Model study of Hmode behavior induced by radial currents
H. Ramachandran, G. J. Morales, and B. D. Fried
Citation: Physics of Fluids B: Plasma Physics (1989-1993) 5, 872 (1993); doi: 10.1063/1.860938
View online: http://dx.doi.org/10.1063/1.860938
View Table of Contents: http://scitation.aip.org/content/aip/journal/pofb/5/3?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
HHFW Heating and Current Drive Studies of NSTX HMode Plasmas
AIP Conf. Proc. 1406, 325 (2011); 10.1063/1.3664985
The impact of a biasing radial electric field on the scrapeoff layer in a divertor tokamak
Phys. Plasmas 1, 2711 (1994); 10.1063/1.870598
Role of core toroidal rotation on the Hmode radial electric field shear, turbulence, and confinement as
studied by magnetic braking in the DIIID tokamak
Phys. Plasmas 1, 373 (1994); 10.1063/1.870925
Electromagnetic effect on the toroidal electron temperature gradient mode
Phys. Fluids B 3, 3194 (1991); 10.1063/1.859800
Anomalous behavior in transport critical current density of YBa2Cu3O7−x and YBa2Cu3O7−x Ag bulk
samples
J. Appl. Phys. 69, 863 (1991); 10.1063/1.347324

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
129.174.21.5 On: Wed, 24 Dec 2014 00:02:58

Model study of H-mode behavior
H. Ramachandran,

induced by radial currents

G. J. Morales, and 6. D. Fried

Department of Physics, Uniuersity

of Caltyornia

at Los Angeles, Los Angeles. California 90024-1547

(Received 17 August 1992; accepted 10 November 1992)
A simple model is developed that isolates the essential features of a magnetically confined
plasma undergoing anomalous transport and whose properties are manipulated by
externally injected radial currents. The model exhibits the following intrinsic properties (not
built-in Q priori): Ohmic confinement improves with density; L-mode scaling depends
on heating power as P-o.6; a transition to H-mode behavior is induced by radial currents on
the order of 10 A. The model is benchmarked against the experiments performed in
the Continuous Current Tokamak (CCT) [R. J. Taylor et al., Phys. Rev. Lett. 63, 2365
(1989)]; excellent quantitative and qualitative agreement is obtained with most of the
observations. Some discrepancies are identified and their significance is elucidated. The
new effects explored with the model are H-modes induced by multiple electrodes, auxiliary
heating in the presence of radial currents, and the concept of H mode as a “phase
transition.”

I. INTRODUCTION
At the present time there exist throughout the world
major theoretical and experimental programs aimed at understanding anomalous transport in tokamaks,’ and particularly at finding methods that improve the confinement
time, i.e., how to achieve H modes. As is well known, in
spite of intensive scientific efforts, the fundamentals of
anomalous transport still remain unexplained, although an
impressive empirical body of knowledge has been compiled
over the past decade.
The situation with the attainment of H modes is more
optimistic. It is well documented experimentally that H
modes can be generated by several techniques, e.g., neutral
beams2 electron cyclotron heating3 (ECH), ion cyclotron
heating4 (ICRP), and controlled radial currents5 Although the details of how H modes arise are currently the
subject of many theoretical studies, it is clear from the
experimental database that plasma rotation plays a key
role. Of course, since the zeroth-order anomalous transport
is not understood, it is not possible at this time to achieve
a definitive understanding of H modes. However, there are
some global features which can be described and favorably
compared to experimental observations, as is demonstrated
in the present study. In fact, in attempting to explain
H-mode properties, the problem of anomalous transport
becomes better defined.
The present modeling study has been motivated by
experiments5 performed in the CCT (Continuous Current
Tokamak) device at University of California at Los Angeles (UCLA), in which H modes can be generated (reproducibly) by injecting radial currents with external electrodes. Our goal in this manuscript is not to describe in
detail the complicated toroidal effects intrinsic to tokamaks, but rather to abstract a basic physical system which
contains the principal features of a confined plasma undergoing anomalous transport and whose behavior can be manipulated by external electrodes in a manner analogous to
the CCT experiments.
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Our model emphasizes the important constraints imposed by external heating and gas fueling of a magnetically
confined device, for the case of slab geometry (but with
toroidal features introduced judiciously). This work is
complementary to other studies6*7of H-mode behavior that
emphasize toroidal geometry, but neglect the fact that the
plasma is externally heated and fueled. In this aspect the
philosophy of the present work parallels the studies of
Hasse and Thyagaraja.’ In order to standardize the model
of anomalous transport we choose the Bohm prescription,
but introduce it at the dynamical drag level, rather than in
the transport coefficient form. Clearly, other anomalous
transport laws’ can also be explored with the model, but
for pedagogical reasons at this time we consider only the
Bohm picture. In fact, by comparing the numerical results
with experimental observations, one can obtain an assessment for how far from Bohm behavior an actual device
operates. Of course, the present consensus” is that the
worldwide tokamak database is consistent with Bohm diffusion.
The major result of this study is that a simple model of
anomalous transport which retains the important external
constraints exhibits the following intrinsic properties:
Ohmic confinement improves with increasing density;
L-mode scaling of confinement depends on heating power
as P-‘$ a transition to H-mode behavior develops when a
poloidal torque is induced by radial currents having a magnitude of roughly 10 A; it reproduces the main features of
H modes observed in the CCT tokamak. In addition, the
model is useful in exploring a variety of interesting properties not yet documented in the laboratory.
The manuscript is organized as follows: Sec. II describes the model equations; Sec. III outlines the method
used in obtaining numerical solutions; Sec. IV discusses the
self-consistent scaling properties under Ohmic conditions;
Sec. V demonstrates the transition of H mode induced by
controlled radial currents; and Sec. VI provides conclusions and identifies critical issues for further investigation,
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external parameter in the problem (as in actual experiments) flows along the z direction and generates a poloidal
field 3, in the y direction given by

&(x)2

2

t

x i,W)dx’,
c f0

where j, is the current density along z. The resulting total
magnetic field B = B,2 + BP9 in general makes a small angle’8(x) with the z axis. Thus, in Eq. (1) we approximate
j,zj,j ; where j,l is the current density along b =B/ 1B 1
and is determined by the Spitzer conductivity (~11
, i.e.,

X

(2)
4 =?I El1 ’
where El, is the parallel component of the inductive electi-ic field generated by an external circuit. Its value can be
obtained from the expression

x=0
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\I,_
8
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FIG. 1. Schematic of model system. It consists of a slab plasma confined
by an external magnetic Aeld that points along the z direction. All quantities [e.g., the density n(x)] vary along the x (radial) direction, with
x=0 the plasma center and x=a the plasma edge. A plasma current flows
along the z direction, thus the total magnetic field B makes an angle B(x)
relative to z, as indicited by the rotated coordinate system shown at the
bottom: The dashed line parallel to the wall at La represents the typical
location of a model electrode that injects a radial current 1, Steady state
in the presence of anomalous radial transport is maintained by cold neutral streams injected at x* fn.

II. MODEL OF OHMIC OPERATION
We introduce here a simple model that describes the
confinement properties of an Ohmically heated system
whose transport f&ows the Bohm prescription. In Sec. V
we expand the model to incorporate the effect of radial
currents injected by external electrodes, and explore the
transition to H mode behavior. To obtain concrete numerical results that can be compared to experimental observations, we use parameters corresponding to the CCT tokamak because it is the paradigm experiment on this topic.
Of course, the model can also be applied to other tokamaks
in which H modes are being studied.
The geometry of the model is illustrated in Fig. 1. A
bounded slab plasma exhibits variations only along the x
direction (radial coordinate in a real device) and is confined by an external magnetic field B, that points along the
z (toroidal) direction. To simplify the numerical computation and make the results easier to understand, we take
the plasma properties to be symmetric about the center,
located at x=0. This assumption does not leave out fundamental physical processes of relevance to this study and
is easy to relax, if more features are desired.
An electrical current whose total magnitude I is a fixed
873
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I
41 “j-; dx’ q (x’) ’

(3)

if the plasma density and temperature profiles are known.
In subsequent discussions of force’balance and flowsL it
is useful to introduce a rotated coordinate system (ii,@,b),
where S=?+~X& as shown at the bottom of Fig. 1. The
subscript 1 denotes the component of a,vector along B and
the subscript 11. the component along b.
Since we limit this study to steady-state operation in
the presence of anomalous transport, it is necessary to describe how the plasma is fueled from the outside. Although
we have also explored fueling by energetic neutral beams
and pellets, we restrict the present discussion to the usual
method of neutral gas fueling at the plasma edge. For this
purpose we utilize a model that consists of low-energy,
cold neutral beams injected at x= *a (the edge) with velocity ug. The neutrals are attenuated as they penetrate into
the plasma according to the effective ionization cross
section’ ’ (for hydrogen)

;(T )_(LTU)=2X10-7m~-R’Te
e

cm3 set -1 ,

6+T/R

(4)

where R is the Rydberg constarit, and T,(x) is the local
electron temperature in eV.
The system is assumed symmetric about x=0, implying that no must be symmetric and ro, antisymmetric.
Physically, this corresponds to having two counterstreaming neutral streams, one from x=a and the other from
x= --a. Denoting the fluxes of neutrals from the sources at
x= f a by ra and the corresponding neutral densities by
IZ* = l?Jvo, it follows that

dr, (x>

-----=-n~(x)n(x)E;[T,(x)l,
dx
where n(x)
ro= l?+ -r-

is the plasma density.
is then given by

The total

sinh[a(x)]

row =ro(d sinh[a(a)]

’

flux

(6)

where
Ramachandran, Morales, and Fried
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cY(x)=

x nF[ TeW) 1
s 0

uo

dx’.

(7)

Similarly, the neutral density no=n+ +nrow cosh[a(x)]
no(x) = -uc sinh[a(a)]

dvex dpe

m&v, x-l-x=

is

It should be emphasized that regardless of the complicated microscopic plasma processes that result in anomalous transport, particle conservation provides a strong constraint on a steady-state system, namely

(8)

for all x. Here, re and Ii refer to the radial electron and
ion fluxes, respectively. From Eq. (6), one can obtain the
radial velocity of the electron and ion populations, i.e.,
u,,i=-ro(x)/n(X),

c+eWx

-vdnme

( )
r0

v,--

n0

.

Neglecting terms in v& and in v~v,, we obtain

*

r,(x) =ri(x) = -ro(x),

ve1B

-en&-en

(9)

once the plasma density profile is known.
The force balance equation for speciess (e= electrons,
i= ions) according to the Braginskii representation, l2 is

enB
&,
-- c Uel -en&---+en~jX=O.
We next transform from (U,,Ui) to the center-of-mass
velocity v and the plasma current j,

v= $
I

m,V,+miVi),

(14)

j=en(Vi-Vv,).

Neglecting small terms due to the mass ratio, this transformation yields, after using Eq. ( 12),

c dp
ve=v---2%.
enBdx
We use this result in Eq. ( 13), to obtain
.

where a scalar pressure ps has been assumed as is consistent
with our treatment of the energy equation. In Eq. (lo), qs
and m, are the charge and mass of species s, R,=eB/mc is
the magnitude of the electron cyclotron frequency, and
vso= nod”( T/m,) I’* is the collision frequency of speciess
with neutrals, where (r/O is the cross section. Also in Eq.
( lo), n= m,vJne2 is the classical resistivity of the plasma
in the &I direction with v,=2.9X lO-%~ilT,~‘~, ,l being
the Coulomb logarithm. The inclusion of anomalous resistivity is discussed later in Eq. (20). As indicated by the
rightmost term in Eq. (lo), the neutrals are assumed to
flow purely in the radial direction.
Summing over species, the f component of Eq. ( 10)
yields
n C msusx%+$=y-n
s

C vams( vsx-z).
s

(11)

Since the radial transport velocities are much smaller than
the perpendicular fluid drifts, the leftmost term of Eq. ( IO)
can be neglected. Except for the case in which high-energy
neutral beams are present, the rightmost term can also be
neglected. Hence, Eq. ( 11) reduces to the familiar magnetohydrodynamic (MHD) force balance in the radial direction,

h B &
-=&
* where p =pe+pi
c

(12)

The radial component of the electron equation (10) is
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This equation indicates that in the absence of plasma rotation, i.e., ul =0, the electric field that develops is such
that the ion population is essentially in a global thermal
equilibrium. In this model, the steady-state electric field
confines ions.
Adding the contributions of electrons and ions in Eq.
(10) along the 6 direction and neglecting terms on the
order of the mass ratio (mJmi) yields
4

minuix-&=

LB

--,-minV~V~+p

6

Vd jl

.

(16)

Here vxI rigorously represents the collision frequency of
ions with neutrals; however, in a more general sense this
term describes any friction that the ion population experiences against a nonrotating medium. For instance, in this
model the friction due to magnetic pumpingI that arises in
an actual tokamak (Stix viscosity) can be introduced at
this stage through vx), Admittedly, this is a toroidal effect,
but is included in the slab model to permit the investigation
of steady-state solutions (in the presence of an applied
torque) that can be compared with experimental observations in toroidal devices. We do not introduce a similar
correction to v& since very little of the momentum is carried by electrons. Thus, the term v& just represents collisions with neutrals.
Equation ( 16) determines the equilibrium (poloidal)
rotation of the plasma. The driving terms (i.e., poloidal
torques) are - j,B/c and (m/e)v& j, with the former
strongly dominating. In the absence of a radial current,
negligible rotation is expected for a symmetric system,
The electron contribution in Eq. ( 10) along the Q direction results in
0=-enE,

+en~+eqejl

n dT,
2 t-heredx ’

3
----
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where El =E, sin 0 is the pinch from E, due to the misalignment of B with B. From the information contained in
Eqs. (12) and (15), one can use Eq. (17) to relate the
gradients of n and T to the radial outflow of particles.
The energy equation is treated simply, as a single species heat-flow equation

The enhanced collisionality is assumed to result in a radial
particle flux given by
T=nv,=-DDgz,

with D,=cT/16eB.
Working backwards from this expression, we can write Eq. (17) in the equivalent form

V*

v d(nT)

where l? is the particle flux defined in Eq. (8), T = T,
+ Ti, K is the heat conductivity, to be discussed later, and
S=j*E+P,,,--PL
is the net power source density, given by local power input
from Ohmic heating and auxiliary heating, Pa,,. Local
losses due to radiative processes and the ionization of neutrals are incorporated in P,.
In this model, the ion temperature is legislated as being
a fixed fraction of the electron temperature. Hence for simplicity we have only one energy equation. In a future study
this feature can also be relaxed without much effort.
The system of equations previously described is sufficient to determine the steady state of the system, provided
suitable boundary conditions are specified. We need two
boundary conditions for the energy equation, one of which
is dTe/dx=O, at x=0.. The other condition on temperature is obtained by requiring that the heat flux that arrives
at the edge of the plasma (through conduction and convection) be lost to the collecting surfaces (e.g., a limiter or
a divertor) via a parallel Bohm sheath. This yields the
following condition
(input

power) - (radiation

losses) = ConETin,
(19)

where nE is the edge density, TE the edge electron temperature, and Co is a constant of proportionality that takes
geometric effects (e.g., flaring of field lines in’s divertor
resulting in adiabatic cooling and reduction in nE) into
account.
The continuity equation (9) yields U, and Uixin terms
of I”0 and n, while the radial force equations ( 12) and (15)
obtain j, and E, in terms of dp/dx. Hence vI and n are
left to be determined. Equation ( 16) is a first-order differential equation for vI and Eq. ( 17) becomes a first-order
differential equation for n when Eq. ( 12) is used to substitute for j, . Thus all the physical quantities can be determined self-consistently from this system of equations once
the boundary conditions for n and vI are specified. We set
vi =0 at the symmetry plane, and the edge density, nE, is
legislated as a machine parameter.
This completes the system of equations, except for the
specification of the anomalous collision frequency, Y,. In
the model equations, this feature is introduced through the
electron-ion collisionality. It is assumed that some microscopic physics results in an enhanced collisionality, which
appears at the macroscopic level in the form of enhanced
momentum transfer between electrons and ions, in the direction @(i.e., it does not affect the Spitzer conductivity).
875
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dn

3 v

dT,

c
.
= -gnE,sm
tj-nv,,
(21)

where v=vei+va with v0=aQ2,. For the case of Bohm diffusion, a=1/16, but one could at this stage introduce
other modifications to the scaling (e.g., gyro-Bohm, etc.).
This anomalous collisionality is also used to describe
the heat conductivity K, which is given by
K=4.7

n T,v

2.
me%

Of course, this implies that heat is transported by particles
and not by waves.

III. NUMERICAL PROCEDURE
The method used to solve the system of equations in
Sec. II consists of recasting them in integral-equation form
and then implementing an iterative procedure. The model
consists of external parameters and other quantities that
are solved for in terms of these parameters. The specified
parameters are the plasma current, major and minor radii,
external magnetic field, neutral particle flux, edge density,
and the wall loading parameter C,. The iteration starts
with initial guesses for n(x) and T(x), and proceeds sequentially as follows.
Equation (6) is used to find the neutral gas profile and
Eq. (9) yields the radial flow velocities. Equation (3) is
used to compute the Ohmic electric field EII -Ez for a
specified total current I, which is used in Eqs. ( 1) and (2)
to obtain jl, , B, and 8. From n(x) and T(x), we construct the pressure p(x), and use the pressure balance
equation (12) to determine ji . At this. point, E,, vI , n(x),
and T(x) are to be determined self-consistently. Equation
( 16) can be used to solve for vI ,

ul= JxIdx’
exp(
- JxIEdxr’)(
-2
+=fJL

+u1 (x0),
(22)
mi Uix en
I
where x,=0 is a good choice since vL (0) =0 due to symmetry considerations. Equation (22) is correct analytically, but yields numerically inaccurate results in the core
region, due to the exponentially small value of viX However, Eq. (22) can also be regarded as a difference equation
that yields v, (x) given vI (x,) at a nearby point x0. For
points x and x0 close to each other, the quantities in the
integral in Eq. (22) can be treated as constant and the
integral evaluated. This yields,
Ramachandran, Morales, and Fried
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v1(x)-u1 (x0)=,--(%4x)(~-~0)~~~
t 1
mel/e0ji
+&yen
il al ) *

TABLE I. Parameters used to simulate the operational environment of
the Continuous Current Tokamak (CCT).
Parameters used by Transport Model

(23)

This difference equation may be easily implemented, and
yields well-behaved results in all cases. Once vI is known,
Eq. ( 15) is used to find E,, leaving only n(x) and T(x) to
be updated.
In the previous steps, Yei has not been used in the calculation. In our model, this quantity includes Coulomb
collisions as well as an anomalous contribution, va. This
anomalous contribution is evamated using the previously
known n(x),T(x),
but with the updated values of the
other quantities.
The existing profiles are used to compute the total input power, which is used in Eq. (19) to solve for T,.
Equation (18) is then integrated subject to dT/dx=O at
x=0 and T= T, at x=u. FinalIy, Eq. (21), which contains the anomalous collision frequency, is used to obtain
the radial density profile. In this equation, the terms on the
right-hand side go to zero at x = 0, automatically enforcing
the symmetry requirement dn/dx=O at x =O. The specification of the edge density n(x=a) then permits this equation to be integrated and thus provides an updated density
profile n(x). To improve convergence, the updated n, T,
and v, profiles are properly weighted to predict the next
values, and the entire procedure is repeated.
The iteration is now complete and a new iteration is
begun, unless the corrections in the density, temperature,
and rotation profiles are smaller than a preset value. For
the results presented here, the profiles are sampled at 101
radial points, with most of the points being near the edge
where the gradients are large. The iterations are continued
until the maximum fractional difference between successive
n, T, and uL profiles is less than 1%. This procedure
yields robust convergence even from rather poor initial
guesses (for example, an H-mode profile as a seed for
L-mode conditions). A typical run requires on the order of
100 iterations. Since the behavior of the system is investigated for parametric dependences, many runs are performed for slightly different parameters. In such cases, the
initial guesses are linearly extrapolated from previous solutions, often yielding convergence within ten iterations.
The numerical scheme yields accurate solutions determined by values of physical parameters specified in slab
geometry. Since we are interested in establishing an absolute quantitative test with the measurements made in the
CCT experiments, we need to translate into equivalent values for a slab model. This procedure is accomplished by
the following rules.
The half-size of the slab plasma along P is made equal
to the minor radius, a. To relate densities to macroscopic
quantities, such as radial current density and total electrode current, the model plasma is considered as having a
length along 2 equal to the toroidal circumference, 2rR,
with R the major radius of the toroidal device. The size of
the model plasma along the jr direction is chosen to be
876

Phys. Fluids B, Vol. 5, No. 3, March 1993

2
Temperature ratio, rJTi
3X IO” cmw3
Edge plasma density, n(a)
50 kA
Plasma current, Ip
Minor radius, (I
40 cm
Major radius, R
200 cm
Toroidal field, B,
3 kG
1
Hydrogen plasma, 2
Quantities determined self-consistently:
4

Tedge,

II+ T,

TE,

Tp

4, 4,

VI > etc.

?ru/2, so that the area of the slab plasma in the (x,y) plane
is &‘, i.e., the same as that in the experiment. This choice
of normalization implies that the wall surface area of the
slab plasma described is 2daR, which is a factor of 2
smaller than that for the toroidal plasma. The main consequence of this discrepancy is that the total radial current
predicted by the model underestimates the equivalent currents in the experiments. Finally, in order to describe the
heat exhaust at the plasma edge, as per Eq. ( 19), in the
numerical results presented we set the parameter
c,= 10-9, so that the equivalent slab plasma can exhaust
60 kW of power at an edge temperature of 20 eV, for the
choice of machine dimensions given in Table I.
IV. CHARACTERISTICS OF OHMIC OPERATION
Next we present the results predicted by the transport
model for Ohmic operation, i.e., no external currents are
injected. The parameters are chosen to simulate the operational environment of the CCT device, and are listed in
Table I. These results define the properties of the zerothorder system from which the H-mode plasma evolves, as is
described in Sec. V.
The self-consistent radial profiles are shown in Fig, 2.
Figure 2(a) displays the plasma density profile (solid
curve) and the neutral density profile (dashed curve). The
noteworthy features are that the plasma density is flat near
the center and follows an approximately parabolic shape
toward the edge, while the neutrals are effectivery depleted
within 15 cm of the plasma edge. Figure 2(b) exhibits the
electron temperature profile (solid curve) and the plasma
potential (dashed curve). For the modest input power used
( = 50 kW), a peak density of 2.3 x lOi cme3 results in a
peak temperature of 85 eV and in a negative potential of
comparable value that confines the ions. These values are
entirely consistent with the plasma parameters attained in
CCT under Ohmic operation. The temperature profile is
roughly parabolic, steepening somewhat toward the edge
in order to make a transition to the edge temperature required to exhaust the plasma heat. The relatively flat temperature profile is a consequence of several factors, including: slab model (i.e., no l/r falloff), small difference
(factor of 4) between peak and edge temperature, and zero
radiated-power conditions. Of course, modification of these
features leads to more centrally peaked profiles.
Ramachandran, Morales, and Fried
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FIG. 3. Dependence of energy contlnement time on central density for
Ohmic conditions. The dashed curve is obtained by increasing the neutral
edge density, and fixing all other control parameters. The solid curve is
obtained when both the edge neutral density and the edge plasma density
are increased, but their ratio is held constant. The absolute values of the
confinement times obtained over this range are consistent with the observed performance of CCT.
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FIG. 2. Self-consistent radial profiles obtained for Ohmic-conditions corresponding to CCT parameters given in Table I. [a) Solid curve is plasma
density and dashed curve is neutral density. (b) Solid curve is electron
temperature and dashed curve is plasma potential.

Next we explore the nontrivial dependence of the energy confinement time rE on peak plasma density for
Ohmic operation. In performing such a study it is important to specify what control parameters are held fixed. Figure 3 displays the results of two studies. The dashed curve
shows the effect on energy confinement when the edge neutral gas density is varied (simulating an increase in gas
pufhng in an experiment), and all other external parameters are held fixed. The energy confinement is observed to
remain essentially lixed with a slight linear dependence on
the central density. The solid curve shows the effect on
energy confinement when both the edge neutral gas density
and the edge plasma density are varied, keeping their ratio
fixed. It is observed that rg increases with increasing n, but
slower (as no.3 for large n) than the optimistic linear improvement associated with Alcator scaling and also exhibited by this model in H mode, as described in Sec. V. It is
worth noting that the monotonic improvement with density appears here as a self-consistent feature of a driven
plasma undergoing anomalous transport. This is to be contrasted to the inverse dependence predicted for undriven
plasmas undergoing transport regulated by Coulomb collisions.
Another issue of interest is the dependence of 7,s on
heating power P for fixed conditions of Ohmic operation.
To simplify this study we select a non-Ohmic heating profile having a Gaussian shape and centered off axis, as indicated by the dashed curve in Fig. 4. For reference we include in Fig. 4 the temperature profile obtained in the

absence of auxiliary power (P,,,=O) and that generated
by the addition of 100 kW of non-Ohmic power (i.e.,
Pa,,/PoH=2). It is evident from Fig. 4 that the temperature is increased throughout the plasma and that the profile
is flatter within 15 cm of the center. From such a result,
together with the density profile, we evaluate the selfconsistent global confinement time for a specified value of
PaUx.The resulting dependence is indicated by the open
symbols in Fig. 5. The solid curve shown corresponds to
the dependence rE ccP-o.6, where P is the total power input. It is interesting that such a dependence is strikingly
similar to various empirical laws used to categorize the
behavior of auxiliary heated tokamaks. Of course, it is reasonable to expect that the exact power-law dependence of
the confinement degradation is not universal but rather it
should be sensitive to the heating location and degree of
localization. To check on this feature we have varied the
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FIG. 4. Effect of auxiliary heating on temperature profile for Ohmic
operation. Dashed curve is the auxiliary heating deposition profile having
an integrated value of 100 kW, i.e., Poux/POH~2.
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face. Clearly, this effect does not exist in a slab system, as
the magnetic surface lies in the (~,.a) plane. However, we
incorporate the ion viscosity in our model through the
quantity v,. Thus the effective ion drag yQ in Eq. (16)
contains the sum of the friction on ions due to neutrals and
the friction on ions due to magnetic pumping. The form of
the friction due to magnetic pumping used here is adapted
from the result obtained by Shaing,14 i.e., we take
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FIG. 5. Dependence of energy confinement time on heating power during
Ohmic operation. The diamonds are the numerical results, and the solid
curve is a fit ~~0: P-O b.

center position of the Gaussian heating pattern (dashed
curve in Fig. 4) over the range of 15-25 cm. The corresponding power-law fit then ranges from -0.52 to -0.60.
We have also changed the width, but no significant deviation from the -0.6 value is found.
V. H-MODE BEHAVIOR
Next we consider the transition from Ohmic operation
to H-mode behavior induced by an externally driven radial
current. In the CCT experiments,5 the current is injected
by an electrode projecting into the plasma from the wall.
The detailed description of this configuration clearly requires a three-dimensional analysis. However, in a tokamak the injected charge spreads rapidly over a magnetic
surface, and only on a much slower time scale does it
migrate radially. Consequently, in the model we replace
the point electrode of the experiment by a distributed current source. The source has zero radiaI extent, and injects
specified numbers of electrons per second per unit area (as
sketched in Fig. 1). This current must necessarily flow
between the electrode and the wall; it results in a voltage
difference that is partly electrostatic, and partly inductive,
i.e,, due to VXB effects.
The presence of the electrode current changes the continuity equation (8), i.e., it is now replaced by
l-,(x) -r&r=

I-i(X) = -To(x),

(24)

where rer. is the electron flux, due to the electrode(s)
inserted into the plasma. For a single electrode located at
x= L, and injecting reo electrons per second per cm2,

reL=r#tx-L),

(25)

where 3Y is the Heaviside function.
The main effect of the radial current is to create a
torque in the 1 direction, enabling the plasma to rotate.
This torque is balanced by an effective drag, due to collisions with neutrals, ion viscosity, and radial mass flow. Ion
viscosity in a tokamak is thought to arise from the variation in the magnetic field strength along a magnetic sura78
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(26)

where b= l/4000 and U,,=O.2Vi are the values chosen for
the numerical cases to be described. The effective ion drag
given by Eq. (26) has the property that for small rotation
velocities it reduces to the Stix viscosity (approximated
here by the ion-ion collision frequency Vii). As ui increases the drag is reduced (associated with a smaller
trapped particle population) as calculated by Shaing.14 For
large velocities we supplement this result with a steep rise
in friction which sets in at rotation velocities comparable to
the ion thermal velocity. It should be noted that this effective drag curve is multivalued, i.e., the same value of vii can
be achieved for different rotation speeds. This implies that
spatial bifurcation of the rotation profile can develop as the
strength of the torque is increased. This feature is illustrated later in the numerical results.
Dropping terms small in the mass ratio, Eq. (16)
yields
ul =-

Jiexp(

- J:

~~x”)~~cz?c’,

(27)

which is a nonlocal equation for the velocity in terms of the
poloidal torque due to the radial current at different radial
positions. The nonlocality in Eq. (27) arises from the convective term minU, du, /dx in Eq. ( 16). For transport
flows that are weak, this term can be neglected compared
to mQUlY~ to obtain a local response
~1 = - j, B/m inv,~c.

(281

This approximation tends to fail if the region of high neutral density overlaps the region of steepest gradients. This
effect can be understood from the radial flow Eq. (6) and
Eq. (8); if the scale length of the uL profile is small the
convective term dominates the localization caused by v,.
This situation occurs in the regions of steep gradients
achieved in the II-mode profiles calculated in this study.
One of the consequencesof the nonlocality of Eq. (27)
is that if two electrodes are used to drive a current from
one radial position to another, the region of strong “shear”
is found to extend well beyond the electrode at larger radius, even though there is no radial current and hence no
poloidal torque there. This effect is illustrated later.
The poloidal Eq. ( 17) is applicable to H-mode studies
and requires no change. The energy equation has a slight
change, due to an additional energy source jFX However,
the power injected by the electrode is small compared to
the Ohmic power input and the profiles are not substantially affected by this effect alone.
Ramachandran, Morales, and Fried
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FIGS. 6. Changes in radial-profiles caused by the injection of a radial
current I, by an electrode located at x= 30 cm, as indicated by the vertical
dashed line. (a) Plasma density profiles for different radial currents in the
range O-20 A. (b) Solid curves are plasma density and dashed curves are
neutral density. The sharp corner (near x=34 cm) seen at 20 A denotes
spatial bifurcation in rotation profiles, as shown in Fig. 8.

We now discuss the consequence of linking the level of
anomalous diffusion va to the rotation velocity. The simple
model used here is
y,=vp

L-+(1-g)%
I
l-5,
()
i ,

UL
vi

where
oa(gJ=

( )I
,

C<l,
!$>I,

(29)

(30)

c is a residual level of anomalous diffusion that remains
even at large rotation velocities and pi is the ion thermal
velocity.
The transition from Ohmic confinement to H-mode
behavior is clearly illustrated by the changes in the plasma
density profile, as shown in Fig. 6(a). The lower density
curve, labeled 0 A in Fig. 6(a), corresponds to Ohmic
operation in the absence of-injected radial currents, as described in Sec. IV. It exhibits a characteristic parabolic
radial dependence with a gentle edge gradient. The other
curves in Fig. 6(a) are-obtained by increasing the value of
the radial current I,. injected by an electrode located. at
x = 30 cm (position indicated by dashes) while holding the
other external control parameters fixed. For values of
Irr< 10 A it is seen that the peak density increases only
slightly, while the profiles change in a self-similar manner.
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This behavior illustrates that an improvement in global
plasma density results smoothly from a reduction of the
anomalous electron drag at the edge. If one were to sample
just one of these intermediate profiles it would not be immediately clear that they are of the H-mode category, although they do exhibit improved confinement. However, a
significant nonlinear response is observed to occur as the
radial current is increased to 10 A and higher. One observes a substantial increase in the peak density and a simultaneous distortion in the radial dependence. The density profiles become essentially flat between the center and
the electrode and develop a large edge gradient. The sharp
corner in the density profile, clearly visible for 15 and 20 A,
signals the development of spatial bifurcation in the rotation profiles. The behavior depicted in Fig. 6(a) shows
strong qualitative and quantitative agreement with the observations in the CCT experiments. The peak density increase and the threshold electrode current required to trigger the transition are indeed quite consistent with the
numbers given in Ref. 5. However, a feature of disagreement is the central flatness, which is seen in other H-mode
experiments [Doublet III”
(DIII-D);
Joint European
TorusI (JET)], but not in CCT.
Figure 6(b) exhibits the behavior of the neutral density profile (dashed curves) accompanying the transition
to H ,mode. Itis seen that as the plasma density profile
(solid curves) evolves into a nearly square profile, the penetration of the neutrals is quenched. In the H-mode regime
the penetration distance is reduced approximately from 15
to 5 cm. Experimentally, of course, this manifests in a
reduced spectroscopic signal, as is well known to workers
in this field.
The spatial dependence of the potential [actually the
quantity 4 defined to be l$!$ dx given by Eq. ( 13)] ‘is
shown in Fig. 7(a) for different values of injected radial
current. Again, the electrode location-is indicated by the
dashed line. It is seen in Fig. 7(a) that in the H mode
(I,=20 A) the potential develops three different scale
lengths. In the interior region (i.e., radii smaller than the
location of the electrode) the gradient is rather gentle
(small core electric field). The potential exhibits a parabolic increase in the region between the electrode and the
bifurcation point and then rises linearly toward the edge.
This last region corresponds to the region of steep density
gradients mentioned previously. All of these features are in
excellent agreement with the measurements reported in
Ref. 5.
Figure 7(b) displays the spatial dependence of the diffusion coefficient for Ohmic (I,=0 A) and H-mode (20
A) operation. The reduction in D between the electrode
location and the plasma edge is a consequence of the selfconsistent implementation of the rules described in Eqs.
(29) and (30). The diffusion decreasesbecause the plasma
rotates between the electrode and the edge. However,
within this region it is evident that D exhibits a spatial
bifurcation, associated with a region of small rotation near
the electrode and a region of large rotation near the edge.
The ‘increases in D for radii smaller than the electrode
Ramachandran, Morales, and Fried
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FIG. 9. Dependence of the poloidal drag force (normalized to Y&Y,)on
the rotation velocity. The velocity profile in Fig. 8 is used to obtain this
figure; each point corresponds to a different x position in Fig. 8. The
points labeled A and B correspond to the equivalent A and B in Fig. 8.

x (cm)
FIG. 7. Changes in the radial potentia1 and diffusion profiles caused by
radial current injected by an electrode located at x= 30 cm (dashed line).
(a) Radial dependence of the potential (actually the voltage difference
including electrostatic and inductive effects) for different radial currents.
Dashed line corresponds to location of electrode. (b) Radial dependence
of diffusion coefficient in Ohmic operation (0 A) and H mode (20 A).
Self-consistent density profiles are shown in Fig. 6.

location are the result of self-consistent rearrangement in
the temperature profile (i.e., D- T).
The radial dependence of the self-consistent rotation
profile (v, ) corresponding to the H mode obtained for
I,=20 A is shown in Fig. 8. It consists essentially of two
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FIG. 8. Radial dependence of rotation velocity induced with 20 A of
radial current injected by an electrode located at x= 30 cm (dashed line).
Self-consistent diffusion coefficient is shown in Fig. 7. Velocity is scaled to
the ion thermal speed 0,. Points A and B correspond to A and B in Fig.
9.
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regions. In the neighborhood of the electrode the velocity
increases with radius but remains relatively low, while
close to the plasma edge a large rotation develops because
the plasma inertia there is small. These dependences are to
be compared with the behavior of D shown in Fig. 7 (b) .
To illustrate the spatial bifurcation phenomenon, Fig,
9 displays the relation between the velocity achieved and
the corresponding drag V( vL )vL (normalized to Vii&) in
the region between the electrode and the edge. The two
sample points A and B correspond to those similarly labeled in Fig. 8. Point A is in the region of low density (low
inertia) and achieves large rotation balanced against a relatively large friction. Point B is in a region of higher density (hence larger inertia) and achieves a small rotation
balanced against a smaller friction than that experienced
by point A. The drag force exhibits a region of decreasing
strength as vL increases, which is inherently unstable and
not accessible in the absence of other effects. However, in
the present environment, the convective term in Eq. (16)
forces the rotation profile to be continuous, hence some
points in the radial profile must be found in this intermediate state in order to connect the regions of low and high
rotation.
It is of interest to determine the dependence of the
confinement times for particle (TV) and energy (TV) on
plasma density in the H-mode state. Again, it is important
to emphasize what is being varied when such a dependence
is studied. In our model this question can be investigated
by holding the fueling constant and increasing the radial
current f, to obtain a self-consistent state, or vice versa.
Figure 10 exhibits the dependence of 7p and TE on central
density as the radial current is varied over the range O-20
A, while holding the fueling constant. It is remarkable that
within the H mode of operation the confinement times
scale linearly with n, Le., the system follows Alcator scaling when the edge transport is suppressed. It should be
noted that in this model the anomalous energy and particle
confinement mechanisms are linked, so both 7p and rE
Ramachandran, Morales, and Fried
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FIG. 10. Dependence of particle, rP and energy, iB confinement times
on central-density in the H-mode state. The behavior is obtained by
increasing the injected radial current while holding the fueling constant.

increase at essentially the same rate in H-mode operation.
In a sense this model describes a “good H mode,” which
could be of value under fusion’7 conditions. Unfortunately,
the observations in H-mode. experiments indicate that
rd~=> 4, which implies that the mechanisms for._ particle
and energy transport become decoupled.* Later on we explore such a scenario.
Another method for investigating the dependence of
confinement time on density consists of increasingthe edge
fueling while holding the injected radial current fixed. In
this approach the concept of the H mode as the analog Of
a “phase transition” becomes quite apparent, as is seen in
Fig. 11. The solid curve corresponds to the monotonic increase in the energy confinement time obtained for purely
Ohmic operation. The open squares indicate two states,
one in Ohmic mode-and the other in H mode, that are
attained by simply turning on and off a radial, Eurrent of 20
A while holding all other external parameters fixed. The
dashed curve connecting the H-mode confinement to the
Ohmic-state confinement is the path followed by the system at a constant radial current of 20 A while increasing
the fueling rate. The essential physics underlying the
dashed curve is that both the inertia and the edge drag of
the system are increased when the external fueling is increased. Since the magnitude of the torque is held fixed this
implies that the velocity is decreased and consequently the
anomalous transport returns to its Ohmic level. It appears
that a state diagram of the type illustrated by Fig. 11 can
be useful for investigating relaxation phenomena associated
with L-H mode transitions.
Another topic of interest is the generation of H-mode
behavior by radial currents that flow between two electrodes. This is a situation that can be explored in the laboratory and it can shed important information on the coupling between magnetic surfaces. In an ideal sense if the
separation between the electrodes is made very small, then
the system simulates the spontaneous rotation process that
may occur in the absence of external drivers, i.e., when the
net torque arises from intrinsic asymmetries. To illustrate
881
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FIG. 11.. State diagram portraying H mode as the analog of a “phase
transition.” It-is obtained by displaying the energy confinement time obtained for a value of self-consistent central density. The solid curve corresponds to the Ohmic state. The point labeled “0” makes a transition to
the H state by the application of a radial current I,=20 A. The H state
makes an abrupt transition to the Ohmic state along the dashed curve as
the external fueling is increased for fixed 1,
*

,I

the characteristic behavior we consider two electrodes, one
located at x= 30 cm (as in the previous figures) and another at x = 34 cm. The current flows from the outer one to
the inner one, hence the torque is localized. The density
profiles ,achieved for different values of the radial current
are shotin-in Fig. 12(a), and they should be compared to
the results for the single electrode in Fig; ii(a),.It is evident
that a ‘steep density gradient develops between the electrodes as the radial current is increased, but the magnitude
of the central density is smaller than that achieved for the
same current with a single electrode. The edge density gradient is not affected significantly by this method of induced
rotation. Figure 13 exhibits the self-consistent rotation profile obtained-for I,=20 A. It is seen that the velocity increases linearly, with. position away from the. inner electrode and that a bifurcation develops before reaching the
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FIG. 12. Radial dependence of density profiles obtained when a radial
current flows, in the range of 0 to 20 A, between two electrodes located at
x= 30 cm and x= 34 cm, as indicated by the dashed lines (to be compared
with the single electrode behavior shown in Fig. 6).
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FIG. 13. Self-consistent rotation profile corresponding to the H mode
obtained with a radial current of 20 A, as shown in Fig. 12. The rotation
velocity is scaled to the ion thermal velocity i&.

outer electrode. It is also evident that a finite rotation develops in the region between the outer electrode and the
edge, where there is no torque present. In this region the
rotation develops due to the nonlocal character of Eq.
(27).
In Sec. IV it has been demonstrated that the application of auxiliary heating to an Ohmic plasma results in an
L-mode confinement time TEa P-o.6. The present section
has illustrated that an H mode develops when a radial
current is injected into an Ohmic plasma in the absence of
auxiliary heating. Therefore, it remains to be explored
what behavior is predicted when a radial current is injected
under L-mode conditions. We return now to single electrode injection, at x= 30 cm, and include auxiliary heating
having the absorption profile shown in Fig. 4 and at a
power level of 100 kW. The resulting electron temperature
profile is shown as the top curve in Fig. 14. For comparison
we also show in Fig. 14 the corresponding profiles for
Ohmic operation and for L mode. It is evident that the
auxiliary-heated H mode generated with I,= 20 A attains a
significant enhancement in the central temperature and
displays a bifurcated edge profile. Presently, no data are
available from CCT to make a comparison with this result.
The dependence of the energy confinement time TE on
the injected radial current is shown in Fig. 15. One curve is
obtained in Ohmic operation, while the other is generated
in the presence of 100 kW of auxiliary heating. The two
different values of the energy confinement times for I,=0
A corresponds to L-mode, and to Ohmic operation. It is
found that when the improvement in particle and energy
are linked (as is done in all previous calculations presented
here), the auxiliary-heated H mode exhibits a better energy
confinement for radial currents larger than 7 A. Unfortunately, it appears that in H-mode experiments the improvement in particle confinement induced by rotation is weakly
linked to the improvement in energy confinement. We can
explore such a feature in our model by retaining the improvement in D given by the rule of Eqs. (29) and (30),
but without implementing it in K. Under such conditions
882

Phys. Fluids B, Vol. 5, No. 3, March 1993

FIG. 14. Radial dependence of electron temperature profiles. The top
curve shows enhanced temperature increase when a radial current of 20 A
is injected in the presence of 100 kW of auxiliary heating. The middle
curve shows the modest heating that is attained in L mode. The bottom
curve is the profile obtained in Ohmic operation. The electrode is located
at x= 30 cm.

the dependence of the particle, rp and energy, rE, confinement times on the injected radial current (without auxiliary power) are shown in Fig. 16. It is clear that for currents larger than 7 A an H-mode confinement regime is
entered, but one in which rp> 3rE for I,> 20 A.
It should be mentioned that we have also investigated
other features of the model not documented here. For instance, we have considered other functional forms for the
dependence of the improvement of the anomalous collision
frequency on vi [as given in Eq. (30)]. While some minor
changes are seen in the profiles, no substantial quantitative
and qualitative differences are found. Hence, we have chosen the simplest version given by Eq. (30).
We have also explored the consequences of relating the
improvement in the anomalous collision frequency to
“shear” in the rotation profile, rather than to the absolute
value of u, . Unfortunately, in all the implementations of
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FIG. IS. Dependence of energy confinement time on radial current injected by a single electrode. One of the curves is obtained when 100 kW
of auxiliary heating is added to an Ohmic plasma. In this model the
improvement in particle and energy confinement are linked.
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FIG. 16. Dependence of particle, 7, and energy, TV confinement times
on radial current injected by a single electrode. In this study the improvement in particle diffusion is not linked to the thermal conductivity;
P-=0 kW.

this concept that we have attempted, we have not been able
to reproduce the observations made in the CCT experiments, not even qualitatively. Thus, we have not presented
here such negative results. It may well be that in the future
other investigators may succeed in implementing an equivalent model study based on “shear” suppression.
VI. DISCUSSION
This study has defined a simple model that isolates the
essential features of a magnetically confined system undergoing anomalous transport, but whose behavior is subjected to the important constraints set by external heating
and fueling. In spite of its simplicity and neglect of fundamental toroidal effects intrinsic to tokamak behavior, it is
found that the model displays nontrivial global features of
the type observed in tokamak experiments. Some of these
are increase in confinement time with density, decrease in
confinement time with heating power according to P-o.6,
and transition to H-mode behavior. These results are obtained without fitting transport coefficients or invoking a
specific microscopic mechanism of anomalous transport.
To benchmark the model, we have focused on the parameters of the CCT device because this is the paradigm
experiment in which the H-mode transition can be controlled by varying the radial current through electrodes
immersed in the plasma. It is found that the model gives a
good quantitative account of the measured global parameters in Ohmic operation, i.e., peak density, peak electron
temperature, and energy confinement time. The model predicts a transition to H-mode behavior at a threshold radial
current near 10 A, which is in good agreement with the
observations. The density enhancement obtained under
such conditions is also reproduced.
From the success and shortcomings exhibited by such
a simple model in explaining experimental results, some
important insight can be gained that is helpful in charting
future research directions. Foremost in our perception is
that constraints set by external heating and fueling, and an
883
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explicit method of edge exhaust must be incorporated in
the description of steady-state, driven confinement. Failure
to include these overwhelming features leads to theoretical
considerations of systems that relax to an isolated equilibrium rather than to the actual driven equilibrium of tokamak experiments.
With regard to the anomalous transport, in this work
we use explicitly the Bohm prescription, but it is introduced at the dynamical level as a poloidal drag between
electrons and ions, so that momentum is conserved. Although this model indeed gives good quantitative results
we do not mean to say that anomalous transport in tokamaks is exactly Bohm diffusion. Our perspective, also corroborated by ongoing experiments in CCT, is that an
anomalous poloidal drag indeed exists, but its microscopic
origin is not yet fully understood. A likely scenario is that
poloidal asymmetries are responsible for the anomalous
electron-ion interaction. From this perspective, the role of
the rotation induced by the radial current is to symmetrize
the poloidal asymmetries and hence to lower the anomalous poloidal drag. This in turn causes a lowering of the
effective particle diffusion coefficient, a feature which we
have modeled in its simplest form, but which deserves a
thorough investigation.
There are also some clear and important failures of the
model in describing the observed H-mode behavior. It predicts that the energy confinement time and the particle
confinement time should increase by the same amount; as
illustrated by Fig. 10. Of course, what is observed in
H-mode experiments, and in CCT most clearly, is that the
increase in 7P is considerably larger than that in 7g From
the structure of the model it is quite clear what is the
implication of this failure. The model considers energy
transport as being just a proportional manifestation of particle transport, i.e., the energy transport is mechanical.
Hence improving particle confinement must necessarily result in a similar improvement in energy confinement. The
implication of this discrepancy is that in the experiments
energy must be transported by nonmechanical processes,
and accordingly its proper description must include timedependent electric fields as the intermediary agent. When
the thermal conductivity is not linked to the reduction in
the anomalous drag, the model yields results, as illustrated
by Fig. 16, that are consistent with the observations.
Another significant disagreement between the model
and the CCT observations pertains to the highly peaked
density profile (reported in Fig. 1 of Ref. 5) obtained under H-mode conditions. For sure, the slab model misses
some radial effects that enhance the profile near the axis,
but it appears that something beyond this feature must be
present in the experiment. It is very suggestive that a nonlocal interaction between the edge rotation and the plasma
core develops. We have explored some aspects of this phenomenon by introducing a reduction of the diffusion coefficient D in the core, but it is found that such a process
alone does not lead to a sharp peak. Our tentative speculation is that some form of refueling of the core region
must be taking place, perhaps due to poloidally asymmetric convection patterns linked to the edge rotation on the
Ramachandran, Morales, and Fried
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outer side of the machine. Further measurements and detailed comparisons with improved models seem highly desirable. Of course, it is also the present consensus” that an
unknown inward pinch must be postulated in order to explain the worldwide database, and not just CCT.
Several exploratory studies performed with the model
suggest some interesting topics for future research. One of
them is the connection between confinement time and selfconsistent density in H mode, which the present model
predicts to follow Alcator scaling, i.e., is it possible that
Alcator scaling itself is a form of H mode due to fueling?
Another is the theoretical exploitation of the concept of H
mode as a “phase-transition,” as suggested by the presentation in Fig. 11. Yet another topic is the study of H modes
induced by multiple electrodes and the nonlocal development of rotation profiles. A very interesting study that
deserves experimentation is the addition of auxiliary heating to H modes controlled by radial currents. In this manner better insight can be gained on the different mechanisms that distinguish between particle and energy
confinement.
In summary, this study has highlighted those physical
features that play an essential role in a steady-state magnetically confined plasma undergoing losses not associated
with Coulomb collisions, and whose behavior can be manipulated by radial currents. From a quantitative comparison with measurements performed in the CCT device, a
useful perspective emerges for future theoretical and experimental investigations of transport phenomena.
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