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A procedure is described for evaluating particle pinches to be used in interpreting particle diffusion
coefficients from measured density and temperature profiles in the edge pedestal of tokamak
plasmas. Application to the interpretation of two DIII-D [J. Luxon, Nucl. Fusion 42, 614 (2002)].
discharges yields new information about particle pinches and particle diffusion coefficient profiles
in the edge pedestal. © 2009 American Institute of Physics. [doi:10.1063/1.3241698]

I. INTRODUCTION

In two-dimensional transport analyses (e.g., Refs. 1-3)
of the edge plasma in tokamaks it is a common practice to
determine a particle diffusion coefficient by fitting the mea-
sured density profile with a diffusive particle flux model,
although sometimes a pinch-diffusive model is used
(e.g., Ref. 4). When a purely diffusive model is used, the
inferred diffusion coefficient is sometimes quite small
(D<0.1 m?/s) in the steep-gradient edge pedestal region.
This raises the question of whether the small inferred diffu-
sion coefficient reflects a reduction in the underlying particle
diffusive transport mechanism (i.e., a transport barrier) or is
an artifact of neglecting an inward pinch in the inference.

Centrally peaked density profiles in edge-fueled tokamak
plasmas have been interpreted as evidence of an inward par-
ticle pinch since the earliest days of tokamak research in
T3.>° The total radial particle flux was represented7 as a
diffusive component plus a convective (pinch) component
I'=-DVn+nVn, and Ware® offered a neoclassical model
for a particle pinch of trapped particles proportional to the
toroidal electric field E,. Values of the pinch velocity in-
ferred from density profiles in ASDEX—Upgrade9 and JET'"
were close to the neoclassical prediction,8 although infer-
ences of the pinch velocity in DII-D," TCV'?, and JET"
without neutral beams were larger than predicted neoclassi-
cally, and large inward pinch velocities were inferred in in-
ductively driven discharges in Tore Supra14 for which Ey
=0. Clearly mechanisms other than the neoclassical Ware
pinch also drive inward pinches in tokamaks, and a variety of
other mechanisms have been suggested—thermal diffusion,'’
polarization electric field ExB drift,'5 poloidal rotation,16 and
turbulence.!” Several authors (e.g., Refs. 18 and 19) have
developed procedures for determining pinch velocities and
diffusion coefficients from experimental data.

We have developed a somewhat different procedure for
inferring the magnitude of the pinch velocity from experi-
mental data. A general expression for the radial particle flux
has been developed20 from the force balance relationship
among the radial particle flux in the plasma edge and the
rotation velocities, radial and toroidal electric fields, external
momentum torques, pressure gradients, etc. This expression
can be interpreted as a “pinch-diffusion” relation for the ra-
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dial particle flux. It was shown? that when experimental
measurements were used to evaluate the various terms mak-
ing up the collection of terms identified as the “pinch veloc-
ity” and the radial particle flux was determined from integra-
tion of the particle continuity equation, that the resulting
values of the pressure gradients could be integrated to ob-
tained density profiles in the edge pedestal of H-mode
DIII-D plasmas that were in agreement with directly mea-
sured values. These observations led to the formal develop-
ment of a generalized diffusion theory21 by substitution of
the pinch-diffusion relation into the continuity equation.

The purposes of this paper are to extend this and other
work to obtain a generalized pinch-diffusion formalism for
the interpretation of particle diffusion coefficients from ex-
perimental measurements of the density profiles and to apply
this formalism to the interpretation of experimental particle
diffusion coefficients in the edge pedestal of a couple of
DIII-D H-mode discharges. First, the relevant formalism for
interpreting particle diffusion in the presence of a particle
pinch is developed, and the evaluation of various terms from
experimental data is discussed in Sec. II. Then this formal-
ism is applied to the interpretation of the particle diffusion
coefficient profiles.

Il. A PINCH-DIFFUSION FORMALISM
FOR THE INTERPRETATION OF EXPERIMENTAL
PARTICLE DIFFUSION COEFFICIENTS

The toroidal and radial components of the momentum
balance equation for ion species j can be written as
A
njmj[(ij + VdJ)V¢j - kad)k] = nJeJE¢ + njejB(,Vrj + M(/)j
(1)
and

V, =\ E +v,B,- P 2)
= — + . - — R

¢ 30 g 0= ¢ n]e] ar

where v,; is the toroidal angular momentum transfer fre-
quency due to viscosity, inertial forces, atomic physics reac-
tions with neutral atoms, and other “anomalous” processes
(justification for representing these processes in this form is
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discussed in Ref. 21), Ef,) is the induced electromagnetic
field, M, is the rate of toroidal momentum deposition due to
neutral beams or other sources, and the other symbols have
their usual meaning. In general, the subscript k represents a
sum over other ion species, but in this paper we consider
only a single other species (i.e., an “ion-impurity” deuterium
plasma with a fully stripped carbon impurity).

Using Eq. (2) to eliminate the toroidal velocities for both
species, Eq. (1) may be rewritten as

(Eng)z p] ar

_ﬁ#(i%)} +V1rii‘nch, (3)

ek(ij+ Vdj) Py or
where
inch 1 A M_@L D7)
Vit = —| — | ¢;Ey+ + (E, +VgBy)
eng }’lj 9
m;v; B
+ _j_ék_(é(vaj_ Vak)]' 4)
0

Equation (3) is a consequence of force balance, of course,
and specifies that the V, X B, force must be balanced by the
sum of a force depending on pressure gradients plus other
forces not depending on pressure gradients. This force bal-
ance must be satisfied for all plasma equilibria over a range
of values for the pressure gradients and other terms involved,
which implies that the radial particle flux must satisfy a gen-
eralized pinch-diffusion relation involving both particle and
thermal diffusion of all ion species in the plasma. We note
that V,; is a physical velocity, the average fluid radial veloc-
ity of the ions of species j, which could in principle be mea-
sured. On the other hand, VE}“Ch is a normalized collection of
forces acting on the ions, but is not a physical velocity.

It may appear that we are not taking full advantage of
the available experimental data since the measured carbon
toroidal velocity does not explicitly appear in Eq. (4). How-
ever, the measured carbon toroidal velocity is employed to
determine v, /j» A8 discussed in Ref. 22 and summarized in the
Appendix.

For our purposes in this paper, which are to infer a par-
ticle diffusion coefficient for the deuterium ions from a mea-
sured density gradient, we consider the above equations for
the case of j=D, the main deuterium ion species, and k=C, a
single fully charged carbon species. For this case, the second
term in the square bracket in Eq. (3) is small compared to the
first term, and this equation can be simplified to the form

1 dp; inch
v, =- Dj<— ) 4 ypinch, 5)
pj ar

where D; represents the collection of terms multiplying the
logarithmic pressure gradient.

If the gradient scale lengths of density L,;=[(1/n))
X(&nj/ar)]‘l and temperature LT]:[(I/T]A)(&TJA/&;’)]‘1 are
known from experiment, and if the radial particle flux n;V,;
can be determined by solving the continuity equation with
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known external and recycling neutral ionization sources,
then Eq. (5) can be used to infer the experimental particle
diffusion coefficient

DexPt — ( V. Vpinch) LzelxzptL;xgpt ( 6)
o=V, -V )
J rj ( szt + LeT;{pt)

provided that Vf}mh can be determined. With reference to Eq.
(4), E‘; can be determined from the measured loop voltage,
M can be calculated for neutral beam injection, and the
carbon poloidal and toroidal rotation velocities and E, are
measured. This leaves the deuterium poloidal rotation veloc-
ity and v,; to be determined. A perturbation procedure for
determining v,; by solving the deuterium and carbon toroidal
momentum equations “backward,” using the measured car-
bon V, is described in Ref. 22 and summarized in the Ap-
pendix. The deuterium poloidal velocity V, must be esti-
mated or calculated. The particular formulation of Eq. (4)
was chosen from among several possible formulations be-
cause the contribution of this unknown V; to the determina-
tion of Vf}mh was estimated numerically to be small. The
possibility (likelihood) of anomalous transport processes is
taken into account in the determination of D;xm from Eq. (6)
and in the determination of v,;; which enters into the deter-
mination of V‘r’j‘-mh.

lll. INTERPRETATION OF PARTICLE DIFFUSION
COEFFICIENTS IN DIlI-D ELMING H-MODE
EDGE PEDESTALS

The interpretive scheme described in Sec. II is used to
analyze transport in the DIII-D edge pedestal. A procedure
for averaging data taken in specific subintervals between
edge localized modes (ELMs) over several consecutive inter-
ELM periods and fitting those data in a form convenient for
analysis has been described in detail in Ref. 23. We have
chosen data taken over the subinterval constituting the last
20% of the inter-ELM interval (i.e., the subinterval just be-
fore the next ELM—the so-called “80-99” subinterval) so
that the effects of the previous ELM will be minimized. Two
DIII-D shots—98889 at about 3960 ms and 119436 at about
3250 ms—were examined. Detailed calculations of the ther-
mal transport interpretation of these shots may be found in
Ref. 23.

A. Shot 98889

For shot 98889 (LSN, R=1.75 m, a=0.62 m, «
=1.755, 6=0.135, B=-2.01 T, I=1.22 MA, gq¢s=4.41,
Pnp=4.9 MW) the fitted values in the edge pedestal for the
experimental density and temperatures are shown in Fig. 1.
The calculated neutral particle density24 is also shown in
Fig. 1.

Fits of the experimental rotational velocities and radial
electric field are shown in Fig. 2. The measured carbon po-
loidal rotation velocities are rather small, varying from a few
hundred to less than a thousand m/s. Note that the sign con-
vention for V, in DIII-D is opposite from the right-hand cur-
rent convention used in the formalism of this paper, so that
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FIG. 1.
98889.

(Color online) Experimental densities and temperatures for shot

the (—) experimental values (down at the outboard mid-
plane) reported for the shot are actually used as (+) values in
the calculation.

The toroidal angular momentum transfer frequencies in-
ferred from the measured carbon rotation velocity, using the
prescriptions in the Appendix, are shown in Fig. 3. Also
shown for comparison is the calculated atomic physics
(charge exchange, elastic scattering, and ionization) contri-
bution for deuterium.

In Fig. 4, VE}“Ch and the various components of the pinch
velocity given by Eq. (4) are shown. The radial electric field
component was dominant in determining of Vp'"Ch in this
shot. The quantity Vp'"Ch is referred to as a pmch” velocity
because it is large and inwardly directed (<0) over the out-
ermost radii (p>0.945), but it is outwardly directed with a
magnitude of about 1 m/s for p<<0.945. With respect to Eq.
(5), the diffusive component Vd'“ must make up the differ-
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FIG. 2. (Color online) Experimental rotation velocities and radial electric
field for shot 98889.
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FIG. 3. (Color online) Experimental momentum transfer frequencies and
atomic c¢-x contribution.

ence between the V,; determined by the continuity equation
and Vp'"Ch. For comparlson, the actual radial velocity
(V >0) calculated from the continuity equation, taking into
account the neutral beam source and the ionization source of
recycling neutrals, is also shown in Fig. 4.

The direct effect of recycling neutrals on the determina-
tion of the diffusion coefficient via Eq. (6)—the increase in
V,; just inside the separatrix determined from the solution of
the continuity equation with a recycling neutral ionization
source—is small compared to the effect of the terms in the
pinch velocity (in particular E,), in this and in the other shot
considered in this paper. Although this interpretation of the
diffusion coefficient from experimental data is a different
matter than predicting the edge density profile, this larger
magnitude of the pinch velocity than the increase in particle
velocity due to neutral recycling is also suggestive of a larger
role for the pinch velocity than for the recycling neutrals in
determining the edge pedestal density profile, which would
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FIG. 4. (Color online) Deuterium radial velocity, pinch velocity, and pinch
velocity components.
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FIG. 5. (Color online) Experimental deuterium particle diffusion coeffi-
cients for 98889.

seem to contradict previous suggestions of the importance of
neutral recycling (e.g., Refs. 25 and 26). We plan to make
some further investigations along these lines.

The friction term vanishes identically because of the as-
sumption Vg =Vg (hidden by the small term due to the E,
and M ). The experimental deuterium diffusion coefficient
interpreted from Eq. (6) is plotted in Fig. 5. For comparison,
the usual “pure diffusion” model interpretation of the diffu-
sion coefficient (D;XP‘:V,]L,U) is also plotted as the “REF”
case. These two interpretations of the diffusion coefficients
clearly lead to very different implications for the radial dis-
tributions of the underlying transport mechanisms. Also
shown for comparison is the diffusion coefficient that would
be interpreted by retaining the pinch velocity but neglecting
the thermal diffusion [D;Xpt=(V,j—V‘r’}"°h)Ln ;1. The pure dif-
fusion model (D;XP‘:V,J»L,U-) overpredicts the diffusion coef-
ficient in the core because it fails to account for the outward
pinch and underpredicts the diffusion coefficient in the steep
gradient region because it fails to account for the large in-
ward pinch.

B. Shot 119436

The fitted values of the experimental density, tempera-
ture, rotation, and electric field data in the edge pedestal for
H-mode shot 119436 (LSN, R=1.77 m, a=0.58 m,
k=1.833, 6=0.44, B=-1.64 T, I=1.02 MA, g95=4.20, and
Pxg=4.3 MW) are shown in Figs. 6 and 7. Note that the
electron density profile is slightly hollow in the core region.

The toroidal angular momentum transfer frequencies in-
ferred from the measured carbon toroidal rotation velocity
are shown in Fig. 8. Also shown for comparison is the
calculated atomic physics (charge exchange, elastic scatter-
ing, and ionization) contribution to the momentum transfer
frequency.

The pinch velocity of Eq. (4) evaluated with the experi-
mental data, using the assumption Vgp=Vye=V5e, is shown
in Fig. 9. Equation (4) was derived from Eq. (1) by using Eq.
(2) to eliminate both the deuterium and carbon toroidal rota-
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FIG. 6. (Color online) Experimental densities and temperatures for shot
119436.

tion velocities. Another form for the pinch velocity which
retains an explicit carbon toroidal rotation velocity depen-
dence can be derived by only using Eq. (2) to eliminate the
deuterium toroidal rotation velocity in Eq. (1) to obtain in-
stead of Eq. (4),

. 1 M.
Vi = —{— e+ 22
o

e ]B ']
mi(vy+ vy)
+ dL;L(Er + ngB¢) - mjijV¢kj| . (7)
0
This form for VP"" evaluated using Vg =V9E and
Vgi=Vap=Vec=Vy!, is also plotted in Fig. 9.

The deuterium particle diffusion coefficients obtained by
using the two different forms for V‘:}“Ch in Eq. (6) are plotted
in Fig. 10. The very small value of the inferred diffusion
coefficient at p=0.86 when Eq. (7) is used to evaluate Vf}nah
occurs because V‘,’j‘.nCh:V,j and is probably due to the ap-
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FIG. 7. (Color online) Experimental rotation velocities and radial electric
field for shot 119436.
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proximation V;=Vgp=Vgc=Vy made in evaluating Vf}“oh.
Note that the conventional form for a purely diffusive par-
ticle flux would yield a negative D;?Xp‘: V,;L,;<0 in the core
where the density profile is hollow (L,;<0).
When Eq. (2) was used in Eq. (1) to obtain Egs. (4) and
(5), an explicit expression was obtained for the diffusion
coefficient in Eq. (5),
Df"p‘ _ mi(vy + vg)T; ®)
(ejB 0)2

This expression is interesting in that it differs from the usual
neoclassical Pfirsh—Schluter expression by adding to the in-
terspecies momentum transfer frequency due to collisions,
(vj) the cross-field momentum transfer frequency (v,;) due
to all other processes to obtain a total momentum transfer
frequency for species j. Anomalous, atomic physics and neo-
classical cross-field momentum transport processes are taken
into account via the determination® of vy; from momentum
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FIG. 9. (Color online) Deuterium radial velocity and pinch velocities for
shot 119436.
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FIG. 10. (Color online) Experimental deuterium particle diffusion coeffi-
cients for shot 119436.

balance using the measured carbon toroidal rotation velocity.
Any other anomalous mechanisms that caused a diffusive
particle flux in principle could be represented by replacing
the classical collision frequency with an effective collision
frequency vj,{f.

The experimental diffusion coefficient of Eq. (8), evalu-
ated with v,; determined from the measured carbon toroidal
velocity and the classical vy, is also plotted in Fig. 10. There
is clearly a dip in the steep gradient region found in inter-
preting the data with Eq. (5) that is not predicted by Eq. (8)
with the classical v;;. On the other hand, the prediction of
Eq. (8) does not depend on the questionable approximation
Vep=Voac= Veo)gt-

Finally, we make some brief remarks on uncertainties
and experiment errors. We have attempted to minimize the
effect of random measurement errors by averaging data for a
particular time interval between ELMs over several similar
inter-ELLM periods and to reduce any systematic experimen-
tal errors (e.g., by using high time-resolution ion temperature
measurements). We examined the calculation for the possi-
bility of numerical errors introduced by, e.g., subtracting
large numbers to obtain small results, and found that this did
not seem to be a problem (e.g., Fig. 4 shows that the sum and
difference of terms leading to the determination of the pinch
velocity are dominated by a single term, and this was also
the case for the other shot).

IV. SUMMARY

Momentum balance among the electrical, VxB, friction,
and pressure gradient forces and the cross-field momentum
transfer and external momentum input requires that the radial
particle flux satisfies a generalized pinch-diffusion relation.
An expression for the pinch velocity can be evaluated using
measured quantities, except for the main ion poloidal veloc-
ity, which must be estimated. This pinch velocity form can
be used together with measured density and temperature pro-
files to infer the ion particle diffusion coefficient in the edge
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pedestal (and in the core). The large inward value of the
pinch velocity in the edge pedestal results in the inference of
a much larger particle diffusion coefficient than is normally
inferred from a purely diffusive model of ion particle trans-
port in the edge pedestal. Experimental and theoretical deter-
mination of the main ion poloidal velocity as well as the
dominant impurity ion poloidal and toroidal velocities are
the principal needs for improvement of this new procedure
for the interpretation of particle transport in tokamak edge
pedestals.
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APPENDIX: INFERENCE OF EXPERIMENT TOROIDAL MOMENTUM TRANSFER FREQUENCIES

The results of the derivation in Ref. 22 are summarized here. Solving Eq. (1) for the momentum transfer frequencies for
the two plasma species j and k, using a perturbation analysis in the assumed small parameter (1-V;/ V), yields to leading

order
- (n]e]E‘A;5+ n]e]BHV,j + M¢1) + (nkekEl;'i' nkekBlerk + M¢k) (Al)
% (nym;+ nygmy) Vf;;{pt
and
neEL+neBgV,. +My)—nmu, VP
(V¢j_v¢k)0=( Ul ik S ol il A ¢J) SN Td) Yk . (A2)
Vljmj(ij+ Vdj)
and to first order
neEA+neBV,+M + v (Vg =V
de:( kel g T D gV i ¢k) KMk k]( &j ¢k)0. (A3)
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