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Basic characteristics of a steady state tokamak fusion reactor is
presented, The minimum required energy multiplication factor Q is found
to be 20 to 30 for the feasibility of the fusion reactor. Such a high Q
steady state tokamak operation is possible, within our present knowledge
of the operational constraints and the current drive physics, when a
large fraction of the plasma current is carried by the bootstrap current.

Operation at high Bp (2 2.0) and high qy (=4 - 5) with relatively
small eB8p (< 0.3) enables to drive bootstrap current up to 70 - 80% of the
total plasma current without deteriorating Troyon beta limit. The rest
of the plasma current can be driven by the high energy neutral beam with
the energy multiplication factor Q of 30 - 50. The energy confinement
scaling laws predict that the reactor condition is attainable by increas-
ing the major radius (Rp) up to 9m in such a high Bp and high q plasma
at relatively low plasma current of 12 MA with the confinement enhancement
factor of 2 compared with the L-mode scaling.

This high Ap reactor has a reasonable size (Vp = 1500 m3) and fusion
output power (2.5 GW) and is consistent with the present knowledges of
the plasma physics of the tokamak, namely the Troyon limit, the energy
confinement scalings, the bootstrap current, the current drive efficiency
(NB current drive with the total power of 70MW and the beam energy of 1
MeV) with a favorable aspect on the formation of the cold and dense
diverter plasma-condition.

From the economical aspect of the tokamak fusion reactor, a more

compact reactor 1is favorable. The use of the high field magnet with

(i)
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Bmax = 16T (for example Tj-doped Nb3Sn conductor) enables to reduce the
total machine size to 50% of the above-described conventional design,

namely Rp =7m, Vp=760m3, Pr=2.8 GW.

Keywords: Bootstrap, Steady State, Reactor, Tokamak
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1. INTRODUCTION

The design study of the commercial fusion reactor based on the tokamak
concept has been made by many authors [1,2]. However such reactor designs
assumed larger By compared with the Troyon limit or higher current drive
efficiency compared with the theories and experiments with fairly optimistic
confinement scalings in the limiter configuration. Recent reactor designs such as
ITER [3] adopted the higher I}, operation ( 22-28 MA ) to improve the energy
confinement which increases the required current drive efficiency of the reactor
by an order of magnitude compared with the present experimental result. In the
steady state operation of the ITER, the energy multiplication factor Q is 5-10
which is fairly lower than the reactor requirement. The development of the
efficient and reactor-relevant current driver is the most important issue to realize
the steady state tokamak fusion reactor. The current drive with the lower hybrid
wave has been studied extensively after the noble work by Fisch [4]. Despite the
improvement of the current drive efficiency in JT-60 [5], the lower hybrid wave
is thought to be applicable to the peripheral current drive in high temperature
reactor due to the poor wave penetration into the plasma core and the wave
absorption by the o particles[6,7,8]. Recent observation of the bootstrap current
in TFTR [9] provides a renewed interest on the stationary tokamak based on the
bootstrap current. In particular, up to 80% of the plasma current is driven by the
bootstrap current in JT-60 [10]. Attainment of such a high bootstrap fraction of
the plasma current can influence the reactor design significantly. Since Bickerton
pointed out the importance of the bootstrap current in a tokamak|[11], there are
many important progresses of the understanding of the operational constraints in
a tokamak fusion reactor. Especially, the Troyon relation forces to operate at low
<B¢> so as to increase the bootstrap current. Here we summarize such
constraints and show an example of a steady state tokamak fusion reactor which
can be realized with relatively low current drive efficiency. The design constraints
are summarized in the following section. In section 3, the parameters of the
steady state tokamak fusion reactor are described. The discussion and the

conclusions are given in section 4.
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2. OPERATIONAL CONSTRAINTS

2.1 CRITICAL BETA

The maximum attainable toroidal beta (<B> = 4uo<nT>/B2) is well

expressed by the Troyon relation [12] as follows,

I
B> @) =g 5 M
P

where, I, By, ap and g are the plasma current ( MA ), the toroidal field ( T ),
the plasma minor radius ( m ) and the Troyon factor, respectively., The Troyon
factor g of 2.7-3.5 has been obtained in both experiments [13] and calculations
[14]. Combination with the definition of the Bp gives a well - known relation,

o
2
Bp <B>= £~ 3)

where X is the plasma elongation. The equation (3) means that the toroidal beta
value <fBy> becomes fairly low if we choose the high beta poloidal value Bp to
increase the bootstrap current. Therefore, a high field tokamak with relatively
high aspect ratio is favorable with our present superconducting materials to keep
the plasma pressure and the fusion power density high ( see section 2-5 ).
Figure 1 shows the ( <Bt>, Bp ) diagram showing the operational points
of various tokamaks. Operational points for ITER[15], NET[16], FER[17] and
SSTR ( Steady State Tokamak Reactor described in the following section ) are
shown. The Troyon factor for the total plasma stored energy of 3.5 is used for
the reference design of SSTR. Another important limitation on the plasma

pressure is observed experimentally at high q and high Bpregime given by E€fp <

C where C is a constant around 0.7-1.1 [18,19] . But there is a quite interesting
plasma regime in such a high q and high By regime. The numerical analysis
shows that there is a possibility to enhance the B limit in high q regimes by
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increasing the central q value [20]. Indeed the central q value increases above 1.0
with increasing bootstrap current.

The beam driven current and the bootstrap current profiles and the plasma
equilibrium are calculated self-consistently with the numerical code [21] in which
the o particle pressure is also calculated for a given temperature and density
profiles. Figure 2(a) shows a typical example of the current and the safety factor
profiles where 73 % of the total plasma current is driven by the bootstrap current.
The central safety factor qg of 1.7 can be attained while keeping a large magnetic
shear in high q operation. The control of the central safety factor qp can easily be
made through the control of the beam deposition profile. Fig. 2 (b) shows safety
factor profiles with varying beam cross section. As is clear from the figure, the
central q value can be controlled only by the beam driven current.

The effect of increasing qp on the n= oo ballooning stability is calculated
for standard SSTR equilibria. Fig.3 shows the equilibrium configurations,
pressure and safety factor profiles, radial profile of the pressure gradient and the
S-0 diagram for various qq values ( (3a); qo = 1.0, (3b) qp = 1.4, (3¢); qo = 1.5,
respectively). In this case, the average toroidal beta <Pr> of 3 % ( the Troyon
factor of 4.0 ) is stable to the ballooning mode. The control of the qp is very
effective in enhancing the ballooning limit. Most dangerous low toroidal mode
number ( n = 1,2,3 ) MHD instabilities may also be stabilized if a conducting
wall is placed at 1.2 times the plasma minor radius[22]. Such a high q reactor
seems to be advantageous compared with the low q reactor to decrease the
statistical probability of the plasma disruption. Higher plasma elongation is
favorable so as to increase plasma pressure limit and the energy confinement.
However, there is a maximum plasma elongation in order to maintain vertical
plasma stability. The vertical plasma stability is assured when the passive index
ng (= L(EMu/d2)/2nB,Ls) ) of the stabilizer is greater than the absolute of the n
index ( ng +n>0). The passive index ng is reduced for the high [, equilibrium
due to increased B,/Ip . Moreover more negative nindex ( << 0 ) is needed to
produce the elongated plasma for the high aspect ratio tokamak. Thus a relatively
moderate plasma elongation may be optimum to maintain vertical plasma stability
for the large aspect ratio and high [, tokamak. It should be noted also that the
maximum Troyon factor g decreases when x > 2.0.
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2.2 THE BOOTSTRAP CURRENT

With the accumulations of the experimental evidences showing the
existence of the bootstrap current in tokamaks [9,10,23], it is now well grounded
to include the bootstrap current for a reactor design. In order to show the
constraint in a simple form, we use the most simple expression for the bootstrap
current for a pure hydrogen plasma in a uniform current distribution [24] as
follows, '

Ins = 0.67 €05 By I (4)

The plasma By should satisfy a constraint in order to drive bootstrap
current up to a significant fraction of the total plasma current. Here we choose
following constraint to drive 70 % of the total plasma current by taking account
of the inefficient current drive due to beam and O particles and the non-uniform

current profiles as follows,
€035 B, =1.07 &)

The equations (4) and (5) are based on the Hinton-Hazeltine theory which
is valid only for extremely slender and pure electron-ion plasmas. Parameter
dependence is fairly different from those calculated from the finite aspect ratio
Hirshman-Sigmar theory [25]. Detailed calculations have been made with the
Hirshman-Sigmar theory on the bootstrap current with a self-consistent plasma
equilibrium, The bootstrap current is calculated directly from the parallel
momentumn and heat balance equations [10].

<JB> = Z eZan<B.u/m>
n

= - RB TZLL“IP' LY InTy' (6)
= tNe el |Zn|Te[ 31 InPy + L32 InTy ]

* where the bootstrap coefficients L31 and L32 are calculated from the following

parallel momentum and heat balance equations,
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power / heating and current drive power ) regime in such a high B, reactor which

will be discussed in section 2-6.
2.3 CURRENT DRIVE EFFICIENCY

The non-inductive current drive is the key issue to realize the steady state
operation of a tokamak reactor. The design efforts for the next generation
tokamaks are placed to increase the plasma current up to 30 MA [28]. Insuch a
high current reactor, very high current drive efficiency nep ( = nelpRp / Pabs )
more than 2.0 x 1020 Am-2W-1 is needed to get a high fusion power
multiplication factor Q@ of more than 20 because the bootstrap current is small in
such a low Bp plasma. The current drive with the lower hybrid wave is most
promising and well-established scheme among many non-inductive current
drivers up to now. The highest current drive efficiency so far obtained is 0.34 x
1020 A m2 W-1 during the lower hybrid current drive experiments in JT-60[5]
which is far from the above requirement. With the help of the bootstrap current,
the required driven current decreases significantly under the constraint egn. (5).
Only 20 - 30 % of the total current driven by the external current driver is
sufficient for the reactor. The plasma current in such a high By reactor is less
than 15 MA. Then the requirement for the current drive efficiency is greatly
eased to less than 0.5 x 1020 Am-2W-! which is well within our scope. There
are many choices for the current driver to realize such relatively low current drive
efficiency, beam , fast wave and lower hybrid wave current drivers. Moreover,
it is desirable that the plasma heating and current drive are made by a single
equipment to simplify and to reduce the cost of the fusion reactor. The high
energy neutral beam current drive based on the negative ion source { NNBI )
seems to be a promising tool to heat the plasma and to drive the plasma current in
high temperature plasmas. The application of the high energy neutral beam
injection to the large tokamak will be tested ﬁrstly in JT-60U experiment [29] in
1993 and the physics and the engineering feasibility will be demonstrated. The
plan and side views of the NNBI system [30] in JT-60U tokamak are shown in
Figure 4. The linear dependence of the neutral beam current drive efficiency on
the electron temperature is well established experimentally [18] and the current
drive efficiency up to 0.5 x 1020 Am2W-1 can be expected in a plasma whose
central electron temperature is more than 30 keV. Moreover, the fueling by the
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urln urzn <B.um> + Vig Ilnln 'Ey <B.yp>
- 2Baw | (7)
n

R 5 b3 5P,
where

m . . . min .. .

Hi ; viscosity coefficient Iii" ; friction coefficient

u/m ; parallel flow velocity q//m ; parallel heat flow

Vim ; RB{(Tm/em)(InPm)+] Vam ; RB(Tw/em)(1nTm)’
J

® ; electrostatic potential ' v

<> ; flux surface average

Some comparisons between our numerical analysis and the various
theoretical formulas and the application to the JT-60 experiment are given in the
reference [10] . Present analysis does not include the bootstrap current driven by
the O particle which will enhance the bootstrap current although the Ot particle
pressure is included in the equilibrium analysis.

The beam driven current is calculated by the numerical code [26] in which
some improvements are made in comparison with the Start-Cordey theory[27].

The beam driven current is calculated by ,

I =J¢ (1-F(1-G)) (&)

where Jf , F and G are the fast ion current, electron shielding factor (
~Zn/Zeft ) and the trapped electron correction, respectively. The evaluation of the
fast ion current is based on the analytical Fokker-Planck solution in which
energy diffusion, bounce average effect and particle trapping are included [26].
More complete theoretical and numerical base will be published [21].

For the reference parameters of SSTR, up to 70 % of the total plasma
current is driven by the bootstrap current and the rest of the plasma current is
carried by the beam driven current. The required neutral beam power is fairly
small ( 70MW ) due to the high plasma temperature and the small required driven
current. The energy confinement improvement of two times the L-mode is
 needed to reach high fusion power multiplication factor Q ( = fusion output
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neutral beam is very desirable to compensate the fusion burn up of the deuterium
and tritium. In the reference design of the SSTR, the fusion power multiplication
factor Q without including the tritium breeding reaction in the blanket can be up to
30 ( Q of 50 can be attainable for Bp = 2.2 ( see equilibrium shown in Figure 3 ))
which is enough for the commercial fusion reactor. The particle fuelling at the
plasma center with the energetic neutral beam is one third of the D-T burn up rate
for the reference design of the SSTR.

2.4 ENERGY MULTIPLICATION FACTOR

For a steady state tokamak fusion reactor producing net electric power, the
energy multiplication factor Q ( = Pr/Pcp , Pr; total fusion output , Pcp; current
drive power ) must be higher than a certain value in order to get a reasonable
plant efficiency Mpjant { Mplant = PJPm, Pe; net electric power, Py;total thermal
power) of the fusion reactor. The power balance of the fusion plant can be
described as follows,

Pe =MihPih - Paux - PecD %)
Paux = Maux Pih (10
Pth = "YolanketP’F + PcD (11)
Pecp = Pcp/Yep (12)

where, M , Paux, PeCD, Naux > Yblanket 20d Pcp and Ycp are the thermal
conversion efficiency, electrical power for the operation of auxiliary systems ( for
example reactor cooling, vacuum pumping, He refrigeration etc. ), electric power
for the current drive system, efficiency of the auxiliary power, energy
multiplication factor of the blanket, current drive power and power conversion
efficiency of the current driver, respectively. Thus the plant efficiency of the
steady state tokamak reactor is given by,

1
Yoo QYolankert+1)

Mplant = Pe/Pth = Nth - Naux - (13)

Figure 5 shows the plant efficiency as a function of the energy
multiplication factor Q. As is clear from the figure, Q of 20-30 is required to get
the plant efficiency of 20-25 %. The calculations of the current drive efficiency in
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the reactor parameter with LHCD&FWCD {31] and NBCD [32] show that the
maximum attainable energy multiplication factor Q is limited to ~ 5 with our
present knowledges of the plasma physics for the standard reactor parameters. in
the recent current drive scheme in ITER, Q of 5 is expected by the combination of
LHCD for the peripheral current drive and NBCD for the central current drive
[15]. The effect of the bootstrap current for enhancing energy multiplication
factor Q is shown in figure 6 where the plant efficiency Mplan: , the energy
multiplication factor (3 and the driven plasma current by the active current driver
Ip(CD) are plotted as a function of the plasma current while keeping the reference
SSTR geometry given in table 1 and the Troyon factor g = 3.5. Here the current
drive efficiency ncp (=Ip(CD)neRp/Pcp) is assumed 5 x 10 19 MAm-2/MW.
Other parameters are same as Figure 5. The acceptable range of the plasma
current is fairly large because of the weak dependence of the plant efficiency on
the energy multiplication factor. It should be noted that the attainment of the high
thermal conversion efficiency N, is more important to realize the economical

tokamak reactor.
2.5 GEOMETRICAL CONSTRAINT

The most important geometrical constraint comes from the requirement for
the neutron shielding and the tritium breeding blanket in the small major radius
side. Here we use the minimum separation of 1.3m between 12T (Np3Sn)
superconductor and the plasma surface. Then the most important geometrical
constraint for the toroidal field By at the plasma center is given as follows,

B = Bmax(Rp'ap'1-3)/Rp (Bmax = 12 T) (14)

This toroidal field together with the Troyon relation determines the
maximum plasma pressure and hence the maximum fusion power density. A
large aspect ratio tokamak is favorable to increase the toroidal field at the plasma
center so as to compensate the low <Py> operation in such a high [, reactor.
The increase of the maximum toroidal field Bmax up to 16 T may be possible

when the future progress on the superconductor development is successful {33].
Insucha high Bmax tokamak, the Troyon factor g can be reduced to 2.6 which
is desirable to reduce the disruption probability. If the g factor of 3.5 is
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acceptable with careful current profile control in such a high q reactor, the
machine size can be reduced which will be discussed in section 3.

2.6 FUSION POWER DENSITY AND NEUTRON WALL LOADING

Although the detailed calculation of the fusion power density is easily
made by taking account of the plasma profiles and the fusion reaction rate, it is
better to use the approximate formula of the fusion power density Prto see a

parameter dependence as follows,

Ps= 0.01 < nj20Tikey >2
= 1.54 < Bpr >2 B# (MW /m3) (15)

where njpq , Tikey and BpT are the ion plasma density and temperature in the
units of 1020m3 and keV and the D-T toroidal beta value, respectively. Here the
coefficient is calibrated for the reference SSTR parameters. The required plasma
volume becomes large if the fusion power density is small under the constraints,
eqns. (3), (5) and (14). The average neutron wall loading Pp, at the mid-plane
may be approximated by the following formula,

P
Py —E. MW /m?2 (16)
" Sm2aiA ( )

where A is the aspect ratio. |

There is a certain limit of the maximum neutron wall loading and the
maximum neutron fluence. With the present knowledge of the first wall
materials, the neutron wall loading of 5 MW/m? and the total neutron fluence of 5
MWY/m? may be reasonable assumptions even if a large fraction of the thermal
plasma energy goes to the diverter region [34]. For the reference design of the
SSTR described in section 3, the neutron wall loading is 2.6 MW/m2 . The
improvement of the maximum tolerable neutron fluence more than 10 MWY/m?
is important to increase the life cycle of the first wall for the commercial reactor.

2.7 ENERGY CONFINEMENT
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In order to reach high Q regime in such a high [p plasma, the
confinement enhancement is the most crucial issue under low plasma current
condition. The experiments on TFTR [35] and JET [23] show that the maximum
confinement enhancement factor ( H) up to 3 compared with the L-mode has
been obtained in the Supershot and the H modes especially in the low plasma
current (high q) regime. Even in the L-mode, weaker I, dependence ( Ip0-5 ) has |
been shown in high power neutral injection heating in JT-60 [36] which also
favours the low current operation in a reactor. The isotope effect on the energy
confinement characteristics and the centrally peaked o particle heating profile (
hence higher heating effectiveness [37] ) may improve the energy confinement in
a D-T reactor. Here, we use two L-mode scalings, Goldston (Archen) [38] and
Shimomura-Odajima [39]. The isotope effect is included by the multiplier A;0-5
and the effective mass of 2.5 is used. The Shimomura-Odajima scaling gives
relatively optimistic predictions compared with the Goldston scaling in the high g
and lower aspect ratio regime. The important characteristics of such confinement
scalings is the dependence on the aspect ratio. Neo-Alcator scaling [40],
Goldston scaling and the ohmic part of the Shimomura-Odajima scaling clearly
demonstrate that the energy confinement is improved with increasing major radius
which means that the energy confinement is governed by the toroidal instability.
But the scaling of the incremental energy confinement time given by Shimomura
and Odajima suggests that the incremental energy confinement is governed by
completely different physics which is independent of the toroidicity. The energy
confinement improves with the major radius but the sensitivity to the aspect ratio (
or plasma minor radius ) is completely different for both scalings. This difference
is caused by a lack of the confinement data base of the high aspect ratio large
tokamak ( A ~ 4 - 5). The study of the aspect ratio dependence of the energy
confinement time seems to be most important so as to optimize the fusion reactor.
The energy confinement improvement factor of 2 is enough for both scaling in the
reference parameters of SSTR. Details will be given in section 3-1 ( see Fig.7).

2.8 COLD AND DENSE DIVERTOR PLASMA CONDITION
In order to reduce the damage of the diverter plate, the plasma temperature

' in front of the diverter plate must be lowered to a few 10 eV. The formation of
the cold and dense diverter plasma is well established experimentally [41]. Using
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the two point diverter model [42], plasma parameters near the diverter plate and
the scrape-off layer are given as follows, |

_RIG
i =y {an
LD
q,’/s"[ Wrdl
Tqg =——"——— (18)
TT |
Npiv
Uy =Y m (19)
T
ng = (20)
(R-VRZT/Tq Yuja
_ 35 33LDpysya7
Ty =(Tg” + o ) (21)
I
Wys = 5o (22)

where ng , Tq ,uyq,ns Tsand uys are the electron density, the
electron temperature and the parallel flow velocity near the diverter plate (
subscript ; d ) and the scrape-off layer ( subscript ; s ), respectively. Here R, I'
.9/s » LD , Y, K0 and WR are the flux multiplication factor, the particle flux ,
the heat flux , the diverter length , the heat transmission coefficient (= 7.8 for
hydrogen), the constant of the parallel heat conduction coefficient
(=12.5W/cm/eV7/2 for hydrogen) and the radiation power density, respectively.
The flux multiplication factor R is a strong function of the diverter plasma density
which is modelled in this analysis as follows,

R = 1.0+ (Rmax -1.0)(1.0-exp(-2x10-20 ng )) (23)

The diverter plasma density nq is obtained iteratively to match this flux
multiplication factor. The evaporation and the sputtering from the diverter plate
become serious problems during the long pulse neutral beam heating in large
tokamaks. The diverter length Lp which is proportional to gR becomes longer
than the usual tokamak designs in such a high ¢ and high aspect ratio tokamak.
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As is clear from equation (21), high q and high aspect ratio tokamak is easier to
get a temperature gradient along the magnetic field line which directly connected
to the formation of the cold and dense diverter condition and to the power
handling of the heat load to the diverter plate. For the reference parameters of
SSTR, this simplified calculation shows that the dense and cold diverter plasma
condition can be maintained when the particle confinement time is around 1

second for total O heating power of 500 MW if the 70 % of the total power is
radiated near the diverter plate.
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3. HIGH Bp STEADY STATE TOKAMAK REACTOR

3.1 REFERENCE PARAMETERS

Major radius and aspect ratio scans under three constraints ; eqn.(3)
(Troyon relation), eqn.(5) (high Bp condition) and eqn.(14) (geometrical
constraint) are made to optimize the size of the reactor. Here, we choose
relatively moderate elongation k¥ = 1.8 to assess the vertical plasma stability by
considering the high Bp and large aspect ratio conditions. The confinement

enhancement factor required to get Q = 30 regime <nT>TE = 2.3x102! keV.m-

3.sec is given by the equi-contour plots in Fig.7 for Goldston scaling and
Shimomura-Odajima scaling. As described in section 2-7, the required
confinement enhancement factor decreases with increasing plasma major radius.
But the aspect ratio dependence is completely different between the two scalings.
Figure 7 also shows the equi-contour plot of the fusion output power Pr. The
total fusion output power becomes fairly low ( < 2 GW ) if the plasma major
radius is less than 8 m due to the low B; condition even if the energy confinement
is satisfactorily good. If we consider a tokamak fusion reactor with a net
electrical power of 1GW(e) similar to the thermal fission reactors such as PWR (
pressurized water reactor ) and BWR ( boiling water reactor ), the fusion output
power Pr should be of the order of 3 GW. Here, we choose major and minor
radii by 9 m and 2.2 m respectively for the reference parameters of SSTR where
both Goldston and Shimomura-Odajima scalings require- the confinement
enhancement factor of 2 and relatively large total fusion output power can be
expected. The plasma current Ip is determined from the constraint eqn. (5) as Ip
= 12MA. Figure 8 shows the crosssectional views of the standard SSTR,
compact SSTR ( see section 3-2 ) and ITER ( International Thermonuclear
Experimental Reactor ). The poloidal cross section of the toroidal field coil is
chosen as that of STARFIRE tokamak [2] for the reference case and is
comparable with that of the ITER. The major parameters are given in Table 1.
This tokamak is characterized by relatively large aspect ratio and high safety
factor. The central temperature is chosen up to 34 keV so that the current drive
efficiency becomes high and the thermal stability of the plasma is assured. A
highly peaked temperature profile may be obtained due to high q operation of this
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tokamak. The bootstrap current calculated with the neoclassical theory of
Hirshman-Sigmar reaches 8.2 MA. The required power of high energy NB is
only 70 MW to drive the rest of the plasma current , 3.7 MA.

Figure 9 shows the confinement trace of SSTR in the ( ni(0)T;(0)TE(a),
T;(0)) diagram for the confinement enhancement factor of 2.0. Shimomura-
Odajima scaling gives a more optimistic prediction compared with the Goldston
scaling due to low current operation. For the Goldston scaling, the O particle
heating power Py and the fusion output power Prup to 500 MW and 2.5 GW
are expected. The plasma stored energy must be increased 100 times the present
maximum plasma stored energy recorded in the JET tokamak [23].

In order to satisfy a cold and dense diverter plasma condition, the particle
flux to the diverter must be larger than a critical value. This condition gives a
requirement for the particle confinement time. Figure 10 shows a simplified
calculation of the diverter and scrape off plasma parameters of SSTR as a
function of the particle flux from the main plasma. The particle flux
corresponding to the particle confinement time of 1 second is shown by the
vertical line in Fig. 10. More sophisticated analysis of the cold and dense diverter
plasma condition may be necessary . But the cold and dense diverter plasma
condition may be formed easily compared with the conventional tokamak reactor
design as discussed in section 2-8.

3.2 COMPACT REACTOR

In order to reduce the size of the reactor, the reduction of the total fusion
power or some improvements of the operational constraints should be made. If
the aspect ratio scaling is established, the machine parameters can be optimized
although a reduction of the total fusion power will come out. For example, the
major radius of 7 m and the aspect ratio of 3 may be possible if we use the
Shimomura-Odajima scaling. The total fusion output power becomes half of the
reference parameters.

As discussed in sections 2-1 and 2-5, there is another possibility to
increase the maximum plasma pressure either by increasing the maximum toroidal
field up to 16 T or by increasing the Troyon factor up to 4.7. In such an
 enhanced performance, the major radius of the reactor can be reduced to around 7
m. Fig.11 shows the equi-contour plot of the required confinement enhancement
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factor and the total fusion output power for such an enhanced performance. The
steady state reactor may be possible with the major radius of 7 m. The size of the
reactor becomes smaller than that of the STARFIRE [2] as is seen in Figure 8.
The major parameters for the compact reactor (SSTR-H) is shown in Table 2 in
the case of Bmax=16T. The confinement trace of the SSTR-H is shown in Figure
12.

4. DISCUSSIONS AND CONCLUSIONS

Basic idea of a steady state tokamak reactor based on the bootstrap current
is given with the present knowledges of the operational constraints of the
tokamak reactor. Operation of the tokamak at high Bp and high q with relatively
small €By, enables to drive bootstrap current up to 70-80 % of the total plasma
current. The rest of the plasma current can be driven by the high energy neutral
beam current drive with the high fusion power multiplication factor Q of up to 30
(Qof 50 if the Bp of 2.2 is attainable either by increasing Troyon factor with the
tailoring of the current profile or by increasing maximum By). This high Bp
tokamak is also stable to the n= e ballooning mode. The major radius of a
commercial reactor becomes around 9.0 m in order to produce the total fusion
power of 2.5 GW in which the neutron wall loading of 2.6 MW/m? is expected
and is well within the target range of our present material development for the
nuclear fusion. In order to realize such a steady state reactor, the most crucial
issue is not the current drive efficiency but the enhancement of the energy
confinement time up to 2 times the L-mode which is also well within our scope.
Probably the impurity and particle control will become more important issues in
such a steady state reactor. A significant reduction of the reactor size becomes
possible when an improvement either in the maximum toroidal field or the
Troyon factor has been made. Such a high q and high aspect ratio tokamak seems
to be favorable to produce cold and dense diverter plasma condition.

The advantages of such a steady state reactor concept can be summarized as

follows,

(1) Operation at high Bp drives large bootstrap current and the
required current drive efficiency becomes fairly low (5x1019 Am-ZW-1).
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( Q of 50 if the ﬁp of 2.2 is attainable either by increasing Troyon factor with the
tailoring of the current profile or by increasing maximum By). This high Bp
tokamak is also stable to the n= e ballooning mode. The major radius of a
commercial reactor becomes around 9.0 m in order to produce the total fusion
power of 2.5 GW in which the neutron wall loading of 2.6 MW/m? is expected
and is well within the target range of our present material development for the
nuclear fusion. In order to realize such a steady state reactor, the most crucial
issue is not the current drive efficiency but the enhancement of the energy
confinement time up to 2 times the L-mode which is also well within our scope.
Probably the impurity and particle control will become more important issues in
such a steady state reactor. A significant reduction of the reactor size becomes
possible when an improvement either in the maximum toroidal field or the
Troyon factor has been made. Such a high .q and high aspect ratio tokamak seems
to be favorable to produce cold and dense diverter plasma condition.

The advantages of such a steady state reactor concept can be summarized as

follows,

(1) Operation at high Bp drives large bootstrap current and the
required current drive efficiency becomes fairly low (5x1019 Am-2W-1),
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(2) The high energy neutral beam injection system can be used for both
heating and current drive ( which reduces the total plant cost ).

(3) Heating and current driver can be placed far from the reactor which is
desirable for the reliability and the maintenance.

(4) Operation at high g(a) and high q(0) enables the easy access to the
second stability regime for the n = oo ideal ballooning modes with stability
against the low n kink-ballooning medes.

(5) Operation at high q decreases the probability of disruptions.

(6) Operation at lower plasma current decreases the disruption forces.

(7) Operation at high q(0) eliminates the sawteeth oscillation of the fusion
output power and produces peaked temperature profiles although the
disappearance of the sawteeth may increase the accumulation of the
impurity.

(8) The high energy neutral beam may be partly useful for the D-T fueling
to compensate the fusion burn up of the D-T fuel.

(9) Operation at high q increases the diverter length which helps to form the
cold and dense diverter plasma condition.

This concept can be realized with the H mode energy confinement with the
confinement enhancement factor of 2. The required plasma current is only 12
MA which is very favorable from the engineering feasibility against the plasma
disruption. '

The test of this concept will be made in the JT-60 upgrade program [29]
using the elongated diverter configuration ( A = 4 ) with relatively smail plasma
current I, = 2.6 MA.

_16_,
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Table 2 Machine , plasma and nuclear parameters of the compact SSTR .

SSTR-H
PARAMETERS (UNIT) | VALUE PARAMETERS (UNIT) | VALUE
Major Radius R, (M) 7.0 |resse el MkeVm ) 215107
Minor Radius Qp (m}| 475 |[Pressure Peaking Foctormﬁ’%{!-,” 3
Elongation K 1.8 [|Central Temperature T(O)XkeV)| 34
Triangularity & 0.3 ||Bootstrap Current I, (MA) 8-9
Aspect Ratio A 4.0 Beam Driven Current IE {(MA) 3-4
Plosma Volume Vo (m®){ 760 ||NBI Power Pyg (MW} 80
Plasma Current I, {MA) 12 |{Bearn Energy E,  {MeV) '12{?2}
Toroidal Field B; {T) 9 ||Fusion Power P, (GW) 2.8
Safety Factor Jefs 5.0 |[Fusion Power Density P(MW/m] 3.7
Toroidal Beta <Bp (%} 2.55 ||, Egg;;gg P, (MW/m?l 4.6
DT Beta (Bor) (%) 1.9 a- Particle Power Py (GW)| 0.56
Poloidal Beta B, 2.0 Plasma Energy We (MJ) 880
Troyon Factor g 3.5 Power Gain Q 35
Average DT Density(flydtm ™) 11.6x10" | [Fuel Burn Rate NS, (sec™') 2.0x10%
Average Density (Ned (m™)| 13.5x10" | |Fuelling Rate N¢ (sec™) 5x10°°
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By (%)

Fig. 1~ (<PB¢>, Bp ) diagram showing the Troyon relation. The solid line
shows the equation (3) with k = 1.8 and g =3.5. Operational points of ITER,
NET, FER and SSTR are shown. SSTR is characterized by the high Bp

operation compared with the next generation tokamaks.

4.224
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Fig.3  Equlibrium configurations, pressure (P(R)) and safety factor (q(R))
profiles, pressure gradient profile(o(y)) and S-o diagrams for various q(0)
values ( (3a); q(0)=1.0, (3b); q(0)=1.4, (3c); q(0)=1.5). Here the definitions of
S and o are S=r(dq/dr)/q, a=-2Rq2(dP/dr)/B2 respectively. The minor radius r is
defined by r=V V(¥)/(2n?Rp) (V is the volume inside the flux surface). The
MHD limit of the pressure gradient o, is also given for the ballooning and
Mercier modes in the figure. The equilibrium becomes stable to ballooning and
Mercier modes when q(0)>1.5.
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Fig.4 Schematic views of NNBI system in JT-60U. NNBI system will
attain the beam energy Ep=500 keV (Pp=10MW) by the end of 1994.
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Fig.8  Poloidal cross sections of the standard SSTR , compact SSTR and
ITER. The toroidal field coil for the standard design is same as that of
STARFIRE tokamak. The machine size is increased only in the major radius
direction compared with the ITER device. The increase in the major radius
strongly improves the plasma performance and reduce the required plasma
current. The machne size can be reduced to 50% of that of the reference design if

the maximum toroidal field is increased to 16T.
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Fig.9  (nj(O)T;(0)TE (a), Ti(0) ) diagram showing the confinement trace of the
SSTR. Basic parameters are those given in Table 1. The confinement scalings of
Goldston and Shimomura-Odajima with the confinement enhancement factor of
2.0 are used. The power requirement to the external heating system is consistent
with that to the current driver.
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Fig. 12  (ntT,T) diagram showing the confinement predictions for Goldston

and S-O scalings. The SSTR-H can reach high Q regime relavant for the steady
state tokamak operation with relatively low plasma current with the confinement

enhancement factor of 2.
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