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The various terms in the radial force balance in the edge plasma are evaluated using experimental
data from the low 共L兲 and high 共H兲 confinement phase of a DIII-D 关J. Luxon, Nucl. Fusion 42, 614
共2002兲兴 discharge in order to investigate the differences in the radial force balance among the
several electromagnetic and pressure gradient forces in L-mode and H-mode. The roles of
cross-field toroidal momentum transport and of a radial pinch velocity in determining different
radial particle fluxes in L-mode and H-mode are elucidated. © 2010 American Institute of Physics.
关doi:10.1063/1.3520067兴
I. INTRODUCTION

One of the most visible differences in the data between
low confinement 共L-mode兲 and high confinement 共H-mode兲
tokamak plasmas is the structure of the density and temperature profiles in the plasma edge. In L-mode plasmas, the
density and temperature profiles decrease rather gradually
from the plasma core through the edge to the last closed flux
surface 共LCFS兲, while H-mode plasmas exhibit density and
temperature profiles that are relatively flat from the core out
through much of the plasma edge but then drop sharply just
inside the LCFS, forming as such an “edge pedestal” in the
density and temperature profiles.1,2 If diffusive processes
govern particle 共heat兲 transport, a reduction in particle 共heat兲
diffusion coefficient in the steep-gradient edge pedestal location would be required in order to remove the particle 共heat兲
flux passing out of the core plasma and across the LCFS.
Using the diffusive relationship and measured density gradients, the inferred profiles of particle 共heat兲 diffusion coefficients naturally exhibit a dip in the steep-gradient region,
giving rise to concept of an edge “transport barrier.” However, in some cases,3 the inferred particle diffusion coefficients are quite small 共D Ⰶ 0.1 m2 / s兲, occasionally even
smaller than the inherent neoclassical level, implying that a
purely diffusive representation of the ion radial particle flux
neglects some important phenomena.
The profiles of radial electric field and plasma rotation
velocity are also observed4 to differ between L-mode and
H-mode plasmas. This indicates that the balance between
radial electric, V ⫻ B, and pressure gradient forces must be
different as well in L-mode and H-mode edge pedestals.
We have recently presented5,6 a methodology for the
evaluation of the radial force balance almost entirely from
measured data without resort to theoretical models other than
momentum and particle balance. The derivation of this methodology yields a “pinch-diffusion” relation for the radial particle flux as a natural consequence of momentum balance.
There have been suggestions of a particle pinch since the
earliest days of tokamak research.7 Detailed numerical
modeling8 of DIII-D 共Ref. 9兲 discharges has needed to use a
pinch in order to obtain reasonable agreement with experi1070-664X/2010/17共11兲/112512/7/$30.00

ment, and more recent interpretive calculations10 of DIII-D
have inferred an inward particle flux early in the H-mode
phase. The experimental observation11 of pedestal density
width increasing with time on DIII-D may also be attributed
to an inward pinch. On the theoretical side, at least one welldeveloped transport theory 共paleoclassical兲 predicts3 a pinchdiffusion form for the radial particle flux.
Research on the H-mode plasma edge is an important
topic both because of the scientific challenge of understanding the H-mode pedestal and due to a need to develop improved confidence in predictions of pedestal height in International Thermonuclear Experimental Reactor. The overview
paper12 of the recent 12th International Workshop on
H-Mode Physics and Transport Barriers organized the recent
research into the following categories: 共1兲 scaling of the pedestal width and implications for pedestal width models, including studies of scaling with ⴱ 共e.g., Refs. 13 and 14兲 and
with ␤1/2 共e.g., Refs. 15–18兲; 共2兲 dynamics of pedestals with
Type-I ELMs, including studies of the magnetohydrodynamic
stability limit and time evolution of the edge current density
共e.g., Refs. 19 and 20兲, studies of ELM crashes 共e.g., Refs.
21 and 22兲, studies of ELM recovery 共e.g., Refs. 11, 23, and
24兲, and studies of small and no ELM regimes 共e.g., Refs.
25–28兲; and pedestal transport 共e.g., Ref. 29兲.
The present paper falls into the category of particle
transport in the pedestal, but it also presents a new force
balance interpretation of pedestal structure 共width and
height兲 in the absence of effects due to ELMs. A significant
increase in the edge density gradient and edge density has
long been known to be an important characteristic of the L-H
transition. In the context of purely diffusive particle transport
models, this formation of a density pedestal has been interpreted in terms of a reduction in the diffusion coefficient, i.e.,
as a transport barrier. The present paper uses a pinchdiffusion model for the radial particle flux, as is required by
momentum balance, and evaluates both the diffusion coefficient and pinch velocity from experimental data. It is found
that a large increase in the inward pinch velocity, rather than
a large decrease in diffusion coefficient, characterizes the
H-mode plasma edge relative to the L-mode. The types of
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radial electric field and rotation profiles associated with this
large inward pinch force have long been known experimentally to be characteristic of H-mode but have generally been
interpreted as causing a shear stabilization of turbulence due
to microinstabilities leading to a reduction in the particle
共and heat兲 diffusion coefficient. Thus, this paper presents a
radically new interpretation of the reasons for the observed
differences in L-mode and H-mode edge pedestals.

momentum transfer frequency, which represents the combined effect of viscosity, inertia, atomic physics, and other
“anomalous” processes. Justification for representing the toroidal momentum transfer processes in this form is discussed
in Ref. 30. M  j is the toroidal momentum input, e j refers to
the charge of species j, and the other symbols have their
usual meaning.
Equations 共1兲 and 共2兲 may be combined5,6 to obtain a
pinch-diffusion relation for the main ion radial particle flux,

II. RADIAL FORCE BALANCE, PINCH VELOCITY, AND
DIFFUSION COEFFICIENT

⌫ j ⬅ n jVrj = −

The toroidal and radial momentum balance equations
may be written for any ion species “j,”
n jm j关共 jk + dj兲V j −  jkVk兴 = n je jEA + n je jBVrj + M  j
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is identified as a “velocity pinch,” where f p ⬅ B / B. Thus,
momentum balance requires radial particle transport to be of
a “pinch-diffusive” nature. The external momentum input,
which is a small term in Eq. 共5兲 in the edge, can be calculated from the known beam geometry and power input. The
induced toroidal electric field, which is also a small term, can
be determined from the measured loop voltage. The density,
temperature, radial electric field, and carbon 共k兲 toroidal rotation velocity are measured, and  jk can be calculated using
the measured density and temperature.
Since the deuterium rotation velocities are not measured,
we make use of a perturbation analysis5,6 in which
共V j − Vk兲 is taken as a small parameter to derive expressions, which may be used to evaluate the experimental deuterium 共j兲 and carbon 共k兲 toroidal angular momentum transfer frequencies for the main ions,

dj =

冉

where the diffusion coefficient is

where “k” in general refers to a sum over other ion species.
In this paper, j will refer to deuterium and k to carbon in a
two-species model. The quantity dj is a toroidal angular

Vpinch
⬅
rj

n jD̂ j  p j
+ n jVpinch
rj
pj r

共n je jEA + e jB⌫ j + M  j兲 + 共nkekEA + ekB⌫k + M k兲
共n jm j + nkmk兲Vexp
k
共6兲

and for the carbon impurity ions

dk =

共5兲

共nkekEA + ekB⌫k + M k兲 + n jm j jk共V j − Vk兲0
nkmkVexp
k

,
共7兲

where
共V j − Vk兲0 =

共n je jEA + e jB⌫ j + M  j兲 − n jm jdjVexp
k
共8兲
n jm j共 jk + dj兲

is the first order perturbation estimate of the difference in
deuterium and carbon toroidal rotation velocities. Evaluation
of Eq. 共8兲 using the data for DIII-D discharge 118897 analyzed in this paper reveals that this difference is in fact small
compared to the measured carbon rotation, confirming the
validity of the perturbation analysis.
The values of the radial particle fluxes needed to evaluate these equations were obtained by solving the continuity
equation, using the measured densities and temperatures and
calculated neutral beam and recycling neutral sources, as described in many of our recent papers, e.g., Ref. 10. These
calculations involved global particle and power balances to
determine heat and particle fluxes across the separatrix into
the scrape-off layer, a two-point divertor calculation of the
fluxes of heat and ions to the targets, and a two-dimensional
transport calculation of the neutral atoms recycling from the
divertor targets and chamber wall back across the separatrix
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to fuel the plasma. These calculations were benchmarked to
experimental measurements 共e.g., density and temperature at
the midplane separatrix, radiation from the core and divertor,
and confinement time兲.
Thus, the only quantity in the above equations that cannot be evaluated from measured or otherwise known data is
the deuterium poloidal rotation velocity. A neoclassical
calculation5 predicts that the deuterium and carbon poloidal
rotation velocities in the H-mode phase of the shot examined
in this paper have a similar profile and magnitude, but both
are predicted to be more positive 共or less negative兲 than the
measured carbon poloidal rotation velocity. Other calculations have found a similar result.31–33 However, this result
cannot be generalized because dominance of the poloidal
viscous force over the friction force will cause the two species to rotate in opposite directions, while the dominance of
the friction force over the viscous force will cause the two
species to rotate in the same direction. In fact, a
measurement34 in a DIII-D helium plasma with carbon impurities found the two species to be rotating in opposite directions, and a trace impurity neoclassical calculation34 confirmed this result. In this paper, we will use the measured
carbon poloidal rotation velocity to evaluate the deuterium
poloidal rotation term in the pinch velocity. We believe on
the basis of neoclassical calculations5 that this assumption
may be close to correct, but, in any case, it leads to a conservative lower bound on the magnitude of the pinch velocity, as discussed in Appendix A.
We note that it has been assumed that the logarithmic
gradient of the carbon and deuterium pressures are the same
to reduce Eqs. 共1兲 and 共2兲 to Eqs. 共3兲–共5兲. The observed
experimental carbon to deuterium density ratio is relatively
flat in the edge region, and the collisionality is sufficient that
the carbon and deuterium temperatures should be the same,
so this should be a good approximation for the shot examined in this paper. In cases where this approximation cannot
be made, two coupled pinch-diffusion relations with separate
diffusion coefficients and pinch velocities are obtained for
the carbon and deuterium ions.30
We further note that Eqs. 共3兲–共5兲 are required by momentum balance. This means that the common practice of
implicitly assuming a purely diffusive particle flux 共i.e., using diffusion theory兲 and making an ad hoc choice of diffusion coefficient either to match experimental profiles or
based on some theory for particle transport is generally inconsistent with momentum conservation. First principles
transport theory would enter Eqs. 共3兲–共5兲 via the determination of the angular moment transport frequencies dj and dk,
rather than determining them experimentally, as is done in
this paper.

Phys. Plasmas 17, 112512 共2010兲

FIG. 1. 共Color online兲 Fitted experimental electron density 共Thomson兲 in
shot #118897.

fusion coefficient were evaluated for both the L-mode phase
共1525 ms兲 and the ELM-free H-mode phase 共2140 ms兲 of
DIII-D discharge 118897. We have previously documented10
the experimental time history and calculated particle and
heat fluxes for this discharge. The density and temperature
data and their measurement and fitting are described in Refs.
5 and 10, and the fitted data are given in Figs. 1–6.
The experimental toroidal momentum transfer frequencies inferred for the deuterium main ions by using the measured data to evaluate Eq. 共6兲 are given in Fig. 7. Similar
frequencies were inferred for the carbon impurity ions by
using the measured data to evaluate Eqs. 共7兲 and 共8兲. The
ion-impurity 共D-C兲 collision frequency is also shown in Fig.
7. Clearly, momentum exchange due to cross-field transport
processes 共dj兲 is more important than collisional momentum
exchange 共 jk兲 in the steep-gradient edge pedestal region, but
not in the flattop region, of the plasma edge.

III. EVALUATION OF VPINCH AND D IN THE L-MODE
AND H-MODE PHASES OF A DIII-D DISCHARGE

Discharge #118897 was a conventional H-mode discharge with a long H-mode phase with low heating power to
delay the onset of edge-localized modes 共ELMs兲. The above
expressions for the momentum transfer frequency, the ionimpurity collision frequency, the pinch velocity, and the dif-

FIG. 2. 共Color online兲 Fitted experimental electron temperature 共Thomson兲
in shot #118897.
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FIG. 3. 共Color online兲 Fitted experimental ion temperature 共CER兲 in shot
#118897.

Using these inferred experimental momentum transfer
frequencies and the measured densities and temperatures, the
deuterium particle diffusion coefficients shown in Fig. 8
were evaluated. Whereas the L-mode diffusion coefficient
increased dramatically as the separatrix was approached, the
H-mode diffusion coefficient was almost uniform across the
edge region, excepting an order of 20% dip in the steepgradient region of 0.96⬍  ⬍ 1.0.
Note that it is the interplay of the momentum transfer
and interspecies collision frequencies shown in Fig. 7 and
the temperature profiles shown in Fig. 3 that produced the
dip in the H-mode diffusion coefficient calculated from
Eq. 共4兲 and shown in Fig. 8. The stabilization of
microinstabilities35,36 associated with the strong shearing of
radial electric field and/or poloidal rotation velocity shown in
Figs. 4 and 5 for the H-mode discharge is widely thought to
account for such dips in the particle 共and heat兲 diffusion
coefficients observed in the interpretation of H-mode discharges with diffusive or conductive transport models. Such

FIG. 4. 共Color online兲 Fitted experimental radial electric field 共from carbon
momentum balance兲 in shot #118897.
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FIG. 5. 共Color online兲 Fitted experimental carbon poloidal rotation velocity
共CER兲 in shot #119987. 共The positive toroidal direction is defined as the
direction of the plasma current, and the positive sign of the poloidal velocity
is taken in the right-hand r −  −  system sense. In shot #118897, the positive poloidal direction is down at the outboard midplane.兲

shear stabilization phenomena would enter the interpretive
methodology of this paper through the experimentally inferred momentum transfer frequencies 共dj兲. However, the
H-mode momentum transfer frequency shown in Fig. 7 increases sharply in the steep-gradient region, rather than decreasing as would be expected from shear stabilization of
anomalous transport.
The deuterium pinch velocities evaluated by using measured data in Eq. 共5兲 are plotted in Fig. 9 for the L-mode
phase and in Fig. 10 for the H-mode phase. It is important to
realize that the pinch velocities are normalized forces and
that Eq. 共5兲 is a force balance equation. The contributions of
the individual rotation and radial electric field terms are also
shown. The contributions due to the induced toroidal electric
field 共EA 兲 and to the neutral beam momentum input 共M  j兲
were small. In the L-mode phase of Fig. 9, the Erad and V

FIG. 6. 共Color online兲 Fitted experimental carbon toroidal rotation velocity
共CER兲 in shot #118897.
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FIG. 7. 共Color online兲 Inferred experimental momentum transfer drag frequency and D-C collision frequency in shot #118897.

FIG. 9. 共Color online兲 Inferred experimental pinch velocity in L-mode
phase of shot #118897.

112512-5

IV. DISCUSSION

contributions cancel in the edge pedestal and the radial
“pinch” velocity 共the net combination of electromagnetic
forces兲 is small but outward over the plasma edge 共the net
outward pinch may result from approximations, but the small
magnitude is the important point兲. On the other hand, in the
H-mode phase the electric field has changed signs, and the
Erad and V contributions combine to produce a large inward
pinch velocity 共net electromagnetic force兲 in the edge pedestal.
The net radial particle flux required by radial force balance is given by Eq. 共3兲. There is a large inward net electromagnetic component 共the pinch velocity term兲 in the H-mode
phase. In the L-mode phase, the net electromagnetic force is
smaller 共because of cancellation兲 and outward.

FIG. 8. 共Color online兲 Deuterium diffusion coefficient constructed from
experimental data for shot #118897.

The evaluation of the radial force balance in the edge
plasma using measured data reveals that there is a major
difference in the radial particle pinch between L-mode and
H-mode, in the shot analyzed, that could account for why the
H-mode density profile is dramatically different than the
L-mode profile. This difference in the pinch is related to
differences between L-mode and H-mode in Erad and the
poloidal rotation velocity in the edge plasma. There is a
rather large, inward net electromagnetic force 共inward pinch
velocity兲 in the H-mode phase of the discharge. There is a
much smaller net electromagnetic force 共pinch velocity兲 in
the L-mode phase of the discharge. Thus, the outward pressure gradient forces must be larger in the H-mode phase than
in the L-mode phase in order to satisfy momentum and particle balance constraints. The types of radial electric field and
rotation profiles associated with this large inward pinch force

FIG. 10. 共Color online兲 Inferred experimental pinch velocity in ELM-free
H-mode phase of shot #118897.
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have long been observed4 but have in the past been interpreted in terms of shear stabilization of microinstability turbulence causing a reduction in the transport coefficients. The
results of this paper suggest that it is a large increase in the
inward pinch velocity, rather than a large decrease in diffusion coefficient, that characterizes the H-mode plasma edge
relative to the L-mode. This insight suggests the possibility
that a better understanding of the origin of the edge Erad and
poloidal rotation could lead to ways to control the pinch and
in turn the edge density profile.
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APPENDIX A: EVALUATION OF DEUTERIUM
POLOIDAL ROTATION VELOCITY

In order to evaluate the collection of forces constituting
the pinch velocity, it is necessary to evaluate the deuterium
poloidal rotation velocity, which is not measured. We have
set the deuterium poloidal velocity equal to the measured
carbon poloidal velocity for this purpose in order to obtain a
conservative lower bound on the magnitude of the pinch velocity 共as explained in the following兲, even though there is
theoretical and experimental evidence that the two velocities
may be of different signs and magnitudes under certain conditions.
There are a number of multifluid models for the poloidal
rotation velocity 共many of them summarized in Ref. 31兲, all
based on the poloidal momentum balance but with different
assumptions of which terms must be retained and with different constitutive relations for friction and parallel viscosity
coefficients evaluated from kinetic theory. The lead author
and his colleagues have made numerous calculations of carbon and deuterium poloidal velocities over the years for
models of DIII-D and other plasmas 共e.g., Refs. 31–33兲. Two
general conclusions emerge from these calculations. 共1兲 In
both the edge and the core, when the friction force is much
less than the parallel viscous force, the deuterium and carbon
ions rotate in opposite directions generally with different
magnitudes, but when the friction force is greater than the
viscous force, then both species rotate in the same direction
with similar magnitudes. 共2兲 In the plasma edge, the measured carbon rotation velocity is predicted 共by the models
described in Ref. 31 and the references therein兲 reasonably
well in the flattop region but is significantly overpredicted in
the steep-gradient region, probably indicating that a retarding
torque 共ion orbit loss? or viscous influx from SOL flows?兲
needs to be added to the model.
We note that the measurement of carbon and main ion
poloidal rotation in a D-IIID helium plasma34 共in which both

the main and impurity ion velocities can be measured兲 found
the two species to be rotating in opposite directions. A calculation based on a trace-impurity limit of the Hirshman–
Sigmar model 共see Ref. 31兲, in which the viscosity term was
neglected in the carbon equation, also predicted the two species rotating in different directions. However, these results
cannot be generalized to other shots in DIII-D with different
relative strengths of the parallel viscous and friction forces,
as the calculations in Refs. 31–33 indicate.
For the shot examined in this paper, when the deuterium
poloidal rotation term in the pinch velocity is evaluated using
the measured carbon rotation velocity, its contribution to the
pinch velocity reduces the contribution of the Erad term. If
the calculated deuterium rotation velocity, which is of the
opposite sign, is used instead, the deuterium poloidal rotation
term reinforces the Erad term, leading to a much larger pinch
velocity. Thus, we are left with the options of either 共i兲 surely
underestimating the effect on the pinch velocity by using the
measured carbon velocity to evaluate the deuterium velocity
term in the pinch velocity or 共ii兲 using the calculated deuterium velocity 共perhaps corrected for the difference in the
measured and calculated carbon velocities兲 to evaluate the
pinch velocity, which may significantly under- or overestimate the pinch velocity. We chose the first option in order to
obtain a lower bound on the pinch velocity effect being investigated and to avoid the possibility of widely overestimating the pinch velocity effect.
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