Gradient Medes Apr 2001

M Tanaka,
The Ongins of Eletneal Resistivity m Magnetic Reconnection  Studies by 2D and 3D Macro Particle Simulanons: Apr 2001

A Maluckov, N Nakapma. M Okamote. 5 Murakam: and R Kanno,
Stausnical Properties of the Neoclassical Radial Diffusion 1 2 Tokamak Equilibnium Apr 2001

Y Matsumoto. T Nagaura, Y lch. 5-1 Owkawa and T Watanabe,
LHD Type Preton-Boron Reactor and the Control of 1ts Penipheral Potenual Swructare- Apr 2001



