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Abstract: Providinga historical overviewof 50 years of fusion research, a reviewtlod
fundamentals and concepif fusion and research efforts towarthe implementation of a
steady state tokamak reactompiesentedin 1990, a steadstate tokamak react¢68STR
best utilizing the bootstrap curremasdeveloped. Since then, significant efforts have been
madein major tokamaks, including JA0U, exploring advanced regirmeelevantto the
steady state operation tdkamaks. In this papethe fundamentals ofusion and plasma
confinement and the conceptand research on current drive and MHD stability of
advanced tokamaktowards realization of steadystate tokamak reactor are reviewed
with an emphasison the contibutions of the JAEA. Finally, a view of fusion energy
utilization inthe 21st century is introduced.
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1. Introduction

Fusion researcto providea scientific basis for fusion energy productioas beermarried oufor 50
years [1]. World fusion research is ultimately directed to the construction and demonstrateon of
fusion power station iIDEMO and to play a meaningful role in the enesgypplyat the end of this
century[2,3]. Fusion research is a combinatioh (1) the development ofa scienific basisfor plasma
confinement and enabling technologies for fusi@) demonstrations of fusierelevant plasma cose
and technologies for fusion energy and 8 integrated demonstration of fusion power production.
The ontinued interaction amonthese threeareas of research is fundamental to the success of
fusion research.
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To achieve such a goafundamental understanding of fusion and plasma confinement is essential [3].
Over the pasho years of fusion research, significant progress has been made in the area of (1)sved we
reachedhe stage othe demonstration ofhe scientific and technological feasibility of fusion energy by
ITER [4]. Research area (1) can be developed indepdigdithe issues are clearly understood.

The development of (2) requirasintegrated understanding of the system concept irecgy/stem
imposes many constraints and interlinkagmongthe various physics. This leads to the need for the
developmentof the reactor concept. In 1990, weeveloped a steaebtate tokamak(from the
transliteration of the Russian senteta®idal'nayakamera saksial'nymmagnitnym polenor toroidal
chamber with an axial magnetic fieldactor conceptalled SSTRbestutilizing the bootstrap current [5]
and itsconceptual design [B]. The conceptal development othe SSTR (Steady State Tokamak
Reactor)wasdone for this purpose and to implement this philosophy into large tokamak experiments [8].
Since then, significanefforts to achieve reacwrelevant high temperature plasma and prowade
scientific basis for ITER and the SSTR have bewmdein JT-60 and JI60U during 23 years of
research operation exploring advanced regirakevantto the steady state operation of tokamakse
progress and findings these areasre presenteth atopical review ofNuclear Fusion8], a special
issueof Fusion Science and Technolof®}, IAEA conferences [1(21], Amerian Physical Society
meeting [22i 39], European Physical Societyeeting [40i 54], and the AIP conference series
(IMFP2009) [55].

This paper starts frora review of fusion energy anthe principles of magnetic confinement in
Section 2, followed by the principles of the steady state tokamak reactor $Section 3, parallel
collisional transport physics for tlmperationof a steady state tokamak 8ection4, MHD stability of
the advanced tokamak iBection 5, the role of fusion energy irthe 21st century inSection 6 and
Summary and Acknowledgemesih Section?7.

2. Fusion Energyand Magnetic Confinement
2.1. Fusion Energy

The question of energy development using fusion reastagpeagd in theearly 2@h centurywhen
the theory of relativity and quantum mechanwas propogd German physicist W. Heisenberg
(1901 1976) who initiated quantum mechanics in early tBOcentury recorded discussions with
Danish physicist Niels Bohr (1885962) and Lord Rutherford (1871937) inChapter 18 Atomic
Power and Elementa®articles (1935 1937)of his bookfiPhysics and Beyodin 1942 theinventor
of the fission reactorlitalian physicist Enrico Fermi (1901954), while having a lunch at the
Columbia Faculty Club, suggested to Edwardérg]1908 2003) the possibility of iirning deuterium
to develop a large source of energy. Based on his suggestion, Teller made various calculations an
found that fusion between deuterium (D) and tritium (T) is a possibility. Tritium and deuterium react at
relatively low energy, creating Ham and a neutron. Since helium has a higher binding energy, we
can generate a huge amount of energy.

The deuterium nucleus consists afe proton andone neutron. Among combinatisrof the two
nuclei, pp, nn and pn, a bound state is only possible formp which is deuterium. Deuteriumas
discoveredin 1932 by Anerican chemist H.C. Urey (1808981, 1934 Nobel Prizefor Chemistry,
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who showedhat oneout of 7000 hydrogen atoms is deuteriuifhe ound state of a protoand a
neutron to form deuterium can be treated as altedy problem of nuclear force between neutron and
proton originated from the meson exchange fqrespredicted by Japanedéobel Prize Winner
Hideki Yukawa (1907v1981). He explained this strong ferasan exchange force o finite mass
meson to get sherange force in marked difference with Coulomb force explained by the-lessss
photon exchange force. The wave function inside the box type nuclear potential may be approximated
by a sine functiomsinK(r-c) (A and K are constants, ¢ is minimum distance). The wave function
outside the nuclear potential may Be ¥ (B, k are constants). Decay rateof the wave function is
related with the binding energy ksE,”>, which impliesthatradial decay d¢he wave function is weak
and twenucleonprobabilitystays outside of nuclear potentiahichbecomes larger (ru/’~€ ' from

Born relation) if i is small. In other words, the two nucleons are not strongly bondedrapdsy to
separate. Conversely, if the binding energyisElarge, the wave function decasapidly outside the
nuclear potential, leaving the separation probability of nuclesnsmall. The binding energy of
deuterium(E, = 2.225Me)) is small andhe wavefunction decays slowly in the r directiofihe gnall
binding energy of deuterium resedtin the dissociation of deuterium in&gproton andaneutronat the

high radiation temperaturef the early Universe, by which formation of Helium is delayedthwee
minutesafterthe Bg Bang andhe reason whave so much hydrogen remaining in thaverse.

Hydrogen with mass number 3 is called tritium. The wi@rdiumo comes from the Greek word
meaningfithirdd. The rucleus of tritium consists of one proton and two neutrons. Tritium is an unstable
isotope and decays into helitBrby emitting a higrenergy electron ananeutrino T Y°He + € + n).

This is called beta decaynd has haltlife of 12.26 years. Tritium wafrst produced in the laboratory
by Australian physicist M. Olipha(t90% 2000)in 1934by colliding deuterium

Tritium as a fuel for DT fusion is generated by the nuclear reaction of neutrons with lithium.
Lithium has two isotope<’l(i and ’Li) and the abundance 6Ei and ‘Li in natural Li is 7.4% and
92.4%, respectivelyThe °Li reaction®Li + n- T + *He + 4.8MeVis anexothermic reaction, whilthe
‘Li reaction’Li +n- *T+“*He+n ' T 2 . i§ Ahendothermic reactiorThe goss section ofhe °Li
reaction is of 1/v type and easy to react at low energy. Meanw®lé,i reaction is calle@ threshold
reaction whose cross section becomes nonzero above a critical éfeggaction rate fofLi is
much larger than thdor ’Li. The amounbf lithium in seawater iabout233 billion tors andit can be
consideredan infinite resourceif low-cost technologies fothe recovery of lithium from seawater
were established.

Neutrors werediscovered by the British physicistGhadwik (1891 1974) in 1932. Neutrons have
no net charge, buh the centethereis slightly positive charge distribution, which is cancelledaby
slightly negative charge distribution in the periphery. The mass is distributed waiththus of about
0.8 fermi.The reutron is slightly heavier than the proton and the difference is about twice the electron
mass (1.29MeV). Neutrons alone canb6t exisa st
neutrino witha half-life of about 12 minute$ n Y4pe' + n). The massof the neutron is greater than
the sum of the mass of a proton and an electron, and the mass difference leads to the energy releas
This reaction was confirmed in 1948 by the observation of the electrical bending of protons and
electrons from the batdecay ofa strong neutron beam in a large cylindrical tank. Natural decay of
isolated particle always seems to end with a decrease in mass. 8iaeeass ofa neutron is larger
than that of proton by about two timi electron massa neutron eaby decays to a proton whileit is
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difficult for a proton to decay t@ neutron.Indeed, the question ofhgther proton decay occurs has
been an important research subject in phylsicenany years

Helium is an element with two protons and two neutronsitsndass number is four. The origin of
the name of helium is Greek woitlelio meaning the Surburing a solar eclipse observed in India
on August 18 in1868, Britis astronomer J.N. Lockyer (183820) who launchedhe prominent
scientific journalNature observed the solar corona and discovered a new emission spectrum. He
thought that the emission came framunknown element, which he called faeeliumd. The binding
energy of'He is extremely large comparedth those of hydrogen and lithium. Suaharge binding
energy forthis particular nucleus is explained the nuclearfishell modeb.

The potential shape faneutron is different from thaif a proton since onlyhe nuclear potential
operats on neutrons whilethe Coulomb potential is superimposddr protons. In Helium, two
nucleons with+ 1/2 andi 1/2 spins can sit in the ground state dareutron and proton independently.
“He is the firstelementin the closeeshell state anéi20 is the smallesfimagic numbaed. This leads to
the large binding energpf “He. Thus, the'He nucleus is particularly stable, and abundant in the
Universe created by the Big Bang.

The ecounter of deuterium and tritium resultstive formation ofthe ficompound nucles’He
(D+T- 3H.- %He+n), as shown irFigure 1, by the tunnel effect at a fractional energy of 3@¥
Coulomb barrier potentialhe @mpound nucleus hashigh reaction probability near 8&V due to
the resonance phenomenon. In this widgture giveshuman beinga chance to @sthis reactiorfor
practical purposesStrong nuclear force can operate beyond the Coulomb barrier when the distance r is
less than 3ermi if we usethe nuclear radius formulad 1.1A fermi (1fermi= 10 *®*m). The kinetic
energy of the incident nuclei is distributedite nuclei in the compound nucleus.

Figure 1. Schematic diagram of the DT fusion reaction via a compound nucleus. Encounter
of deuterium and tritium producésle compound nucleus and endt8.52MeV “He anda
14.06MeV neutron.
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A neutron and helium thachieve alarge energy by chance will escape frahe compound
nucleus. Fusion cross section considering tunnel effect and resonance is given as

s, =pD’P(E/E GG 1
=PDR( °)(E-Er)2+GZ/4 )
where,0?=>*2ME)'* is de Broglie wave length{2of incident nuclei. P(E/& is a Coulomb barrier
penetration probability, and the last factor is the BMigner nuclear resonance cross sectin.
analytical form of the Coulomb barrier penetration probability was given by Gamov as
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P(E/R) = (EJE)“?exp((E/E)*?), where E=m,e*/8e?? assuming E << & where mis the reduced
mass .my/(My + my), & is the vacuum permittivity, arelis Planck's constant, respectively. The exact
analytical form of the Coulomb barrier penetration probability, which is valid for arbitrary &W4S
given by N. F. Mott and H.S.W. Massey [56] as follows:

___4EJE
PE/E) = =Tl 2

The mint for the derivation of above formula is the lenagge nature ahe Coulomb forceAccording
to conventional wisdom, we assurttee plane wave solution exp[ikz] asboundary condition othe
incident wave at infinity. Due tthe long-range nature of @ilomb force, the incident wave is distorted
even at infinity. The wave front should be perpendicular to the classical hyperbolic orbit and the incident
wave is modified aexplik{z + bolnk(r T z)}], whereby = eg/(4pesm?) = 7.2 x 10 *°Z;Z/E(eV), where
(m) istheLandau parameter. In faets seen in Figure the measured fusion cressction is fitted well by
the truncated summation of equation (Lsas=s PE, /E, )[{1+4(E, - E,)*/G} *+a] [57].

Figure 2. DT Fusion cross section as a function of deuterium energy in laboratory frame
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A recent paper [58] revisited this fusion reaction questgpthe discussion above and gaae
simplerthreeparameter fitting based on the approximate analytical collision cross sectionthesing
optical potential £ U, + iU;) for D + T reaction. This simpler formula gives better agreement thih
fusion crosssecton data at low energy.

2.2 Topology and Symmetry Bfagnetic Confinement Geometry
2.2.1 Topology

In the natural fusion reactor, the Sardense and hot plasia confined witha gravitational field.
The daracteristic of this force is that it is a central force field and the force acts in the direc¢hen of
field lines. For this reasorthe confinement bottle has @&Gphere topology In the marmade fusion
reactor,a high temperature plasma is confingdtkapping charged particles with the Lorentz forca in
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magnetic field to sustaithe reaction witlin a small dimensiom 100 millionth that of the Sun.The
characteristic of this force is thatacts in the direction perpendicular to the field line. For this reason,
the confinement bottle hasfitlorud topology In the MHD framework, plasma equilibrium is governed
by a balance betwedhe pressure gradient force and the Lorentz force. This resjislymmetry for

the field line structureThe bkamak configuration has symmetry @atoroidal direction, while
fihiddero symmetry is required faahelical configuration.

Considering the magnetic confinementadiot plasma in a region of threimensioml space, the
boundary must be a closed surface. The spaere
nonzero vector fieldand it isalways associated with fixed point (or null point). In the torus,
however, the surface can be coveretthva nonzero vector field. In our case, we considke
magnetic field as vector field. Mathematically speaking, all surfaces homeomorphacsphere will
have a fixed point. This means tha sphere andh torus have differentopologes This surface
property ofa sphere an@torus shown irlFigure3 does not changeven if they are beror stretched.

A geometrical property, which does not change by continuous deformations, isftabelidg\o.

Figure 3. Characteristics afhe vectorfields inatorus andasphere. It is possible to cover
the torus withanon-zero vector fieldbutit is impossible to coves sphere withanon-zero
vector field (Brouwerds fixed point theorem

French mdtematician Henri Poincare (185¥12) provedhe theoremfiA closed surface that can
be covered witla vector field withoutafixed point is restricted to a torasThis is calledhefiPoincare
theorend [59]. The neaning of Poincare theorem is important for high temperature plasma
confinement. Considiang the boundary surface of the magnetic confinement, the plasma will leak
from the zero point oA magnetic field vector. To confine the hot plasiie surface must be covered
by nonzero magnetic field. This is why we use toroidal geometry for magr@titnement.

2.2.2 Integrability and $mmetry inPlasma Equilibrium

The magnetic field is characterized by its incompressibii & 0). This leads to the existence of
a vector potentiaA(B x A =B) given byA=fbq1 ybe + DG (q andg are arbitrary poloidal and
toroidal angles, G is gauge transformation part). This leads to the Hamilton structure for the magnetic
field evolution in the direction of toroidal angke The nmagneticfield line trajectory is given by
dg/ d=spy/uf, df/ d=@ py/pg and can be regarded tee Hamilton equation if we regarg as the
Hamiltonian, d as the canonical coordinaté,as the canonical angular momentumas time.
Variational principle ofa field line is given by the analogy tthe Hamilton action integral,
S = fLdt = fjpdg/dt T H]dt by substituting the relationship p f, o g, H- y, t 6 as
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S=ijfdy/ digy] d=difBqi yDe @x=iA@x, sovariational principle to giva field line is given by
thefollowing formula

dfiA Gix =0 3

In plasma equilibrium, the plasma's expansion foid@Fj is balanced with the Lorentz force
(J x B). Here,J is the current flowing in the plasmB,is the magnetic field? is the plasma pressure.
This is the basic principle of the magnetic confinement fusion

J3B=DP (4)

In this casethe magnetic field lies on the constant pressure surf&@@DP = 0), calledfintegrabl®
and the surface is callede imagneticsurfac®. This means tha is a linear combination of tangent
vectorsux/pg andpx/pe on the flux surfaceThe ncompressibility condition dB leads to the existence
of the flow function and the coordinate transformationqofg- gm) by which B becomesa straight
line givesthe Clebsch form for the magnetic fieBl=bf x Da, wherea=qnwie / q. f Rhdg n,
becomes 142 of toroidal and poloidal fluxes insidéhe constant P surface and PP(f). The

coordinates f(, Qm, c) are <called f1l ux c tbeomragnetin digldeline
L=fdg/ digy becomed =fdqg,/ dig (f). Therefore, the Lagrangian has no explicit dependence on
ficanonical coordinateg, nor ftimed ¢ a n d gntamay ¢() are ignorable
integral ofafield line in flux coordinateis given by

S= A Qix = f{fdq,, - y dz] (5)

Th

c

The «istence of such ignorable coordinates is essential for the existence of plasma equilibrium. If

there is apparent geometrical symmetry such as axisymmetayakamak, it is easy to show the
existence ofa flux function. But, hidden symmetry can be foumdgeneral 3D toroidal geometry,
called 3D equilibriumFor general 3D equilibriuntheaction integral S is given by [60] as follows

S= fB?/2m, + P/(g- D]dV (6)

The equivalence of variational principtis = 0 to equilibrium equation (4) is apparent frahe
following equation as shown by [BO

dS=- fxdmy' (2 B)3 B- BP|dV 7)

This variational principle is implemented as numeNddIEC code for general toroidal equilibrium [61].
Plasma equilibrium with apparent symmeinya torus is the axisymmetric magnetic configuration
such asthe tokamak configuration shown iRigure 4, which is a major object of present fusion
research. In the cylindrical coordinate systénR, ,dhee isZg cyclic coordinate ang/ps = 0.
Hamiltonian (or poloidal flux/g) y is given by using th& component of the vector potential as
y =RA((R, 2).

The \ariational principle of plasma equilibrium in axisymmetric geometry is givedS3y0, where
S= fiLdRdz= fR(B;/2m,- B2/2m, - P}dRdZ [62]. The EulerLagrange equation foy is given by
MU Py pULY poy) /R - Y py)/pZ =0 which givesthefollowing GradShafranov equation [634]:

[RWIR(RWR) + 12 /pR?ly =-mR?P (y) +FF(y) (8)



Energies201Q 3 174¢

This equation is simplyhe z component oB?A =1 mJ and can be solved numerically by giving
functional form for P and F, which are determined by the transport proc@&$seplasma current
becomes one of free energy sousnreaddition to plasma pressure to drive various MHD instabilities,
which aredescibed inSection5.

Figure 4. How to createatokamak configuration(a) If the current flowsa magnetic field

is generated around the curreifb) Arranging circular coils around the torus and
energizing the coil producesmagnetic field in the toroidal directiofc) Toroidal plasma
current producea magnetic field linking the torugd) Combination ofb) and(c) creates
twisted magnetic field lines and is calladbkamak.

a) Magnetic field around the current b) Magnetic field by cylindrical curcular coils

Current

Madnetic field

2.3. Tokamak aa Fusion Energy System
2.3.1.Tokamak Confinement and Inductive Operation

Tokamak has geometrical symmetrthe toroidal directionand this symmetry provides robustness
in maintaining anested flux surface against various parametrical changes leading this configuration to
be a frontrunner in fusion research. Tokamak achieved equivalent {ensk condition in large
tokamaks such as <BDU [8] and JET or produced significant fusion po\iet0O MW) in TFTR [65]
and JET [66], while other magnetic confinement fusion experimrentainedmuch lowey as shown
in Figure5. Geometrical symmetry provides good confinement of energetic charged particles as well
as thermal plasmaghis is a reasowhy thetokamak concepwas selected for ITER.

However, this configuration requiresnet toroidal plasma curreifthe right hand side of (8) is
proportional to toroidal plasma currgntvhichis driven mainly by inductive meanghis method is
quite effective sincéhe electrical conductivity of 1&eV plasma is 20 times higher than th&Cuo at
room temperature. But induction of toroidal electric field is tedi to a finite pulse length
(300500 seconds in ITER) due to current ligiit the transformertle CS coil current in ITER). This
means that tokamak fusion power station may be pulsed as shown in FiguratGeguires huge
energy reservoiiThe tokamak reactor design based on inductive operatsriirst made in UWMAK
studies by R. Conn [67].
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Figure 5. Lawson diagram ({0), n(O)tg). Tokamak confinement showed significant
progresses by decades (187098, 199G) to reach breakeven conditionsThe ley is to
achieve good confinemenith collisionless high temperature plasmas.
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Figure 6. Schematic viewof theinductive operation oftokamak. Change ithe primary
current inducesatoroidal electric field to drive and sustahe plasma current.

Plasma current

2.3.2. Tokamak Continuous Operation

Since present power sources such agaal/natural gas fired plants arigsion plants operate
continuously, it is highly desirable fartokamak reactor to be a steastgte power statioffo achieve
continuous operation ia tokamak,a noninductive current drive is essentidifter the theoretical
developmentof a current drive using lower hybrid waweby N.J. Fisch [68] and subsequent
experimental demonstration ithe JFF2 [6], the STARFIRE design [70] was made to realize
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continuous fusion power production, which in turn showed that recirculation power is larger
than exgcted.

Nature blesses human beinggrpviding an interesting physical process, calfiedotstrap curreit
to make tokamakoperate in steadgtate [7172]. The bootstrap current is driven by the collisional
relaxation ofa distorted velocity distributioriunction ina rare collision regime (called collisionless
plasma), which is a kind of thermo EMiratdrives theplasma current i toroidal direction and 80%
of the plasma current thusdriven by the bootstrap curremts shown irFigure? [73]. The physics of
norrinductive current drivaare governed by the collisional transport along the magnetic field. Since
the power required for current drive redudé® net electricity froma fusion power station, efficient
and also reliable neimductive currendrive methods have to be developed for steady state tokamak
fusion plans, as described i®ection4.

Figure 7. Comparison otheexperimental and theoretical bootstrap current frasilmdT-60 [73].
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2.3.3 The Steady State Tokamak Reactor

Observationof a high bootstrap current fraction, up to 80% in theésQTighb, discharges [73]
stimulated the design development of a SSTR, consistent with updated scientific and technological
knowledge at that time [5].

Figure8.Bi r db6s eye v i eState dokam&kRe&aridr)lard layduy.[7]
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The SSTR concept was originally developed in 1989 as a DEMO concept (aiming to demonstrate
sustained electric power generation from fusion) with minimum extrapolation from the knowledge in
those days [5,6]. A poweeactor concept with similar core plasma assumptions but more aggressive
technical provisions, ARIES [74], was developed independently. Since then various concepts of a
tokamak fusion power system have been developed on the basis of advanced tokaaraksswith
high bootstrap current and high confinement performance; nam&$®R [75], ARIESRS [76],
CREST [77]. The SSTR design was made with strong involvement of industrie fig8plant layout
isshowninFigure8amab i r d 6 s ey e amak eove issHowntindtee 9t[7®]k

Figure9.Bi r do0s eye view of SSTR(Steady State Tc
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2.3.4 Reactor Power Balance

The SSTR concept as well as ARIEEhave provided good scientific and technical guidelines
for fusion research and development in Werld. Reactor power balance is an important aspect in
SSTR[80]. The energy flow diagram of SSTR is shownFigure 10. Here,P; is the plasméusion
power, Rp is the current drive power, Q ithe energy gain othe confined plasma @ Pi/Pcp, Gp iS
the energy multiplication factor in the blankeéivertor system, g% is the gross electric power,\g: is
thenet electric power to the grid, gRs there-circulating power (r ishere-circulating power fraction),
Ocp IS the overall system efficiency othe CD system,and h,Pn is the power required for
auxiliary equipment.

Figure 10.Power flow diagram of SSTR [80].
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From the relations ifrigure 10, the plant efficiencgpiant(= PnedPih), the ratio of net electric power

output to thermal power output, is givert by
1
hoiamhe i Nausk P 9)

Here,thethermal conversion efficiendy, is 0.345 for water cooling iafission light water reactor,
while it is 0.49 foran advanced high temperature He cooling syst€éhe £cond term of rhs ithe
reduction of plant efficiency due to auxiliary equipmenhich ranges fron0.02 0.04. Power for
auxiliary systems in SSTR is assuntedbe80 MW, similar tothe STARFIRE design buanaccurate
evaluation is requitd based on ITER experiencehd third term of rhsis specific for a tokamak
power system and represents the current drive and heating requirefifentsystem efficiency of
N-NBI is estimated to be 005 which is much higher than that tife laser driver in ICFbut the
electric power of 120MW is not small andepresent®ne of drawbackof helical systemthat still
requires basic research to improve plasma confinemeatredctofrelevant high tempature. The
energy multiplication factor ima Blanketdivertor systemgsp has to be evaluated considering
various processes irthe blanket and divertor.The rominal gsp value for SSTR is 1.21
(= 3710 MW/3060 MW) [78]. T h epanc@ diagram is shown irFigure 11 for a pressurizedater
cooling and a high temperature helium gas codiygfem |t must phw@ependstweakly t h a
on QatQ=30t050 pa-0. 3 f Oor pr es gi0.4far bigh tempetatare hebum.d d

Figure 11. Plant efficiencydpant @s @ function of energy gain Q for high temperature
Helium cooling @n = 0.49) and watecooling @ = 0.345). Parameters are chosen as
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Efficiency of the current drive by nenductive means (NBCD or RFCD) is expressed by the
current dr i ¥pedeeffifniech = BpRy € de >Pcp and hasa certain limit
deo~5 x 10*°A/Wm? which is much less than the efficiencyasfinductive current drive. In this sense,
it is difficult to achievetherequired Q level of &30 to 50by only using noxinductive current drive
by external means. This is a fundamental reason why we have to thiizeotstrap current to
achievethe efficient steady state operation aftokamak reactor. Operation at some Q has two
meanings sincéhe CD system has two functions, current drive and heafling frst one is that
current drive efficiency must be compatible with this Q value, to supp®rlasma current Ip with
this current drive poweiThe fcond one is thahe energy confinement time dhe plasma must be

compatible with this Q value.
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3. Principle of a Steady State Tokamak Reactor
3.1 High BootstrapandHigh Poloidal Beta Operation

The major feature athe efficient steady state operation @tokamak is the maximum utilization
of the bootstrap current. Sindbe bootstrap current fraction is proportional tioe poloidal beta
bp-=( 4 6Ipr§)deV (or Loor(a/R)O"r’bp*,), thereactor should operate ah i gphreghne. This is a
marked difference with high current and high toroidal beta research made before the initiation of the
advanced tokamak research. The constraintherplasma poloidal beta comes from the ideal and
resstive MHD stability.The most important constraint ithe so-called Troyon scalinglescribedby
Prof. F. Troyon in 1984 [81]:

br = bl p/ab; (10)

w h e ry & a éonstant nameihormalized betd =& P> /(B 2)sds the volume averaged toroidal
beta, } is the plasma current, a is plasma minor radilise @mbination of Troyon scaling with the
definition ef( @&bﬂ?g)fﬁd\d @iviesthéfalawang rblation

k
4
wherek is vertical plasma elongatiofrigurel 2 s h o w< diagham infwhich the solid curve
i ndi c ap-@a=lationffeek=0b . 8 \=B.8 forlreference. From equation (1the toroidal beta
bei s i nver sel yy,apaf o xerdhisibealngis cotfionedomost beautifully in DDI as
shown inFigure12 [82]. The regime corresponding to lower Ip and high q (typicallys regime is
calledtheadvanced tokamak regime.

b..b, =—bf (12)

Figure 12 Nominal design points of ITER 910 inductiveoperation (ITERQ10), ITER
steadystate operation (ITERs), SSTR and ARIES on a {; by) diagram, where
reference line foby=3.5 andk = 1.8. (left). Experimentally confirmed operating regime in
(bp, by) to confirm Troyon scaling in Doublet I(fight) [82].
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It is found in this figure that the steadtate fusion power concepts SSTR and ARIES
(bp»=2 to 2.1)as well as the current ITERs desDl g 6) ( b d g pperatibnitogirttreasthe
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bootstrap current fraction [8]. Whikecomprehensive theory difie bootstrap current is given later, a
simple expression of the bootstrap current fraction is given by Cordey [83] as follows

(12)

With current profile control, it is possible to achieye-f7 5 % 82t Thi®enables current drive of
the remaining 25% othe plasma current bg high-energy beam or RF. It is important to notice that
before 1990world tokamak research wdscused onincreasng plasma current to improve energy
confinement, typicallyepresented by the design change from INTOR to FEHFA. Also, frontier
research was directetbwards achiewng a high toroidal beta close to 10% with highly
normalizedcurrent j/aB; in DIII-D [84].

3.2 CurrentProfile Controlof High Bootstrap Currat Fraction Plasma

Sincethe bootstrap currenthas ahollow current profile, control of current profile is important for
MHD stability and confinement improvement. Sinttee current profile is frozen and difficult to
change when the plasma temperatueeomes high, current profile control before intensive auxiliary
heating is important. Access scenatio advanced confinement regimes such as positive shear, weak
shear and negative sheaeshown inFigurel3.

Figure 13 Access to steady state operatieegime with high bootstrap current fraction
from OH regime. Since current profile is frozatrhigh temperature, current profile control
in thetarget OH regime is importardaccording t&ishimoto [8].
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One of important operational diagramf a tokam& is the Cheng Diagram [85] or (q,li) diagram.
Figure 14 showsthe (q,li) diagram for JI60U [86]. The low li boundary is limited by surface kink
modes or locked mode whikae upper li boundary is limited by tearing mode activities for low
regime. Advanced tokamak operation modes such as weak positive shear regime kgréggme)
and reversed shear regimes ar@Wwahe sawtooth boundary [8B].
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Figure 14. The (g, li) diagram in JB0U showingthe wide range ofilexplored in the
experiments by Kamada [86Here, @« ~0.8gs. High by regime is characterized by
relatively higher li and higlb, regime is characterized kyrelatively lower li below the
sawtooth boundary [87].
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3.3 WeakPositive Shear Regime

To eliminatethe hollow current profileanactive central current drive with-NBI was first proposed
for the steady state operation with elevated q(0) to stabilize ballooning modes [5], now called weak
positive shear regimas shown irFigure15. In ths regime, improved core confinement is observed in
high power neutrabeam heated large tokamaks such a8Q1T [87 89] and TFTR [9®1]. Ideal MHD
stability of aweak shear regime was studied by Ozeki [88Bpwing thata SSTR relevant regime can
be stabd for ideal MHD modes with q(0} 2 and wall stabilization.

Figure 15 Weak shear operation scenarios using central current drive by high energy
N-NBI by Kikuchi [5].
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3.4. NegativeShearand Current HoleRegimes

After the SSTR proposal, Ozeki [92pund for the first time thaa hollow current profile with
peaked pressure profile and reduced pressure gradient feaam be stabléor ideal MHD modes
andthisis called reversed shear operation or negative shear operation. He proposeithe¢mfiisexis
NBCD to realizeareversed shear profile as shown in Figure 16. Simebootstrap current ia hollow
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current profile and has 1jBlependence, it is easier to obtainigher bootstrap current fraction wish

hollow current profile. Since then,any works have been done for optimizatiorthe# reversed shear
scenario in both theory [984] and experiments in TFTR [95], DID [96], and JT60U [97]. To
achieve a hollow current profile, a stepp scenario of i power during the current ramyp
(dIp/dt~0.5MA/s) is the key aspect to obtain a high electron temperature and to enhance the skin
current effectA key issue for stable evolution ahRS plasma igs stability when g, passes through

alow m/n rational surface. When the plasma curremaimspedup, gnin also decreases with time and

may pass througalow m/n rational surface such agifF4 and 3 and tends to disrupt &g 2 due

to beta collapse [989].

Figure 16. Negative shear operation scenario usingaaft current drive bpzeki [2].
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As an extreme situation im negative shear configuration, equilibrium with zero plasma current in
the central regime callefiCurrent Hol® was formed in J60U [100] and JET [101]as shown in
Figure 17. This curreriiole regime can be dily sustained for a few seconds. This regime is
interesting from the control viewpoiit that it has low li and is easier to getelongated plasma and
also is easier to gethigh bootstrap current fraction. On the other hahd,Current Hole regime is
subject to higher ripple loss and sets severe constraints on maximum toroidal field ripple asheell as
low no-wall beta limit seen in negative shear regime.

Figure 17. Current Hole equilibrium in J80U observed by Fujita [101].
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3.5. Advanced Tokamak Research

In 1993 the first comprehensive review dhe prospecs of the steady state tokamak react@s
given, whichcovered thephysics requirements a high bootstrap current fraction, confinement
enhancement factors, namductive current drive, MHD stability including disruption probability,
power and particle control aride need for new research directfomas stressedn addition tosome
engineeringfeaturesof the magnet, neutral beam, coolant and material seledti02] In 1994,
Goldston [103] gave a talk on advanced tokamak physics in TPX design activity to edfadblish
physicsbass for the steady state tokamak. Since then, steady state tokasearch is called by the
name offiAdvanced Tokamak

Researchdirectiors have shifted to the demonstration af high bootstrap high normalizdzbta
regime since the appearancettod SSTR concept. Especiallye establishment o& physics basis for
steady state operatidrasbecomes one of maingearch elements of <BDU [14 21,25 39,46 55].

In 1997, Taylor [104] gaven EPS invited talk orthe physics of advanced tokamaks, which is
typically shown bytheupper right regime ifrigurel8 (left). This regime correspondsadtower Ip and
high g (typically gs~5) regimewhich was called advanced tokamak regime. He surveyed improved
confinement based on ExB shearing of microscopic turbulence and improved MHD stability to achieve
h i g hneusing Bhaping and pressure profile conted shown inFigure 18 (right). Ozeki alg
addressethe physics issues of high bootstrap current tokamiaktuding TAE stability in EPS [105].
Recent DIlD advanced tokamak experiments s=Hh36% 100
bn=3.5, Ho=2.4[106].

Figure 18 Advanced tokamak operating regime (left) and shape and profile effect on
normalized beta (right) [104].
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4. Parallel Collisional Transport Physics for Steady State Tokamak Operation

Since plasma current plays an essential role in tokamak confinemesitgutite important to
understand the parallel transport physi cthe es
parallel transport ira tokamak is governed by the collisional transport and we have developed Matrix
Inversion (MI) Method [73] bsed on the HirshmaBigmar neoclassical transport theory [107].
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4.1 Moment Equation

As Hirshman and Sigmar [107] showed, we obtagfollowing moment equations for momentum
and heat flux by takingy and Vv moments of Vlasowokker Planck equation of species a after
subtracting convective heat flux from th&wnoment

mana% =en(E+u ®B)- DP,- D&, +F_ +M, (13)
BG83 2npr- DAY +F,+ 14
rrgu(-l—a) TaQa 2na a @a a2 Qz ( )

Here,n,, Ua, Ja Pa Pa Qa Fa1, Faz, Mg, Qa are density, velocity, conduction heat flux, the average
plasma pressure, viscosity tensor (anisotropic component of the pressure) and viscous heat tenso
friction force, heat friction force, momentum source, and heat momentum source, respectively.
Velodity distribution function in strong magnetic fields shows anisotropy parallel and perpendicular to
the magnetic fieldas shown by Chew, GoldberpdLow [108], andP , andQ, can be expressed:as

P.= (P P.)(bb- Z1)+O(d) (15

Q.= Q- Q(B0- Z1)+O(d) (15)

Here,b =B/B is the unit vector parallel t8 andd=r /L is a smallness parameter as a ratio of
Larmor radius and the macroscopic length scale L of the plasmayr/W, is the Larmor radius,
Vra = (2T4m,)Y? is the thermal velocity,W, = e,B/m, is the cyclotron angular frequency. Taking the
cross productB with (10) and (14), and neglectintpe time derivative for the drift time scale
O((®W)™) much longer than the Alfven time sc&@¢dW)' %), and neglecting othéd(d®) terms smaller
than BP, BF, BT terms, the major components of particle and heat flows of particle species a
perpendicular t@ are given as

i =EP 2 = (17)
mn,
5_ b3 PT,
q(}; = Epa m.W. (18)

Here, first term of rhs of (17) is the ExB drift flow, the second term is the diamagnetic drift flow
caused by the pressure gradient. Equation (18)eidiamagnetic heat flux caused the temperature
gradient.On the drift time scalei, pA/pt term is negligible and we can wrike=1 BF . Taking the dot
product of the magnetic field with (13) and (14) and taking the flux surface average, following flux
surface averaged momentum and heat flux balance equation are abtained

BO®,)=(BTF,)+en,(BAE)+(BM,) (19)
(BO®@,)=(BAF,)+(BA®,) (20)

Here(BClFal> and <B(']'¥az> are the frictional forces on species a by the parallel flow on the magnetic
surface, andB® P,) and (B ® @,) are viscous forces parallel ®, which originate from the
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relaxation of velocity space anisotropy between parallel and perpendiciBarSiobstitution of (15)
and (16) gives following equatien

B®®,)=-((P,- P.,)b®B) 21)
(B®®@,)=-((Q).- Q.,)b®B) (22)

In 1995,a comprehensive reviean the experimental evidence for the bootstrap cumestgiven
[109]. In this paperthe origin of this velocity space anisotropy is pictorially explained in case of the
electronasin Figure19. The magnetic mmentmis conserved im high temperature plasma when the
electron moves along the magnetic field. So, the orbit of the electrons satBfy#nQ E/mis trapped
in the weak magnetic field regime reflected by the magnetic mirror (trapped particle orbit: or called
fiBanana Orbi from its shape). Consider the case density is lowering towards the ouliside<(0).
Consider the velocity distribution fution in a magnetic surface. There are less electrons for the
trapped electrons witta, > 0 since it comesadially from outside, while there are more electrons for
the trapped electrons withy, < 0 since it comesadially from inside. Meanwhile, the otbiof
un-trapped electrons stays much closer to the magnetic surface and the number of electyon$ for
is roughly equal to that fov, < 0. Then, there appears a discontinuity in the trafyrealapped
boundary of the velocity distribution function. Small Coulomb collision smoothes this gajaasd
the particle diffusion in the velocity space. This collisional diffusion in velocity space agtssg®us
force in the magnetic field direom.

Figure 19. Sketch of the trapped electron orbits and distortion of one and two dimensional
velocity distribution functions in a tokamak showing how collisional diffusion acts at
trappedpassing boundary [109].
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4.2 Flux surface Averaged Momentum and Heat Flow Balance

The friction and heat friction forces in (19) and (20) are given by

A 2 jab abfp o)
e,Falg_ A a|11 - llzgg Uy Q
S: U= a e ab

e P (23)
a2l p Gy |22—:&qg)/5pbl,
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Here, I;”‘b is called the friction coefficient, which has the symmelﬁ‘y:Iba due to selfadjoint
property of the Coulomb collision term
<

&, ¢
= el M) g1, 2N (24)
a a@ k ta k - a b L
00_ m, 2\-3/2 o1_ 3., M, 2\-5/2
Mab__(1+_) G-+Xal) ! Mab_ (1+ )(1+ Xab)
m, 2 m, ,
M == () 4 i) ™
NSG= @ Moy ey NEG=S(1+ Ty Qo ) 2
m, ’ 2 m, ’
3T,
Ngt_ZT X £1+ma)(|-+X )y Nglb—%?;x {1+ X2 Y%
y b
3/2 m.T
ab_ 3p e(z)m VTa , Xib = Lb , VTa = E (25)
nee’inL m,T, m,

Here, the friction coefficient hakefollowing symmetry due to the sedidjointness of the Coulomb
collision operatar

j i — TV i
I =15¢, M =M, N,=- M, Nl =2 NIt (26)
ToVa
Since viscous force operates when the particle moves poloidally tthéaedriation ofthe toroidal
field, the viscous force is proportional to the poloidal flows

e(B@CP)f’( ><m1 raz‘, Ua()
8@\ /En, mud. (v)/5Py

Here,my, my, mzare called parallel viscosity coefficients. Collisional transport regimtaskamak
are divided intahreeregimes (1) Banana regime whetge collision time is longer than the bounce
time of trapped particle orbitn{ < W, nq collision frequency, W,: bounce frequengy
(2) PfirshSchlier regime wherehe collision time is shorter than the transit time of thetnapped
particle fic > W; nc: collision frequency\: transit frequency -wRQ), (3) plateau region between the
two. Expression of the viscosity coefficient is derived for each regime and the velocity partitioned
approximate viscosity coefficient valid for all velocity region is derived. The viscosity coefficient is
obtained by the integration in the velocity spasdollows

(27)

m, =KJ (28
—_ a 5 a 2
rTAz_Klz' EKlj ( 9)
a a 25 a
mg = Kz 2" 5K1 2+ZK1 (30)

where

K= m,n, f{XZ(I+j 202 (W)t } (31)
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{AW=5; TexpeardARNID; (32)
_ B\ (33)
Y [i+248irg (Wt Lx J+196% M/ ]
n‘?‘ (V) = SnS(V) + nE(V),Xa = V/VTa’WTa = VTa/Lc (34

Here, first term of the denominator of (33) is the correction term to cotiredzdnana and plateau
regimes, whilethe second term is the PfirsBchliter correction termxa = vivr,, ng(v)is 90-degree
deflection frequencynZ(v) energy exchange frequency. Collision frequencigés) and nZ(v) in the
expression of the viscosity coefficient for Maxwellian is expressed as follows

3P 1 N2 F(%)- G
nWV="0—4 b (35)
° 4 taab Zi Xi
ay_3Wp 1. nz2€aT  ,0G(x,) 2F(x,)% 36
) LA e %
F(X) =\/26 A exp w)duG(x) = [F () - xF'(x)]/2x* (37)

Also, ng* is the collisionality defined by the ratio of collision frequerddy, the transit frequency
Wra, @ande(y ) ! (BmaxBmin)/(Bmax + Bmin). Using connection length.~Rq ande~r/R:
n* ) 1 ~%§_§.5
2wt Cr+ vt

Ta*aa Ta aa

(39)

Here, f; is a trapped particle fraction and is related toetrapped particle fractioric through
fi + fc=1. Thef. is given by the following equation

_3B%) e, Id
f.= i m (39

Substituting these formulas for viscosity and friction coefficients into (19) and (20), following
balance equation of friction and viscous forces are obtained

& @ _ g .. @rab  _ jabgp g & 1] & ¢

my ma\zcé (Buy,) - BV, o= éll;b lezLe (Buy) l;l+§ana<BEN>l;|+§BMa//>l;

gnaz ”leéZBQ//alspa>' BVZaU be|21 IzzleBq//b/SPb>U e 0 u €<BQa//>L

Here,my, 1™, Usa, G, Masy Qiar Via (BV1a=T F(y )(dF /dy + (dPy/dy )/euns), BV2=T F(y )(dT4/dy )/es,

andF is electrostatic potential) are viscosity coefficient, friction coefficient, parallel flow, parallel heat
flow, parallel momentum source, parallel heat source, thermodynamic forces, respectively.

(40)

43Generali zed Ohmoés Law

The Pllowing system of linear equations is obtained by writing down (39) for electrons, ions, and
impurities [109]

M(U, - V.)=LU,+E +S, (41)
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Here, M, L, U;, Va, E* S, are viscosity matrix, friction matrix, parallel flow vector,
thermodynamic force vector, electric field acceleration vector, parallel source vector, and given as
follows:

ém, 0 0 m, 0 oe gl MW I -RE
S0om 0 0 m 05 & |:fl "Tfl llT:l -|:f2 -|'sz T:zu
s e | e |
M_eO O0m O 0 mu ng P PR PR PSR PRI P
= u e_lee _|ei _|el Iee Iei |e|
fm, 0 0 m, 0O OV glar “lan “lar Moz a2 laa
€ u ~ jie i i ie i oqil o~
¢0 m 0 0 my Oy ?lzl PRI PR PP PP |22l\J
g0 0 m, O 0 myH gllz?l '||2|1 _Igl Ilzez Ilzlz |22H
¢ (Buw) £ BV.L Sent  apwi
é <B ) § €, ¢ €70V gEMet
é < u//i> U éBVulj e‘eZ iU é<BMi>L
_é <Bu//|> U _eBV, L - _ ‘{E‘Zﬂ@ 3BM, )L
Y _?<Bq”e>/5peg’ Ve _?VzeE,E <BE”>2 0 3’ S//=§<BQ;§E
&(Bd,)/5PU  BVa ¢ 0y ¢BQ)
32<BQ//|>/5P|H 8BV, t g0 H &BQ)t
Solving (40) forU, gives
U,=M-L)' MV, +(M-LY'E +(M-L)'S, (41)

Then, plasma current density parallel to the magnetic field is expressedoliowing form and is
call ed gendawal i zed Ohmods
(BA)=(BA), +s\(BE)+(BA)  _ +(BA) (42)

NBCD RFCLC

Here termn theright hand side are called bootstrap current, ohmic current, beam and RF driven
currents, respectively and are given as foltows

(BAY= aen,(BA,) (43)
a=ei,l
.. . es a
<B>b S: a eana‘lf a' [(M ) L)_lM]a yAbl.;] (44)
a=eji,l | b=1 y
s)(BE)= & enid[M-L)*] en(B&E) (45)
a=ei,l I b=1 y
. ) . & 1 U
<BO]>NBCD + <BO]>RFCD =a eanal, a [(M ) L)_ ]abS//bl:l (46)
a I b Yy

4.4. Electrical Conductivity

The inductive operation is quite effective to dritlee plasma current sinceéhe electrical
conductivity of high temperature plasma (esg= 10%ohmm for Te=10keV) is 20 times larger than
that of copper(e.g, s =5 x 10’ /ohmm at room temperature). From equation (45), we obtfaén
expression of electrical conductivisy(fast ion contribution is neglected)
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NG _ s s N
si°= & &aenegn[M-L)Y. (48)
a=ei,| b=gi,l
Here,L represents the collisional friction forces among various speciesylamgpresents effect of

trapped particle. If there is no trapped partictes viscosity matriM =0and conduct i vi t
in this case as follows

sPPitze'q Qenenl’a (49)

a=e|i,l b=gi,l

which is calledfiSpitzer conductivity. The electrical conductivity is reduced by viscosity The
trapped particle is trapped in the banana orbit as showagure 19 and desnot contribute to the
current. It creates a frictional force by thelacity relativeto untrapped electras which aredrifting
by the electric field.The electrical conductivity given by L. Spitzer Jr. [110] agrees well with the
numerical value from this expression

o Spitzer_ ne’t., 3.4(1.13+Z)

= 50
! m, Z.,(267+Z,) 50)
3/2 /2413/2 3/2
=LAanAt,.= _642p egml Te 274x104m[secj (51)
.y ne'linL n[m®]inL

Here, Zs is the effective charge. Hirshman [111] also gave an approximate analytic expression for
electrical conductivity as follows

S |tzeé ft @ C f £
sy =s;’ g. Trx Etg_ Trx gﬁ (52)
056 3- Z
C:(Z X(Z.;)=0.58+0.2Z
r(Zer) = Zeff 3+Z,, X(Zer) eff (53)
=1 — L9 (54)

 (1+14662)1- @

Here, the trapped patrticle fractidn(54) is not accurate enough for a Roincular crosssection
plasma and in such a case (38) must be used.

4.5. Bootstrap Current

The generalized Ohmdés | aw i nherfhotiyhamiciforceshyardie s
V2a(BV1a=TF(y )(dF /dy + (dPydy )/ein,), BV2a=T1F(y )(dTJ/dy )/e.ny) as follows
6
(BA), = a enaa,y., (55)
aeil b=1

where matrixa is defined asa = (M1 L)"'M. Substituting expressions for thermodynamic forces V
and kb, into (55), we obtain following form for the bootstrap current

1_dBY), . dT0) 56
o) o Ty 0)

(BAY), =-Fy)ny) & —d?

a=ei,l

2./
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a . |Z|Z a . |2, Z.n
L3, = a u_baab, L%,= A % b" b

a=ei,l a e a=ei,l a e

a a,b+3 (57)

Although Vi, includes an electrostatic potential term, this termJ¢-F@azna,,)dr /dy )
vanishes for the axisymmetric plasma due to charge neutrality. Distortithve wélocity distribution
function occurs in collisiofless plasma. The electron distribution function is drifting in the direction of
v, < 0 while theion velocity distribution function is drifting in the direction @f > 0, as seen in
Figure20. This produces the plasma current and is named bootstrap current.

Figure 20. Sketch ofthe mechanism othe bootstrap current ia collisionless plasma for
electrors and iors. Collisional pitch angle scattering tte trappeduntrapped boundary
producesanunidirectional parallel flow/momentum input and is balanced by the collisional
friction force between electrerand iors. The source of the momentum input for parallel
flow drive is radially outward motion/loss of trapped particles.
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Let's look at the role of the viscosity coefficient for the expression of the bootstrap current in a
simple model. When we ignore the ion and impurity flgws u, =0), the electron momentum balance
equation(39) becomes as follows

R dP
em — =) =17 h,
m,(u enedy) o (58)

So, the electron bootstrap current is given by
Rrrg1 dR_  my, 1dR
-7 fdy m, - I3 B dr

Figure 21 shows a comparison of plasma surface voltages between measurement and 1.t
dimensional transport simulation (called so by the couplintyvofdimensional equilibriunmand one
dimensional current diffusion transport simulation) using the measured plasma parameters. If we do
not include bootstrap current in the transport simulatibe, simulation des not reproducethe
measurement and the existeraf the bootstrap current is confirmed [109].

Je pZ-€RU g=- (59)
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Figure 21 Comparison of time variation of measured surface voltage and simulation using
(42) of JF60 discharge [109]. Up to 80% of the plasma current is carried by the bootstrap
current from the simulationWithout including bootstrap current, the measured surface

vol tage canodot be reproduced.
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4.6. Neutral Beam Current DrivEl12]
4.6.1 Neutral Beam Current Drive Theory

Whena fast neutral beam is injected tangalty to the torus, circulating fast isproducea fast ion
current by multiple circulations around the torus. Collision with bulk electrons prodwsig@slding
current by induced drift in the same direction as the fast ibims shielding is not perfect due twe
existence of trapped elech®and impuritiesThe sim of the fast ion and shielding currenis called
beamdriven currentlyg, which is a current in response to the external momentum sourgeséh in
(40) but momentum balance of fast ion has to be included as follows [109]

(Bd>b d= aeana[(l\/l— L)-l]afo/

a=ei,lf

(60)

Here,e, N, M andL are electrical charge, density, viscous and friction matrixes including fast ion
momentum balance equation, respectively 8ads momentum source from fast i@o, if we divide
the beam drivercurrent into fast ion current and shielding curr@®), =(BQd), _ +(BAQ)
we obtain

shielc’

(BA), =en M- L), s, (61)
<B@>shield: a eaﬂa[('vl B L)_l]afS//f (62)
a=ei,l
__ea, genrlo, (63)
<B©J>fast &Ny [(M - L)-l]ff

where, g N, S are electrical charge, density and momentum source density of beam ion, respectively.
Also, F is calledstacking factor. Parametric dependences of F ai d@nde in arbitrary aspect ratio
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(O ¢ e ¢ 1) are calculated by (18) and shown in comparison wight-Sordey calcudtion [113] in
Figure22.

Figure 22 Stacking factor F for neutral beam current drive as a function of r/R and
Zei [109] in comparison with Calculation by St&brdey [113]
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To evaluateahefast ion currenk BQ > 1., We have tesolve the fast ion Fokkd?lanck equation for
the velocity distribution function of fast iongvalid for v; Ov, Ovre. Fast ion FokkePlanck equation
in nonuniform magnetic field is give by Connor [114]

Hy_ 2 1 bl  uql-h) /v \ 2
tsu =V w[(v2+va)fb]+v3h(v/v,),p e <V>u u%—rtgv,h) (64)

N /3
312 32 3/2 a9om 6)1/36__ nz?Qf
-3 _afLL g _tles & 20 AT,

e'Z;nm.“InL clem.+ &, nAg

se”

where,tsc is beamelectron slowing down time,:Es the critical energy, Ms critical velocity defined

by Ve = (2E/mp)*? W is the beam velocity=(2E/my)"?), b is defined byb = ZegndnL J2m,Smy

1Z,-2InLi, S(vh) is the bounce averaged fast ion source rate per unit volugnes the effective charge
defined by Zs=SinZ%ne, < vivy > is given by< viv, > = (2/p)K[(h/h)?] and< vylv > are given by

< vylv > =(2Ip)E[(h/h)? for passing ions, where K andde complete elliptic integrals of'and 2¢

kind, respectively. Thé is defined byh = (1 T nBmi/E)*%, wherem = myv~%/2B is the magnetic
moment. Theh value at trappeghassing boundarly; is given byh;=(1T Bmin/Bma)*% where Baxis

the maximum total magnetic field on the magnetic surface, usually at the inboard side of the torus. The
solution of (64) is given in J. Cordey [115] as follows

fo(v.h) =St . a,(v)C, (h) (65)

where, &(v) is the analytical solution for uniformagnetic field by Gaffey [116]

N h/3

oo Ko SO v)2
- € U
viHviavi(vi+vd)g

V <Vp

k € 2B, (1+ (v /v,)} v- v 2

— n

) 3 3 Y
Vb+vc e Te+(VC/Vb) Tl Vb U

V>V (66)
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Here, S(vh) =Sed(v T vp)k(h) =Sed(v T vp)Skncn(h) and fast ion distribution function above beam
energy (V> vp) comes from energy diffusion in velocity spatée fllowing equation determingbke
eigenvaluel,,and eigerfunction g(h):

hY

LI AV AUR Y s
TN g h)<v>H ikl .C, =0 (67)

This equation is solved numerically by the RayleRjtz method in the ACCOME code [117].
Using dove formulas, the flux surface averaged parallel fast ion current multipligg 9BO > faq
can be calculated as

.. ~F ~
<B C)J)fast =eZ, Q vidv nldhfb(v,h,r)H(v,h,r) (68)
Hv,hr) = 2SS {93 (69)
Vo,
The dependence of the current drive efficiencyJ/SE,x on Te and n are given as follows by
takingt se~Te'/Ne and Bo/Vog~Voo~(Vbo/Vo)Ve, V=Tl

J FJ t.Vv t T
h(T,,n)=—2d =_"fst - _seb0f (E [E)~—=¢f(E ,/E )~ —=f(E,/E 70
( e e) SEbo SEbo Ebo 0( b0 c) Vc ( b0 c) ne ( b0 c) ( )

where f(x)=fo(x)/x*2.
4.6.2 Demonstration of Current Drive with-NBlI

The SSTR design utilizes high energy neutral beam injection for théndaative current drive.
Therefore it is necessary to demonstthteeffectiveness of heating and current drive by high energy
neutral beam for the ITER and the steady state tokaewatar.

Figure 23 Bi r d 6 s e y-NBI injacterwnd 360U dbkamak



