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ABSTRACT

A number of advances in plasma physics and
engineering promise to greatly Improve the
reactor prospects of tokamaks. The following
features, in particular, have been examined: (a)
large aspect ratio (A » 6), which may ease
maintenance; (b) high beta (B > 0.20) without
indentation, which brings the maximum toroidal
field down to about 6-7 T; (c) low toroidal cur-
rent (I • 4MA), which reduces the cost of the
current drive and equilibrium field system; and
(d) steady state operation with current density
control via fast and slow wave current drive.
The key to high beta operation with low toroidal
current lies in utilizing second stability
regime equilibria with the required current dis-
tributions produced by an appropriate selection
of wave driver frequencies and power spectra.
The ray tracing and current drive calculation is
self-consistent with the actual magnetic fields
they produce in the plasma. In addition to
matching desirable high-beta equilibria, this
method is capable of producing a large variety
of new equilibria, many of which look attrac-
tive. The impurity control activities in TPSS
have emphasized the self-pumping concept as
applied to using the entire first wall or "slot"
limiters. The blanket design effort has empha-
sized liquid metal and Flibe concepts. The
reference concept is a liquid lithium/vanadium,
self-cooled configuration. Overall, there
exists a number of major design improvements
which will substantially improve the attrac-
tiveness of tokamak reactors.

I. INTRODUCTION

The Tokamak Power Systems Studies (TPSS)
activity was initiated by the U.S. Department of
Energy/Office of Fusion Energy 1n October 1984
with the objective of exploring and developing
design concepts to Improve the tokamak as a
commercial reactor concept.2 The Initial
Studies 1n FY 19853 laid the basis for a more
focused effort in FY 1986 at Argonne National
Laboratory. This paper deals primarily with the
plasma engineering and Impurity control Issues
of this effort.

II. SUMMARY OF MAJOR IMPROVEMENTS

Recent MHD stability theory has indicated
that the tokamak B may be Increased via adjust-
ments to the current density or safety factor
profile. There are MHD equilibria with values
of 8 which exceed the Sykes-Troyon value by very
large factors, and these equilibria are accord-
ingly said to be in the "second regime of sta-
bility". Our assessment of second stability
equilibria identified two hallmarks which are
particularly attractive for enhancing tokamak
reactor prospects:

1) High Aspect Ratio 1s preferred in order to
attain the second stability regime; this is
also expected to simplify reactor mainte-
nance and permits the use of fast wave cur-
rent drive (FWCD) at low frequencies (u ~ 2

2) Low Toroidal Current 1s characteristic of
the second stability regime and is benefi-
cial to many subsystems. The EF coil system
stores an order of magnitude less energy
compared to one for first stability equili-
bria, while the TF coil needs less structure
to withstand overturning moments. In addi-
tion, the plasma inductive energy released
in disruptions 1s much lower. Finally, the
lower plasma current reduces the circulating
power for FWCD and the "hollow" current den-
sity profile associated with low toroidal
current and high B is also favorable to FWCO
since the current density peaks near the low
electron density edge region.

The primary benefit, of the second stability
regime is lower toroidal magnetic field, com-
pared to conventional, Troyon limits. For
B > 0.2, the maximum field, Bm, at the TF coil
1s~~ 6 - 7T, and the TF stored energy is ~ 5 GJ,
about 10% of the STARFIRE value.

Recent work1* has shown that 6 > 0.2 is
stable with no indentation, which eliminates the
need for a midplane pusher coll. Stable opera-
tion with low current U D < 5 MA) and mild tri-
angularity may be achievable with elongations,
PC, Of < 1.3.

*Work supported by the U.S. Department of Energy.



The fast wave current drive (FWCD) study
was ini t iated in recognition of the d i f f icu l ty
of driving currents with lower hybrid waves in
the high density region near the magnetic axis.
The better accessibility of FWCD motivated two-
dimensional ray tracing studies.5 A coupled
ray-tracing/MHD calculation has been developed
which enables the calculation of the actual 2-D
equilibrium current density generated by steady-
state wave drivers. Preliminary calculations
with narrow spectra (a single n ) demonstrate
that hollow current equilibria witfl I < 4 MA and
6 > 0.10 are possible with 60 HW of ~rf power.
The low frequency FWCD technique appears to
avoid parasitic alpha damping, and the same sys-
tem can be tuned during startup to effect ion
heating to ignit ion.

The self-pumped f i r s t wall/1imiter concept
uses vanadium or other materials (Ni, Fe, Nb,
Ta) to selectively trap impinging helium from
the plasma on appropriate surfaces. No vacuum
ducts or pumps are used (except for a very small
startup system). Vanadium is added to the sur-
face at an average rate of 3.3 times the a-par-
t ic le production rate. Two embodiments of this
concept appear most promising, the f i r s t wall as
1 imiter and a slot l i niter; both are lithium
cooled.

The blanket design is also viewed as a sig-
nificant departure from earlier concepts. As
for the f i r s t wal 1/1 imiter, a l iquid metal is a
viable coolant due to the low magnetic fields
permitted by high beta operation. Details are
given in Ref. 6, this conference.

I I I . BETA ENHANCEMENT VIA RF CURRENT DRIVE

The key to achieving second stabi l i ty may
well be rf current drive. At very high beta,
tokamak equil ibria require very broad, hollow
current density profi les. I t may be possible to
ta i lor the current density in an rf-driven dis-
charge by careful selection of the wave proper-
t ies. Furthermore, a judicious choice of cur-
rent density profi le can also result in smaller
total toroidal current; this helps by - ucing
the rf current drive power, which thus improves
the reactor's power balance.

In this section we present the calculation
of rf current drive in a toroidal geometry. The
result 1s self-consistent In that the tokamak
magnetic f ie ld generated by the rf-driven cur-
rent is used to compute the wave trajectory and
spatial damping in the plasma which in turn de-
termine the current driven. We include examples
of rf-generated equilibria in a reactor-relevant
geometry (aspect rat io, A = 6.0; major radius,
Ro = 5.25 m; elongation, < = 1.6; triangular
boundary). By suitably adjusting the rf/plasma
parameters a wide range of equilibria can be
created. Although we have not fu l ly optimized
our rf-generated equil ibr ia, we find evidence

that equilibria can be sustained which appear to
lead to attractive tokamak reactors.

Toroidal equilibrium is found by solving
the Grad-Shafranov equation for the poloidal
f l u x , tp:

(1)

In the earliest treatments7 the pressure, pU) ,
and diamagnetism, F(i|/), were chosen somewhat
arbi t rar i ly and independently of each other.
However, in a true steady-state rf-driven toka-
mak there is a specific relationship between the
current drive and FU). To see this we note
that the current density parallel to B is

2f
B~

dF

where B = |B|. Multiplying by B and taking the
flux surface average, we f ind

0 , (2)

where <> demotes the flux surface average. Eq.
(2) is an ordinary differential equation which
determines FU) in terms of j , the current
driven. In our calculations w4 select model
functions for the plasma temperatures, Te(i^) and
TjU)and density,nei<ii) = nj(i^) = n{^) , so the
pressure 1s p(i|>) o nU)[Te(*) + T^(4.)].

I t remains for us to calculate <j jB> in
terms of the wave properties and plasma parame-
ters. The derivation of this relationship Is
given by Ehst8 and wi l l only be brief ly quoted
here. For weak damping of low frequency waves
(ID << fie) with superthermal phase speeds
(n « c/v ), the rf-induced and neoclassical
current contributions are additive:

<JBB>/<B2>

H(i>) is the neoclassical contribution, which is
only significant 1n the banana regime, when i t
becomes the bootstrap current.9 In the present
study we Ignore the bootstrap current (H = 0) in
order to focus attention on the quasilinear cur-
rent drive problem. For narrow power spectra
and wave absorption with only a few passes
through the plasma, the resulting expression is

T j / p
<pd> (3)



where <pd> is the average wave power density
absorbed on a flux surface, and C = 19.2 x
10 le/*n A, where *n A is the Coulomb logarithm.
(All units are SI and keV.) In the linear l imi t
the normalized current-to-power-density ratio is
known to be j / p = 2 + 1.4 u2 + 8.0/u for elec-
tron Landau damping with singly charged ions,10

where u = c/n,ve. A fu l l numerical treatment
requires ray tracing in arbitrar i ly shaped flux
surfaces. This procedure has been carried out
for the fast (magnetosonic) wave,11 '12 which is
a prime candidate for reactor plasmas due to i ts
good penetration at high density.

The numerical calculation proceeds i tera-
t ive ly , as follows. An In i t ia l guess for Ft*)
is used in Eq. (1) to obtain an in i t i a l i)*(R,Z)
for a prescribed boundary shape. Ray tracing
proceeds with this I|P(R,Z) distr ibution, and the
function G(^) is computed as given in Eq. (3).
This function is substituted as the driving term
in Eq. (2), and the ordinary differential equa-
tion is solved for F{y). This new FU) is
inserted back into Eq. (1), and the calculation
repeats until F(^) converges.

Our original investigation assumed narrow
spectra with only a single mode launched at the
antenna. Figure 1 1s a typical result for a
wave at f = 0.4 GHz and n = 2.4, launched with
a total power, Pecjue

 = 50 TW. This equilibrium
has B = 0.08 and I - = 2.5 MA; and, due to the
localization of G obtained with a narrow spec-
trum, j^(R) has pronounced local peaks off axis,
which yield a non-monotonic q(if) prof i le. For
this i l lustrat ion RQ = 5.25m, neo = 2 * lC20m"3,
A = 6.0, and BQ = 3.66T. Note B 1s over twice
the Troy on value.

-1.5

Fig. la. Poloidai projection of ray trajectory;
dotted curves are ty = 0.33 and 0.67 of
the l imiter value, i ^ .

Fig. lb. Normalized toroidal current density
along the midplane (Z = 0).

For a given wave, variation of the plasma
properties leads to different wave propagation
and damping and hence different equil ibr ia.
Figure 2 shows, for example, that lower central
density Increases io/

pedae> a s theory re-
quires.10 However, in tnis* case the FWCD peaks
on axis with only a modest 8 t • 0.04. Going to
higher n. reduces I o but forces the j t peaks
towards the periphery. This Increases B by
broadening the pressure prof i le , since j t
supports the pressure gradient in equilibrium.
From our expression for G we expect current
generation to increase with T This is borne
out by Fig. 3. Note that I - 3 -4 MA. This is
a low current (attractive for reactor design),
and the B values are quite high.

I t is d i f f i cu l t with a single-ray spectrum
to get a broad j t profi le with a monotonic qU) ,
which 1s needed to avoid double tearing modes.
Thus we have begun to calculate multi-ray FWCD-
equiUbria. Figure 4 shows an example with fast
waves launched from two arrays, at f = 0.30 GHz
and at f = 0.60 GHz. Both frequencies have pow-
er distributed among several n modes. The low-
er frequency rays propagate completely into the
magnetic axis, whereas the higher frequency pro-
vides current drive over the bulk of the plasma.
The fast wave radial group velocity is so large,
though, that i t is not possible to achieve cur-
rent drive near the surface. In consequence, a
slow wave spectrum has also been added at f =
1.5 GHz, centered around n =2.3. As 1n the
STARFIRE reactor this wave "only generates cur-
rent near the surface. By adjusting the rela-
tive power to the three launchers, 1t Is possi-
ble to modify j t and the equilibrium e^ while
maintaining a monotonic q(iji). In addition, this
Is enough freedom to match a given equilibrium
to a few percent In quantities such as ( )

Although our results are preliminary, i t
seems that a combination of several fast and
slow wave antennas might be employed in order to



duplicate those equ -;,.bria which have been pre-
viously studied and found stable 1n the second
regime. An extensive survey of high beta
equ i l i b r i a with FWCD is now under way.

IV. IMPURITY CONTROL

The TPSS effort in impurity control focused
on Innovative systems that offer substantial im-
provements to the cost, complexity and re l iab i l -
i ty of the tokamak reactor. The main concepts
examined were lithium-cooled, self-pumped l imi t -
ers. Plasma-physics, material, nsutronics, and
engineering issues were evaluated for two sys-
tems, a f ' r s t wall/ l imiter and a slot l imiter.

The self-pumped impurity control concept13

uses vanadium or certain other materials to
selectively trap impinging helium from the plas-
ma, in-s i tu , on a continuously growing surface.
No vacuum ducts nor pumps are used (except for a
very small startup system). Vanadium or other
trapping material is added to the surface at a
rate of 3-4 times the alpha particle production
rate. Trapping material can be added by various
means, e.g., by injecting pellets into the edge
or scrapeoff plasma where material is ablated
and transported to the trapping surface.

A key requirement 1s for the deposited ma-
ter ial to trap helium much better than hydrogen.
I t has been demonstrated experimentally that
nickel preferentially traps helium11* and that
several other materials ( iron, vanadium, niobi-
um, molybdenum, and tantalum) are believed to be
capable of preferential trapping. The selective
trapping in certain metals is the result of the
negligible solubil i ty of helium in the la t t ice.
The implanted helium diffuses through the la t -
t ice unti l i t reaches a trapping site where i t
can come out of solid solution. Hydrogen, on
the other hand, remains in solid solution until
i t diffuses to the surface and escapes. Other
plasma contaminants, notably oxygen, can be re-
moved by the self-pumping system by chemically
combining with the deposited metal. Protium,
formed by the D-D reaction, also needs to be re-
moved. We have calculated that diffusion into
the coolant is more than adequate to remove the
protium.

The maximum operating surface temperature
for the l imiter trapping surfaces 1s an
important design parameter 1n determining the
system l i fet ime. This Is controlled primarily
by thermal helium release. The deseed helium
retention fraction 1n the trapping material is
roughly in the range of 30 atomic %. Based on
extrapolation from limited experimental data,
e.g. , Refs. 15-17 and from theoretical arguments
we have estimated that helium trapping wi l l be
possible up to ~ 0.7 of the melting temperature.
We also estimate, using a tr i t ium permeation
code, a negligible tr i t ium inventory in these
materials even for multi-year operation. In
general, several important factors need to be

I, „, I A / W I

Fig. 2. Equilibrium beta and toroidal current
for various peak densities and pres-
sures; all other parameters are those
of the reference case, except TQ =
42.9 keV. Toroidal current density
(labeled "j") and safety factor, shown
1n the insets, vary along the curves.
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Fig. 3. Equilibrium beta and toroidal current
versus edge power at different electron
temperatures; density is held constant
(n0 = 2.0 x 10^° ro"

3) and T D o is ad-
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(at PQ = 1.08 MPa). All other param-
eters are those of the reference case.
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studied experimentally to firmly establish the
parameters for helium retention and the allowed
maximum surface operating temperatures for the
trapping materials.

The f i r s t wal 1/1 imiter design combines the
functions of f i r s t wall and l imiter into a
single f i rst-wal l structure. The wall conforms
closely to the outermost plas.ma flux surface and
can be shaped in various ways, e.g., for cons-
tant heat f lux. Trapping material is added to
the plasma scrapeoff or edge region where i t is
transported to the wall, along with hydrogen and
helium ions from the plasma. The arriving trap-
ping material deposits on the surface and traps
impinging helium. Hydrogen is recycled back to
the plasma. The entire wall area (~ 300 mz) is
used for helium trapping. For a plasma with a
neutron wall loading of 2.5 MW/m2 a fu l l 10 year
impurity control system lifetime (the estimated
blanket/shield l ifetime) is possible with growth
rate of 1.5 mm/yr for a total growth of 1.5 cm.

Plasma transport calculations19"19 combined
with erosion/redeposition calculations have been
performed for the f i rs t -wal l / I Imi ter . The ef-
fects of 100% recycling of hydrogen at the boun-
dary, together with pellet fueling to make up
for the DT burnup, appear to be ful ly acceptable
and in fact tend in the right direction. Both
higher central temperatures and lower central
densities (desirable for current drive) are
predicted, as well as lower edge temperatures
(desirable to minimize sputtering). Provided
some pellet fueling is employed, no hydrogen
needs to be removed by the Impurity control
system. The other major issue, of plasma con-
tamination by sputtered and injected impurities,

appears to be rather similar to that of pumped
limiters. This is so because the edge current
of Injected impurities 1s typically much less
(< 0.1) than the current of impurities arising
from the normal sputtering process. The trans-
port of sputtered and Injected impurities de-
pends greatly on whether such transport is
governed by neoclassical or non-neoclassical
mechanisms. neoclassical transport results in
unacceptable central Impurity concentrations for
th is , 1f not most, impurity control schemes.
Fortunately, there 1s l i t t l e evidence for neo-
classical impurity transport. For non-neoclas-
sical Impurity transport the plasma contamina-
t ion, for a typical edge condition of (To = 30
eV), is predicted to be negligible for vanadium
(NZ/NDT < lO"5).

The f i r s t wall/1 Imiter system is a simple
integrated structure without leading edges.
However, to reduce concerns about plasma contam-
ination, a slot self-pump<>i 11 miter was devel-
oped. This is shown conceptually in F1g. 5.
Typical design parameters are shown in Table
1. The l imiter consists of a front face, two
leading edges, and a slot region. Typically,
the l imi ter , as with most pumped l imiter de-
signs, would be toroidally continuous and lo-
cated at one poloidal location. Additional
structural members and coolant manifolds (not
shown) can be continuous or located at discrete
toroidal locations. Helium trapping is done on
both sides of the slot region. Trapping materi-
al is added to the slot plasma where i t is
transported to the trapping surfaces. Material
added to the slot plasma 1s more l ikely to be
kept out of the main plasma. The slot l imiter
essentially separates the functions of heat re-
moval and particle removal. Most of the trans-
port heat Is taken on the thin tantalum front
face. Particle removal occurs in the low-heat-
flux slot region. We are, therefore, free to
select the trapping material for other than
thermal properties. Typical choices are
vanadium, nickel or Iron.

Engineering designs for the self-pumped
Hmiters Involved thermal-hydraulic, MHD, and
stress analyses. The designs (e.g., Fig. 5)
employ the desirable characteristics of high
velocity lithium flow and reduced lengths of the
heated sections in the high-surface-heat-flux
region. This results 1n reduced coolant-resi-
dence time tn the high-heat-flux region, which
1s important for l iquid metal systems. A key
feature of both f i r s t wall and slot l imiter
designs Is the use of electrical Insulators to
reduce the MHD pressure drop to acceptable
levels. The insulator is used on the three
coolant' channels adjacent to the plasma chamber
(the wall facing the plasma 1s not insulated).
For the more conservative choice of a laminated
Insulator, the maximum allowable surface heat
flux is found to be ~ 5 MW/mz, for the high 6
plasma regime. I f coated Insulators are used
the heat flux limitations are similar to those
of water cooled systems, e.g., 5-7 MW/nr for
even low 6.
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Fig. 5. Schematic and dimensions of a typ ica l
self-pumped s lot l i m i t e r .

TABLE 1
SLOT SELF-PUMPED LIMITER - TYPICAL PARAMETERS

Parameter

Location

Shape

Height

Front face area

Area of trapping surface(s)

Front face and leading
edge materials

Trapping material

Slot width

Fract ion of plasma out f lux
to slot

Power to slot

Heat load - front face and
leading edgesa

Heat load - trapping surfaces

Slot plasma temperature

Helium removal efficiency

Maximum trapping thickness

Operating l i f e a

Value

inboard (or bottom)

f l a t (or curved)

2 m
60 in2

120

tantalum

vanadi urn
15 cm

15S

~ 6 MW
3.3 MW/m2

< 0.1 MW/m2

- 10 eV

10%

3 + 3 = 6 on (Ni)

5 years

Self-pumping eliminates the need for vacuum
ducts, pumps, and the large associated penetra-
t ion shielding. The elimination of penetration
shielding results in approximate cost savings of
10-100 M$ and weight earnings of 700-7000 metric
tons for TPSS and STARFIRE size reactors respec-
t i ve ly . The reduction of t r i t ium recycling and
refueling save about 25 MS in the fuel recovery
system (independent of reactor size). The he l i -
um removal efficiency of a self-pumped l imi ter
is estimated at 10-25%. This is higher than for
a pumped l imi ter . Final ly, the extended l i f e -
time, integrated structure, and maintenance-free
operation of self-pumping may offer signif icant
rel1abil1ty/aval1abi1ity advantages.

V. REACTOR PARAMETERS

Typical parameters f o r a commercial reactor
operating in tha second s t a b i l i t y regjme wi th
moderate neutron wall loads (5.0 MW/iir) and a
net p lant output of 800 MW(e) are given 1n Table
2.

TABLE 2. PARAMETERS FOR A TOKAMAK REACTOR

"For qn = 5 MW/mS 754 avail at ' . Tty

Operations i n the Second-Stabi l i ty

Plasma minor dimensions,
a/b(m)

Plasma major to ro ida l
radius, Rf(m)

Aspect r a t i o , A = Ry/a

Plasma volume, V (m3)

Average plasma dens i ty ,
<n>!1020/m3)

Average plasma temperature,
<T>(keV)

Toroidal f i e l d energy (GJ)

Net e l e c t r i c power
PE(MWe)

Total thermal power,
PTH(MWt)

Thermal conversion,
efficiency, nj^

Net plant efficiency, n_
Neutron first-wall loading.

qn(MW/m2)

Plasma power densi ty,
PF/V?(MW/m3)

Average beta, <e>

Field at plasma, B0(T)

F ie ld a t c o l l , BC(T)

P'asma current , I . (MA)

Mass power densi ty,
(kUe/tonne)

1

Regime

.0/1.3

6.0

6.0

150

2.2

17

5.1

800

2000

0.42

0.39

5.0

12.9

0.20
4.4

7.0

4.0

110



Our reactor studies show that a moderate
size tokamak (Ro = 6.0 m) shows great promise I f
8 t - 0 . 2 0 is achievable. At low neutron wall
loads (~ 2.3 MW/nr), such a device would require
modest toro idal co i l s with Bc = 5 T. This
reactor would produce = 850 MIT of fusion power
wi th 0 = Pf /P r f » 12. The low toro idal f i e l d
permits the use of a l i q u i d l i th ium coolant, and
we project the net plant power production would
be about = 300 MW, a reasonable near-term goal
fo r a fusion power p lant . Should future tech-
nology permit the use of very high wall loads,
{ - 8.0 MW/m )̂ the same reactor could produce
power s imi lar to STARFIRE, with qui te reasonable
magnets, (Bm_x - 7.4 T). This long-term reactor
goal, wi th Q « 30, represents a very desirable
improvement in the tokamak concept, de l iver ing
the same performance as STARFIRE in a more
economical conf igurat ion.
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