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abstract

A tokamak reactor will operate at the maximum value of P-2_0 < p >/W that is compatible with
MHD stability. This value depends upon the plasma current and pressure profiles, the plasma
shape and aspect ratio, and the location of nearby conducting structures. In addition, a steady
state reactor will minimize its external current drive requirements and thus achieve its maximum
economic benefit with a bootstrap fraction near one, IJlq, - 1, which constrains the product of the
inverse aspect ratio and the plasma poloidal beta to be near unity, _ [_p--1. An inductively driven
pulsed reactor has different constraints set by the steady-state Ohm's law which relates the
plasma temperature and density profiles to the parallel current density. We present the results
obtained during the ARIES I, II/IV, and III and the PULSAR reactor studies where these
quantities were optimized subject to different design philosophies. The ARIES-II/IV and
ARIES-Ill designs are both in the second stability regime, but differ in requirements on the form
of the profiles at the plasma edge, and in the location of the conducting wall. The relation
between these, as well as new attractive MHD regimes not utilized in the ARIES or PULSAR
studies is also discussed.
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1. Introduction

In order for a plasma equilibrium configuration to be physically realizable, it must be
6

stable to ideal magnetohydrodynamic (MHD) modes of oscillation. This constraint severely
limits the class of pressure and current distributions that are suitable for use in a tokamak based
fusion reactor.

The stability constraint comes into play differently for pulsed and for steady state
reactors. For inductively driven pulsed reactors there is very little freedom in the form of the
plasma current profile. For a given plasma density and temperature profile, the spatial
distribution of the plasma current profile in the flattop phase of the discharge follows
immediately from the neoclassical Ohm's law and the condition that the loop voltage will be
constant throughout the plasma. This is discussed in more detail in Section 5. The allowable
pressure in this configuration is then the maximum pressure that is stable for that current profile.

For a steady state reactor, there is in principle much more freedom between the form of
the current and the pressure profiles since they are somewhat independent. Thus, a designer has
the freedom to produce a plasma current profile using external current drive that is favorable
for stability and thereby allows larger values of the plasma pressure. However, in practice we
find that because of the low efficiencies of non-inductive current drive, the penalty for supplying
a large fraction of current by external current drive is significant. This leads to a preference for
configurations in which most of the plasma current is generated by the plasma itself by the
"bootstrap effect", discussed in Section 3. While not an absolute constraint, the economics of
steady state reactors is such that only those pressure and current profiles which make maximum
use of the bootstrap effect are acceptable for use in a reactor. This is a different but almost
equally constraining condition on these profiles.

In the remainder of this paper, we elaborate on these issues and show how the
conclusions are reached. In Section 2, we describe the different stability regimes available to
tokamaks. In Section 3, we discuss the plasma bootstrap current and what its scaling is. We
then discuss how these considerations lead to specific designs for the plasma physics parameters
of steady state and pulsed reactors in Sections 4 and 5. Section 6 summarizes the main results.



2.0 First and Second Stability l_'egimes

Different conditions apply to optimize the performance of a tokamak reactor depending
. on whether or not it is m the first or second regime of stability with respect to ballooning modes

(which do not perturb the plasma boundary) and if it is being limited by ballooning or by kink
modes. We discuss some of the considerations here.

2.1 First Stability

Most present day tokamak experiments operate normally in what is called the first
stability regime. This is the only stable operating regime available to tokamaks that have
centrally peaked current profiles of the kind produced by an ohmic heating transformer in the
stationary phase of a pulsed discharge. First stability regime tokamaks axe characterized by a
safety factor profile q(_) that is normally near unity on the magnetic axis,, and increases
monotonically to a value of at least two, and more typically three or more at the plasma
boundary.

First stability regime tokamaks are constrained to operate at values of beta below the
Troyon limit[ 1,2],

le (1)
°

where Ip is the total plasma current, a is the minor radius, B is the toroidal magnetic field on
axis, qois the magnetic safety factor on axis, and the Troyon Coefficient CT is normally taken
to be 3.5. How close a given first stability discharge can come to the beta limit in Eq. (1), or
in fact if it can somewhat exceed it, depends largely on the form of the current and the pressure
profiles. Detailed, profile specific stability analysis is necessary to determine the applicable
Troyon Coefficient for a given discharge. While a review of the profile dependence of the first
stability beta limit is outside the scope of the present survey, we note here that in general one
would expect that the more freedom one has in selecting the plasma current and pressure
profiles, the closer one can come to achieving or exceeding the equality in Eq. (1).

2.2 Second Stability

It has been known for some time that under certain conditions and at high enough
pressure, there exists a "second stable" region with respect to ideal MHD modes that do not
perturb the plasma boundary[3-9]. This restabilization is attributed to the strong distortion of
the equilibrium magnetic flux surfaces at higher pressures. The large shifting of the flux

. surfaces to the large major radius side of the tokamak greatly increases the poloidal field on the
outboard side. This increases the local pitch of the magnetic field lines so that the plasma
spends less time traversing the outboard part of the plasma where the combination of pressure

' gradient and magnetic field line curvature are unfavorable to stability.



The distortion of the equilibrium also decreases the local magnetic shear on the outboard
side of the plasma. The ballooning instability arises where the pressure gradient is large, the
magnetic field line curvature is unfavorable, and the magnitude of the local shear is small oz
vanishes. If the pressure is high enough, the outward shift of the magnetic axis will cause the
local magnetic shear on the outboard side to decrease through zero, creating a region of large
negative local shear which is stabilizing. This also forces the zero shear region away from the
outboard to a region where the destabilizing combination of pressure gradient and magnetic
curvature is much weaker, leading to overall stability. The conventional picture is that at low
enough pressure tokamak plasmas will be stable (first stability region) to ballooning modes, at
intermediate pressure they become unstable, and at high pressures they become stable again
(second stability region). However, under certain conditions it is also possible to find
intermediate pressure equilibria that are also stable to n =oo ballooning modes. If a sequence of
stable intermediate pressure equilibrium exist, the final state is called "accessible".

A detailed n=oo ballooning mode analysis must be performed on all internal plasma
magnetic surfaces to determine if a given plasma configuration is in the second stability region.
Such studies show that in order for all the surfaces in the plasma to be stable and in the second
stability regime, the pressure profile must be sufficiently peaked. With these provisos, we note
that the second stability regime is characterized by having the product of the inverse aspect ratio
and the poloidal beta (e 13_)greater than or of the order of unity

¢13p_-1 (2)

where

[_.t,--8"_2<p>a2 1 +K'2

I_o/_ 2 (3)

and by having the toroidal beta (p) much greater than the Troyon value including the factor of
qo in the denominator,

13-3.5 le . (4)
aBqo

In addition to these inequalities, one of several additional conditions must be met in order for
a stable second stability, regime to exist in a plasma. These conditions are:

(1) The plasma cross section must be strongly bean shaped[8],
,ub

(2) The value of the safety factor q must be everywhere greater than 2.019], or

(3) The form of the q-profile must be such that q(_) decreases in going from the plasma



axis to the plasma edge (negative q') over a significant fraction of the p!asma cross
section[5,10].

• We have not been able to utilize condition (1) in a reactor design, but condition (2)
forms the basis for both the ARIES II/IV designs and for the ARIES-Ill advanced fuels design.
Condition(3) also holds promise as leading to an attractive reactor design. These are discussed
further in Section 4 in the context of steady state reactors.

2.3 The External Kink Mode

The other ideal MHD instability of concern is the n = 1 external kink mode, which does
perturb the plasma/vacuum interface. Although at zero or low values of plasma pressure, kink
modes are driven unstable by the parallel current density, at higher pressures they also have
strong destabilizing pressure driven contributions. These pressure driven external kinks are often
called ballooning-kink modes. Generally, a full global MHD calculation (eg. PEST, GATO,
ERATO) must be performed to determine stability, however, some basic guidelines can be
followed. The dimensionless quantity,

q_2*- _a2Br(1 +r2) (5)
q0 I't0R/fl0

is a cylindrical approximation of the ratio of the global safety factor at the plasma edge to that
at the center, and is a measure of the broadness or peakedness of the current density profile.
Broad current density profiles (q./q0 small) should be destabilizing to the external kink, while
peaked profiles (q./q0 large) are stabilizing. The central safety factor, qo, has an analogous effect
on the external kink mode. For q*/qofixed, raising qo can stabilize the kink mode while lowering
it is destabilizing.

At high enough values of the plasma 13, the pressure driven contributions dominate the
current driven contributions to destabilize the kink mode. In the absence of a nearby conducting
structure, the n = 1 ballooning-kink mode will only be stable at values of 13that lie under the
Troyon limit, Eq.(1). It follows from Eq. (4) that this mode is generally unstable in a plasma
which is in the second stability regime with respect to the high-n ballooning modes. Therefore,
a nearby conducting wall is an essential ingredient of a high 13second stability reactor.

The primary function of the conducting structure is to slow the mode down from the
Alfven time scale. The critical wall distance, that is, the distance that a superconducting wall
contouring the plasma boundary would have to be placed to stabilize the mode, is typically found
to be 1.2 to 1.5 times the minor radius, measured from the plasma center. It follows that a

o resistive wall must be located at a distance less than this in order to slow the growth time of the
kink mode down to the order of the wall's L/R time, and some additional mechanism is required
to stabilize the kink mode indefinitely
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There is mounting experimental and theoretical evidence that toroidal plasma rotation may
accomplish this[l 1]. The plasma rotation in effect makes the resistive wall appear
superconducting to the plasma. If the plasma is not rotating, as the plasma attempts to distort
due to the instability, it will induce eddy currents in the surrounding wall. These eddy currents
will suppress the distortion, but will decay away and become ineffective on a time scale
comparable to the L/R time of the wall. However, if the plasma is rotating, as it distorts it will
continue to see a different part of the surrounding wall, a "fresh" patch of conductor in which
the distortion will induce new eddy currents that suppress the mode. Thus, the required plasma
rotation velocity is estimated to be

2nR
(6)

'_w

where R is the plasma major radius, and rw is the resistive magnetic diffusion time of the wall.

3. The Bootstrap Current

The bootstrap current in a tokamak is the part of the toroidal electrical current that is
driven directly by the thermal motion of the particles in the tokamak and hence does not require
either a transformer induced loop voltage or external current drive. The bootstrap current makes
both steady state and pulsed reactors more attractive. In steady state reactors, optimizing the
bootstrap current drive can greatly reduce the need for external current drive, and thus the
fraction of the reactor power which is recirculated back into powering the current drive systems.
In inductively driven pulsed reactors, the bootstrap current will reduce the transformer supplied
loop voltage VLneeded to sustain the discharge for a given current, and thus allow either longer
discharge times or smaller, less expensive transformers.

Both the magnitude of the bootstrap fraction, I_s/Ip,and the shape of the bootstrap current
density profile, J_s(O), can depend sensitively on the shape of the plasma profiles. Analytic
calculations[12] provide valuable information on such trends. Assuming that the temperature,
pressure, and current profiles have the parabolic form

o =%(1 -r2/a2) a°, (7)

where o= T, n, and J, then the total bootstrap fraction can be written in the form

ldlp= (8)

Figure (1) shows contour plots of the bootstrap coefficient C_, as a function of o_oand aT for
various values of the current profile peakedness parameter a,. In these figures, the inverse
aspect ratio and the plasma effective charge were fixed at the values e = 0.22 and Z = 2.0,
respectively. We note the overall trends that C_,is largest for flat current profiles (small c_,)and



for peaked density profiles (large an), and is relatively insensitive to temperature profiles (aT).

By combining Equations (3), (5), and (8), and by making use of the approximate relation

q.]q0=_j+l (9)

and by using the equality in Eq. (1), we can rewrite Eq. (8) at the first stability beta limit as

l_lle_ 0.175 (0_j+1)Cbs (10)

Figure (2) shows (solid) contours of the right hand side of Eq. (10) for selected values of aj.
Although Eq. (10) and thus Figure (2) are specialized to plasmas at the first regime beta limit,
it is clear that since Eq. (8) was linear in 13,it follows that the value of Ib,/Ipcan be read from
Figure (2) for higher 13configurations that exceed the Troyon limit by some factor by application
of a linear scaling.

Choosing to operate in a parameter regime which corresponds to a large bootstrap
fraction IJIp is of limited use if the bootstrap driven profile has the wrong shape. For example,
suppose we want to produce a (total) current density profile with a predetermined shape, such
as shown in Figure (3). If the dominant current drive is to be bootstrap, it would clearly be
undesirable to generate a bootstrap current density profile, Jb,($), which peaks near the plasma
edge. If this were so, some other means of current drive (such as lower hybrid, etc.,) would
not only have to supply the current deficit at the plasma center to obtain the desired total profile,
but also provide reverse drive near the edge. A more desirable shape for the bootstrap current
density is shown in Figure (3b) where the peak in Jb,(_) is seen to occur near the plasma center.

For the parabolic profiles of density, temperature, and current density assumed here, the
bootstrap current density is constrained to vanish at the origin (r=0), the plasma edge (r=a),
and has a single maximum at some intermediate radial location. This implies that once the
magnitude of the bootstrap current is specified, the shape of Jb,can be characterized by a single
parameter, namely the location of the turning point, x,, such that dJb,(x,)/dx - 0. If the total
bootstrap fraction is close to unity, we may identify small x, as being desirable and large x, as
undesirable. The contours of x, have been superimposed on the plots of IJIpin Figure (2), thus
providing information on a single plot of both shape and magnitude of the bootstrap current.

We can draw several conclusions from Figure(2): (i) In comparing configurations that
are either at the Troyon limit or that exceed it by the same factor, peaked current profiles (large
aj) will have higher bootstrap fractions I_s/Ipthan will broad current profiles; (ii) Peaking the

, density profile (large an) increases the bootstrap fraction, but both peaking the density and the
temperature profiles (i.e. peaking the pressure profile) aids bootstrap alignment (leads to small
X, as defined in Fig. (3); and (iii) In order to achieve bootstrap fractions near 1.0, it is necessary
to exceed the first stability regime Troyon limit.



4. Steady State Reactors

It is essential for the economic success of a steady state reactor that most of the plasma
current be supplied by the bootstrap effect. From Eq. (8), we see that this implies that the
value of pp be large. However, for a first stability regime plasma that obeys the Troyon p limit, I

Eq. (1), large 13pimplies low p. This can be seen by recasting the Troyon p limit as

(¢ 13e)([31¢)-_0.03(1 +_) (11)
2q2

For a configuration where qoand _:are defined, the left hand side becomes a constant. As p/e
is increased, _ pp, must decrease and visa versa. This presents the tradeoff between increasing
_/_ to reduce the required toroidal magnetic field, and increasing e pp to enhance the bootstrap
current and reduce the external current drive power. Attempts to increase the right hand side
of Eq. (11) are limited since the plasma elongation K is constrained to values less than 2.0 by
the n =0 vertical instability and the central safety factor q0 cannot drop too much below unity
or internal kink instabilities will set in. A configuration that is in the second stability regime
can have simultaneous values of 13/e and e13pthat violate the Troyon constraint, Eq. (11).
However, as discussed above, this region only exists under certain conditions which themselves
limit the operating space for a tokamak plasma.

4.1 ARIES-I

In the ARIES-I reactor study[12], a mode of operation was found which gives a good
compromise between high-13 and high-13pwhile remaining in the first stability regime. Its central
safety factor, qo, has been raised to 1.3 while its total current has been reduced from that of a
standard tokamak. This configuration has both a high bootstrap fraction for a first stability
regime tokamak and a good alignment of the bootstrap current with the plasma current. The
ARIES-I design optimized at a value of 13=1.89% and IJIp=0.68 with inverse aspect ratio
e =0.22. It's parameters are listed in Table I.

4.2 ARIES-II/IV and ARIES-Ill

The ARIES-II/IV configuration is able to exceed the first stability limit to ballooning
modes by the fact that it has a sufficiently elevated central safety factor qo > 2, and sufficiently
peaked pressure profile that it is in the second region of stability. The ballooning results are
best illustrated in the three-dimensional parameter space (qJqo, qo, e I_p). Higher values of qJq0
represent peaked current density profiles and lower values correspond to broad profiles. Shown
in Figure (4) is the qJqo vs _ 13,plane with projections of various qovalues, showing the stability
boundaries to the high-n ballooning modes. For these cases, the current density, pressure, and
pressure gradient go to zero at the plasma edge. The diagram indicates that for moderately



peaked current profiles (large qJqo) there exists a value of qowhich allows access to the second
stable region. In addition, the diagram shows that as the current profile is broadened (q./qo is
lowered), the value of qo needed for access to, or even for the existence of, a second stable
region increases.

In terms of the variables used in Fig. 4, the plasma p is given by

13/e- ep. (1+r2__). (12)
(qJqo)2 2qg

This shows that for fixed e, _:,and qo, P increases from the upper left to the lower right of Fig.
4 but that with the other dimensionless parameters held fixed, 13 decreases with q0. An
additional constraint is that we need e I_P- 1 for a high bootstrap fraction. Theseconsiderations
lead to a ARIES II/IV reactor design with p=3.40%, and I_s/Ip=0.98 as shown in Table I. In
comparing ARIES-I with ARIES-II/IV we find that the benefits of second stability are to provide
a configuration with about twice the 13value and with a bootstrap fraction much closer to unity.
Thus, both the plasma reactivity would be increased and the amount of recirculating power
would be much less for a second stability regime reactor, leading to improved economics.

In ARIES-Ill, 13values in excess of 20% are required in order to produce a reactor
design for burning the advanced fuels D-3He. We find that such a regime is possible, far into
the second stability regime but only for a very narrow class of plasma profiles. In particular,
we find that the plasma pressure gradients have to remain finite right out to the plasma edge,
and that a finite edge plasma current density is also required. This leads to a configuration with
13=24 %, I_s/l_ - 1.16, and q-/qo = 1.1. Thus the penalty for obtaining these large values of 13
were that the design was very speculative in that slight variations of the profiles assumed would
lead to instability, there was bootstrap overdrive which had to be compensated for with reversed
external current drive, and that the conducting walls for stabilizing the external kink modes had
to be extremely close. A summary of the parameters of the ARIES reactor designs are given
in Table-I.

4.3 NON-MONOTONIC q

This mode seeks to maximize 13, and in particular the root mean square average
13"-2_o< p: > "2/B2by customizing the pressure and current profiles to allow stable high-l_ peaked
pressure profiles. This is accomplished by distributing the plasma current in such a way that
the q-profile provides negative magnetic shear, dq/d_ < 0, in the central region of the

, discharge. This reversed shear region permits the central part of the discharge to be in the
second stable region, allowing the pressure gradients near the center to become very large while
remaining stable to ballooning modes. This mode was motivated by high-13 negative central

• shear discharges observed in DIII-D[14], JET[15], and TORE SUPRA[16]. We find that the



combination of off-axis current peaking and high-_ allows for a very good match of the
bootstrap and the equilibrium current profiles. An attractive configuration exists with qo=2.5,
q.=2.35, p =4.8, and 13"=6.33 and with Ib./Ip- 1. There is an off-a_is minimum in q of about
2.1 at r/a z 0.75. This configuration is a combination of both 1st and 2nd stability, but still
requires a conducting wall at about 1.3a to provide for kink mode stability. The theoretical basis
for this mode is discussed in Ref[17] from both a MHD and a kinetic stability viewpoint. ,It

5. Pulsed Reactors

In a pulsed reactor, the plasma current is driven by induction from an OH solenoid.
There will also be bootstrap current present due to gradients in the density and the temperature
profiles. During flattop, the plasma will be in a steady state so that the current and pressure
profiles and other equilibrium quantities are not evolving, and only enough volt-seconds are
being supplied by the transformer to compensate for the resistive losses in the plasma.

The parallel plasma current is completely given by the sum of aa_ohmic part and a
bootstrap part. Also the plasma pressure is a product of den._ty and temperature, p(_) =
n(_)T(_). Since for a given magnetic configuration both the ohmic and bootstrap part are
completely determined by the density and temperature profiles, it follows that steady-state
ohmic/bootstrap equilibria like those allowed in an inductively driven pulsed reactor will be
completely determined by the density profile n(_), the temperature profile T(qr), and one other
quantity which we may take to be either the total plasma current Ipor the central safety factor
qo.

To determine the steady state loop voltage and the maximum stable beta values, we first
obtain the corresponding stationary equilibrium solution which is consistent with the parallel
Ohm's law, subject to the constant loop voltage constraint. We use the Hirshman single ion
formula[18] for bootstrap current in general geometry, extended to include collisional
corrections[19]. Thus, the form of the current profile used in the Grad-Shafranov equilibrium
calculation is determined from the constraint of being stationary

<J.B> <J'B>_s]. (13)vL:2 n<B.v,>-<B:v,>l

Here the loop voltage V, is a constant, 11is the neoclassical resistivity[20], ¢ is the symmetry
angle in the toroidal direction, and the bootstrap current is defined by

10



• <B'V_t> <_.._1;[ 't _'_ed"'_ p-'_etPia¥ ¢ii
R2

' The superscripts "H" here refer to coefficients that extend the original values defined in Ref.[18]
to those approximating collisional corrections as described in Ref.[19].

We may thus parameterize space easily by varying only the temperature and density
profiles and computing the maximum stable 13values and the transformer loop voltages VL for
these families of equilibrium. A typical such study is shown in Figure (5) where we give
contours of normalized ps(-- _aB/Ip), and of VLfor the families of equilibrium with density and
temperature profiles given by n(_)=no(1 - 95.o), T(_)=To(l__15).

6.0 Summary

The MHD stability regime that is appropriate for a given tokamak based reactor depends
on the overall design philosophy of the device. For a steady state reactor in which there are
external current drive sources, there is a strong economic incentive to operate at high 13pto
maximize the benefits of the plasma bootstrap current. For a first stability regime tokamak, this
implies relatively low 13. A second stability regime steady state reactor may be possible, but is
somewhat speculative and would require some nearby conducting structure to stabilize the
external kink mode. A high 13second stability reactor such as needed to burn advanced fuels
is much more speculative, and not as compatible with minimizing the external current drive
requirements. A first stability regime inductively driven pulsed reactor does not have to operate
at high 13pand so will be able to operate at higher 13than a corresponding steady state reactor.
This advantage is partially offset by the loss of flexibility to produce a non-ohmic current profile
which would allow operation at a higher normalized beta, I3N. Second stability operation is not
possible for an inductively driven pulsed reactor because there is no means of modifying the
current profile to produce the conditions required.

11
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TABLE I: Parameters used in the ARIES reactor design studies.

1

ARIES-I ARIES-II ARIES-Ill

qo 1.3 2.0 2.0
,,,

q./qo 3.0 2.30 1.1

13 1.89% 3.40% 24%
,, ,,,,,,,

I_s/Ip 0.68 0.98 1.16

A 4.5 4.0 3.0

bwAJa -- 1.25 1.1
I ,,,

Ip 10.2 6.46 28.5

Br 11.3 8.01 7.80

R 6.75 5.60 7.50
,, ,,

I¢ 1.80 2.00 1.85

pp 2.20 5.40 3.88

I3N 3.20 5.90 16.3
,,,,
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Figure Captions
v

, Figure 1: Contour plots of the bootstrap coefficient C,,_in Eq.(8) as a function of a.and a-r,
for selected a,. (e = 0.22, Z = 2.0)

Figure 2: Contour plots of the bootstrap current fraction, I_/Ip at the first stability regime
beta limit as given by Eq. (1). The labeled contour values for I.JIp would
increase proportional to the factor by which the Troyon limit was exceeded.

Figure 3: Schematic picture of 'desirable' and 'undesirable' bootstrap current profiles, JRs.
Note that small X, corresponds to good alignment.

Figure 4. Stability Boundaries in q*/q0, e ppspace for qo = 1.5,2.0, 3.0. As qo is increased
from 1.0, it is possible to operate at values of e lip which exceed the Troyon limit.
Contours of constant 13/e would increase from the upper left to lower right in this
diagram according to Eq. (12).

Figure 5. Stability diagram and loop voltage requirements in POPCON space for an
":nductively driven pulsed reactor with I_=ll.45MA, n(_)=no(1-_°) '°,
T(_) =To(1-_"_). Dashed lines show contours of constant loop voltage VL. Points
with dots only are stable to all MHD modes. Open circles indicate instability to
external n-1 kink modes, and slashes indicate instability to internal modes.
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