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ABSTRACT

An analytic model, derived from coupled continuity equations for the electron and
neutral deuterium densities, is consistent with many features of edge electron density
profiles in the DIII-D tokamak. For an assumed constant particle diffusion coefficient,
the model shows that particle transport and neutral fueling produce electron and
neutral density profiles that have the same characteristic scale lengths at the plasma
edge. For systematic variations of density in H-mode discharges, the model predicts
that the width of the electron density transport barrier decreases and the maximum
gradient increases, as observed in the experiments. The widths computed from the
model agree quantitatively with the experimental widths for conditions in which the
model is valid. These results support models of transport barrier formation in which
the H-mode particle barrier is driven by the edge particle flux and the width of the
barrier is approximately the neutral penetration length.
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I. INTRODUCTION

A defining characteristic of the high-mode (H-mode) discharge1 is that it exhibits
transport barriers, narrow regions of steep gradients in the temperature, density and pres-
sure profiles, just inside the last closed flux surface of the plasma. Values of the profiles
at the inner edge of these barriers are called the “pedestal” values for those profiles. It is
clear that the confinement of the core plasma in H-mode is correlated with the boundary
conditions set by the pedestal values of pressure or temperature; higher pedestal values
lead to higher core confinement.2,3 Thus, to develop a predictive capability of the per-
formance of H-mode tokamaks, it is necessary to develop a predictive capability for these
pedestal values.

One important problem in developing such a predictive capability is that the physics
that sets the widths of the energy and particle barriers has not been determined.
Mechanisms involving magnetohydrodynamic (MHD) stability, transport and sources of
heat, particles and momentum are all candidates for controlling these widths. However,
self-consistent models based on energy and particle transport equations have predicted
that an edge particle barrier is produced by the large edge particle source with the width
of the transport barrier being approximately equal to the neutral penetration length.4,5

These models raise an obvious question for experimental testing. Is the width of the
transport barrier for the electron density equal to the characteristic penetration length for
neutrals?

The role of neutrals in formation of the edge electron density ne  profile has been
examined in the Alcator C-Mod tokamak6 where measurements of Lα  emission have
been used to determine the neutral deuterium density nn  and the ionization frequency νi
at the edge of the plasma.7 These measurements were used to evaluate model equations
for the characteristic width of the region of steep gradient in the ne  profile

W Dne i= 2 2ν     , (1)

and for the height of the pedestal in the ne  profile

n n V De ped n n i, = 2 2 ν
 
   , (2)

with D  being a fixed particle diffusion coefficient and Vn  being the neutral velocity.
With the assumptions that D  was neoclassical and that the neutrals were uniformly
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distributed around the plasma, it was shown that these expressions gave reasonable
agreement with direct measurements of Wne  and ne ped,  in H-mode.7 These results show
how the shape of the edge ne  profile is determined by a self-consistent solution involving
the particle transport ( D) and the edge fueling process ( nn , νi , Vn ).

The governing equations have been reformulated to develop an analytic model, which
shows that Wne  is equal to the characteristic neutral penetration length at the location of
the source.8 This reformulation has allowed for initial scaling studies of Wne  without the
need to directly measure nn  or D .9 It is the purpose of this paper to show that the model
successfully explains several experimental observations of the edge ne  profile in the
DIII-D10 tokamak. These results provide strong evidence that edge ne  and nn  have the
same characteristic scale lengths and provide a consistent way to understand much
phenomenology related to the edge ne  profile.

The remainder of the paper is organized in the following way. Section II is a
description of the analytic model. Experimental tests of the model are presented in
Section III. These include scaling of the width and maximum gradient of the ne  transport
barrier with ne ped, , quantitative evaluation of the model width and comparison of low-
mode (L-mode) and H-mode density profiles with the same values of ne ped, . Limitations
to the model are presented in Section IV. In particular, it is observed that Wne  sometimes
increases as ne ped,  increases, contrary to the simple predictions of the model. These
observations are correlated with high and rising values for the pedestal ion and electron
temperatures. The transport barrier models, discussed above, imply that there should be a
correlation between the temperature and density barriers.4,5 Section V examines the
relationship between the Te  and ne  barriers. Section VI presents conclusions and a
discussion of the results.
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II.  DESCRIPTION of ANALYTIC MODEL

Fueling at the edge of a tokamak is a complex process and requires the use of fluid or
Monte Carlo codes for the best available modeling.11 However, for purposes of
examining trends in a large number of edge ne  profiles, it is desirable to have an analytic
model that provides sufficient physics to deal with the problem from the last closed flux
surface (LCFS) inwards. The Engelhardt model12 is such a model. It provides analytic
expressions for the edge ne  and nn  profiles in slab geometry with the assumptions that
the particle diffusion coefficient D  and the edge temperatures are constant in space, that
the fueling is entirely from the plasma edge and that there are no impurities. This model
has been recently extended8 to account for a poloidally non-uniform source of neutrals
and for different diffusion coefficients Dc  and Ds  in the core and scrape-off layer,
respectively. The derivation of the model and its assumptions are discussed briefly here.

The actual geometry of the experiment
is shown in Fig. 1. For the analytic model,
the geometry is approximated with a two-
dimensional Cartesian coordinate system
where x  is the physical distance perpen-
dicular to the LCFS and θ , representing
the poloidal angle, is the angular distance
along the LCFS. The parameter ξ  labels
magnetic flux surfaces with ξ = 0  at the
LCFS, ξ < 0  inside the LCFS and ξ > 0
outside the LCFS. For general DIII-D
geometry, the physical distance between
two flux surfaces, near the LCFS, can vary
by nearly an order of magnitude as θ  is
varied from 0 to 2π . For this reason, the
function f dx d( ) /θ ξ=  is defined to pro-
vide mapping between physical and flux
coordinates.

96747.03700

Th
om

so
n

Θm

ΘFWHM

Θ0

Θ = 0

Fig. 1.  Equilibrium, for DIII-D discharge 96747 at
3700 ms, showing poloidal angle θm  of measure-
ment along Thomson chord and angle θ0  of peak
in neutral density, as calculated with Monte Carlo
code. FWHM of the neutral density profile, shown
by thickened region at separatrix, spans about 55°.

Both the electron and neutral densities obey continuity equations of the form
∂ ∂n t S/ + ∇ • =Γ , where t  is time, Γ  is the flux of particles and S  is the particle source
or sink. With the time derivatives taken as zero and the fluxes of electrons and neutrals
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assumed to have the forms Γe eDdn dx= /  and Γn n nn V= , respectively, the continuity
equations, in terms of the flux variable ξ , are

D d n d f n n Sc e n e i( / ) / ( ) ( , ) ( )2 2 2ξ θ ξ θ ξ=    , (3)

V dn d f n n Sn n n e i( / ) / ( ) ( , ) ( )ξ θ ξ θ ξ= −    . (4)

The ionization rate Si  will be approximated asσ i eV  where σ i  is the cross section for
electron impact ionization and Ve  is the electron thermal velocity. In order to obtain a
solution, it is necessary to assume a form for the distribution of nn  in poloidal angle and
to integrate Eqs. (3) and (4) over θ . Guidance for this form is obtained from Monte Carlo
calculations used to obtain neutral density distributions in the DIII-D tokamak.13,14 These
calculations, which have been iterated to match a large number of experimental
measurements, including measurements of the neutral density profile in the divertor
region,15,16 show that the neutral density profile has a very large poloidal asymmetry and
is largest in the vicinity of the divertor. For this reason and to allow for an analytic
solution, the neutral density is assumed to be a delta function centered at angle θ0 . Of
course, the neutral source has a finite poloidal extent. Monte Carlo modeling shows that
the neutral density can have a FWHM of several tens of degrees in poloidal angle as
illustrated in Fig. 1. The real result of using the delta function representation is to restrict
the source of neutrals to a poloidal region that is small compared to the poloidal
circumference of the plasma.

After the integration of Eqs. (3) and (4) over poloidal angle and some algebra, a
differential equation can be produced for ne  in the core:

d n d f V V dn de i e n e
2 2

0
2/ ( )( / )( / )ξ θ σ ξ=    , (5)

which can be integrated to provide a solution. Expressed in terms of the physical distance
x  from the separatrix at an arbitrary poloidal angle of interest (usually the angle of
measurement), the solution is

n x n C V V n Exe e ped i e n ped( ) tanh[ ( / ) ],= − σ 2    , (6)

with ne ped, being the pedestal density as χ → −∞  and E f f m= ( ) / ( )θ θ0  being the ratio
of the distance between two flux surfaces at the poloidal angle of the particle source and
at the poloidal angle of interest θm . The integration constant C  is obtained from
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continuity of ne  and its first derivative with the Yokomizo source-free solution of ne  in
the scrape-off layer (SOL):17

n x n x De e sep s( ) exp( / ), ||= − τ    , (7)

where ne sep,  is the electron density at the separatrix (LCFS) and τ ||  is the average
particle lifetime in the SOL.17 Thus, the integration constant C  is

C U= −0 5 1. sinh ( )    , U D V V En D Ds i e n e ped c s= [ ]τ σ|| ,/ /    , (8)

Equation (6) can be written as

n x n C xe e ped ne( ) tanh[ / ],= − ∆     . (9)

Under the assumption that C  is small, which is a good assumption for typical densities,
Eq. (9) shows that

∆ne n e e pedV V En= 2 /( ),σ     , (10)

is the characteristic distance for the density to achieve its pedestal value as measured
from the LCFS. Furthermore, an equation for nn  can be derived in the core:

n x D V n C xn c n e ped ne ne( ) ( / )( / )sec [ / ],= −∆ ∆h2     . (11)

Strictly speaking, Eq. (11) is only valid near the source, where θ θm = 0 . Inspection of
Eqs (9) and (11) show that at that location, both the electron and neutral density profiles
have the same characteristic scale length, 2V V nn e e ped/( ),σ , as measured from the LCFS.

There are some important limitations to the model. The model cannot be applied to
phenomena with rapid temporal variations, such as an edge-localized mode (ELM). It is
expected that an equilibrium between ne  and nn  is achieved within a few ms after an
ELM event. It is assumed, as has been found in Monte Carlo calculations, that the neu-
trals which arrive at the LCFS are in equilibrium with the ions. Thus, the mean inward
velocity for the neutrals Vn  is calculated from the edge ion temperature.9 The model is
designed primarily for a temperature range of about 0.02 to 0.3 keV, a range over which
the ionization and charge exchange cross sections show a relatively small variation. The
model cannot account for diffusion of neutrals due to multiple charge exchange events.
This assumption should be valid in the temperature range of interest. However, for higher
temperatures, the assumption will be violated. Finally, the model ignores fueling from
core sources. This is a good assumption for typical H-mode discharges in DIII-D for
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which the edge fueling exceeds fueling from the neutral beams by at least an order of
magnitude.
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III.  EXPERIMENTAL TESTS of ANALYTIC MODEL

The analytic model is consistent with a number of experimental observations and
tests. These will be discussed in the following subsections.

A.  SHAPE OF ELECTRON DENSITY PROFILES

As has been documented elsewhere, the tanh functional shape provides a good fit to
edge density profiles in DIII-D for both L-mode and H-mode discharges.18,19 This shape
is found to routinely be a good parameterization for hundreds of electron density profiles
obtained with the DIII-D Thomson scattering system20 on nearly all plasma discharges.
As Eq. (9) shows, the model predicts that the edge ne  has the tanh shape inside the
LCFS. Thus, the model predicts the observed shape for both L-mode and H-mode
discharges.

B.  SCALING OF WIDTH VS PEDESTAL HEIGHT

Equation (10) provides a testable expression for the width of the ne  transport barrier.
For a set of data in which the fueling location is maintained approximately constant and
the ratio of the ion to electron temperatures does not vary too dramatically, Eq. (10) pre-
dicts the inverse relationship ∆ne e pedn  α 1/ , . An experiment has been performed to
achieve these conditions and this inverse relationship was observed by comparison of the
measured widths of the ne  transport barrier to the theoretical widths.

There is a complication in comparing the widths. The experimental width parameter
Wex  is defined as 2 ∆  where ∆ is obtained from fitting experimental density profiles
from the Thomson system to a function with the shape parameter tanh[( ) / ]z zsym − ∆ ,
where z  is the spatial coordinate along which the measurements are performed and zsym
is a fit parameter.19 This fit is performed over data outside as well as inside the LCFS. In
contrast, the model function truncates the tanh at the separatrix and uses a decaying
exponential in the scrape-off layer (SOL). Thus, the experimental and theoretical width
parameters have somewhat different meanings. In order to overcome this problem, a
theoretical width Wth  has been defined to emulate the width from the experimental fits.
Wth  is the distance over which the model density varies from 88% of ne ped,  to 12% of
ne ped, . The evaluation is performed along the chord of the Thomson scattering mea-
surement (Fig. 1); widths measured in this way typically have twice the value they would
have if projected to the outside midplane, due to the variation in flux surface expansion
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along the plasma boundary. This procedure provides a reasonable and consistent way to
compare the experiment and the model.

Figure 2 shows a comparison of the experimental and theoretical widths Wex  and Wth
for a systematic experiment in DIII-D in which the plasma shape was adjusted to main-
tain large gaps between the LCFS and the walls in order to ensure that the fueling was
primarily from the divertor region. The pedestal density ne ped,  was varied over as large a
range as possible with gas-puffing to increase the density and cryopumping to reduce the
density. Edge temperatures were sufficiently low so that the model is expected to be
applicable. Data plotted as circles were obtained during the H-mode phase of discharges
with plasma current Ip  = 1.2 MA (with some points obtained late in the current ramp to
1.2 MA), toroidal magnetic field BT  = 1.5–2.1 T and the neutral beam heating power
Pb  = 0.8–7.4 MW. The data are averaged over 100 or 300 ms, and each point represents
multiple individual measurements. Data obtained during ELMs are eliminated. Most of
the H-mode points are in the range ne,ped = − × −4 10 1019 3m  and the widths decrease
with increasing ne ped, . Data plotted as stars, all lying at ne,ped ≤ × −2 1019 3m , were
obtained from the Ohmic and L-mode phases of a subset of these discharges with many
of the points obtained during the current ramp to 1.2 MA.

There is a general over-all trend of the widths to decrease with increasing ne ped,  as
qualitatively expected from the model. A more careful comparison with the model is
shown by the curve for Wth  which is plotted over the data. Wth  is obtained by using typi-
cal edge parameters in the model
equations. Dc  and Ds  are taken as
0.14 and 0.4 m2/s the edge ion tem-
perature Ti  is assumed to 150 eV
and the electron temperature Te  is
assumed to be Ti 2 . From calcula-
tions by the UEDGE code21 of the
poloidal neutral distribution in typi-
cal DIII-D discharges, the flux ex-
pansion parameter E is found to be
in the range 3–4 at the location of
the Thomson scattering system. In
these calculations, E  is defined as
s sΓ Γm( ) where s  is the separa-

tion of two flux surfaces at the
plasma edge, sm is the separation at
the location of measurement, Γ  is
the particle flux at the plasma edge
and  means flux surface average.
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Fig. 2.  Experimental widths Wex  for edge density profile
as function of pedestal density. Data with circles are from
H-mode phase of discharges and data with stars are from
Ohmic and L-mode phase of a subset of the discharges.
Solid curve is width from model Wth  with parameters at
nominal values. Dashed curve is width from version of
model which includes Frank-Condon neutrals. Model
parameters are Ds m s= −0 4 2. , Dc m s= 0 14 2. , E  =
2.5, Te  = 75 eV, T Ti e= 2 .
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The slightly smaller value for E  of 2.5 is used in the figure and the resulting model curve
agrees well with the H-mode data in magnitude and trend for densities in the range of
interest, ne,ped ≥ × −4 1019 3m . These results are a major success of the model.

However, for ne,ped ≤ × −4 1019 3m , the experimental widths are clearly less than
those predicted by the simple model. The simplest explanation is that energies of the edge
neutrals are less than expected in the model and thus the validity of the model is ques-
tionable. At these low densities, it is plausible that neutrals arriving at the edge are not
fully equilibrated with the ions and do not have the penetrating ability assumed in the
model. For these purposes, the model has been extended in a very simple way to accom-
modate the role of Frank-Condon neutrals.22 The results of this revised model, shown by
the curve labeled Wth

FC  in Fig. 2 show good qualitative and quantitative agreement with
the low density data. These results serve to show a limitation of the simple model.

C. SCALING OF DENSITY GRADIENT VS PEDESTAL HEIGHT

It is fruitful to examine the maximum density gradient max( )−∇ ne  at the plasma
edge. From Eq. (9), it can be shown that the maximum gradient from the model is
max( )−∇ ne th  = ne ped ne, ∆ , which implies that the maximum gradient is proportional to
ne ped,

2 . The maximum gradient from the experiment max( )−∇ ne ex  is easily calculated
from the fit of the tanh function to the
experimental density data and is shown
in Fig. 3. The data are from the set of
H-mode data used in Fig. 2. It is clear
that the experimental gradient in-
creases approximately as ne ped,

2 , as
predicted by the model. This way of
examining the data avoids difficulties
associated with the study of the widths,
because part of the width measured by
both Wth  and Wex  comes from outside
the LCFS, whereas the true width of
interest, ∆ne , is that portion of the
width which lies inside the LCFS only.
The gradients shown in Fig. 3 would
be approximately twice as large, if pro-
jected to the outboard midplane.
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Fig. 3.  Experimental values for −( )∂ ∂n ze max
 as

function of pedestal density. Data with circles are
from H-mode phase of discharges and data with stars
are from Ohmic and L-mode phase of a subset of the
discharges. Dashed curve is a function proportional to
ne ped,

2 , normalized to pass through the data.
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D. L-MODE AND H-MODE PROFILES WITH SAME PEDESTAL VALUE

The model makes no distinction be-
tween L-mode and H-mode. Thus, if
L-mode and H-mode profiles can be found
with the same values of ne ped, , it is ex-
pected that their shapes should be quite
similar. Figure 4 shows an example of
L-mode and H-mode ne  profiles for which
ne ped,  was matched in two very similar
discharges through use of gas-puffing to
increase the L-mode density. The Te  and
Pe  profiles are also shown, and they
demonstrate that there was a very marked
change in transport between the two slices
because the gradients in Te  and Pe  are
larger by about an order of magnitude in
H-mode than in L-mode. Despite this large
change in transport, the two density pro-
files have very similar shapes, as expected
from the model. In particular, the distance
from the LCFS to the top of the pedestal is
about the same for both of the ne  profiles.

15

10

5

0

1

0

3

0
–0.25 –0.15 –0.05 0.05

Pe (kPa)

Te (keV)

ne (1019 m–3)

H–Mode
93045.03701

L–Mode
93043.01482

(1 – ψN)

(a)

(b)

(c)

Fig. 4.  Comparison of edge (a) Pe , (b) Te  and
(c) ne profiles for L-mode and H-mode ( Ip  =
1.5 MA) discharges with nearly equal values of
density on pedestal. Data are plotted as functions of
the normalized poloidal flux function. Dashed line
shows location of LCFS, determined from equilib-
rium reconstructions. Lines through the data are fits
from TANH function.

The minor differences in profiles that are observed can be explained as due to changes
in transport between L-mode and H-mode, as demonstrated in Fig. 5. This figure shows
the two experimental density profiles plotted side by side with two density profiles
computed from the model. The model parameters are identical for both cases except that
transport coefficients have been increased by a factor of ten for the dashed profile. The
effect of this change is to increase the separatrix density for the profile with higher
transport. This result is qualitatively consistent with the higher separatrix density of the
L-mode experimental profile relative to the H-mode profile. Nevertheless, the differences
in shape are small compared to the order of magnitude changes in the density gradient
that are normally observed across an L-H transition. Even though the shape is
independent of transport to lowest order, the underlying dynamics are not. Certainly the
particle transport was higher in L-mode than in H-mode and it took a significantly larger
particle source in L-mode to match the H-mode ne ped, , as shown by Eq, (2).
Experimentally, the increased particle source was manifested as a larger gas puff in
L-mode than in H-mode.
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Fig. 5.  Comparison of ne profiles with same ne ped, . (a) Experimental L-mode (squares
plus dashed line) and H-mode (circles plus solid line) profiles shown as functions of
poloidal flux. (b) ne profiles computed from model and plotted versus normalized
physical distance. Model parameters for solid curve are same as for Fig. 2. Model
parameters for dashed curve are same as for solid curve except that Ds  and Dc  are
increased by a factor of ten.
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IV.  TEMPERATURE LIMITATIONS  OF ANALYTIC MODEL

The analysis presented so far
suggests that any measure of the
width of the steep gradient region
routinely decreases as ne ped,
increases. However, as has been
noted elsewhere18 and is illustrated
in Fig. 6, examples have been found
in which the opposite trend is
observed. The experimental values
Wex

ne  and Wex
Te  for the widths of the

steep gradient regions of both ne  and
Te  increase during the ELM-free
phase of the discharge; in addition,
ne ped,  increases substantially during
the same time. Figure 7, a plot of
typical profiles from this discharge,
shows that a significant part of width
measured by Wex

ne  is outside the

       0.75

0.80

0.85 ne barrier Te barrier

       0
4

8 ne, ped

       0.00
0.75
1.50

Te, ped

Ti, ped

1400
Time (ms)

1500
(k

eV
)

(1
019

 m
–3

)
Z 

(m
)

1600 1700 1800 1900 2000

Discharge 87085

0
1
3 Dα

Fig. 6.  Discharge 87085 shows widths of Te  and ne
profiles increasing as ne ped,  increased during ELM-free
phase of discharge (1435–1815 ms). (a) Widths from fits
to data for both Te  (dashed curve) and ne (solid curve)
increase during ELM-free phase. (b) ne ped,  increases
with time during ELM-free phase; (c) pedestal values for
Te  and Ti  increase with time during ELM-free phase;
(d) divertor Dα signal.

LCFS. However, there is little doubt that the width of the steep gradient portion of the ne
profile which lies inside the LCFS is increasing with time. In fact, the inner edges of the
steep gradient regions of the both ne  and Te  are nearly identical and are both moving
with time. Thus, Wex

Te  is a good measure for the behavior of the density width inside the
LCFS.

Discharges in which this phenomenon is observed are correlated with high and rising
pedestal temperatures. Both the ion and electron pedestal temperatures rise from 0.5 to
1.0 keV during the ELM-free phase in Fig. 6. These high pedestal temperatures indicate
that the temperatures at the LCFS, particularly for the ions, are also high. Thus, the
reason that the model does not predict this behavior may well be related to inadequate
treatment of temperature effects for temperatures above several hundred eV. In that
temperature range, the rate of ionization slowly decreases and the rate of charge exchange
increases as temperature is increased. Thus, neutral transport due to multiple charge
exchange effects may be an important process and would give deeper penetration of the
neutrals than is accommodated in the model.
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Fig. 7.  Experimental (a) ne, (b) Te  and (c) Pe  H-mode profiles, with fits from tanh
function overlaid, for discharge 87085 at 1625 ms. Data are shown as function of distance
along Thomson chord. Inner edges of steep gradient regions of ne and Te  are almost
identical, as shown by dashed lines. Dashed line at 0.81 m shows location of LCFS,
determined from equilibrium reconstruction.
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V.  RELATION BETWEEN TEMPERATURE
AND DENSITY BARRIERS

If the edge particle flux is the main driver for the H-mode transport barrier, as
proposed by the theories under study,4,5 then the temperature barrier should penetrate as
far into the plasma as the density barrier. In fact, due to the role of the core heat source,
the temperature barrier might extend slightly further into plasma than the density barrier.
The theories do not provide quantitative predictions on this issue.

Experimentally, it is often observed that the inner edges of the ne  and Te  barriers are
nearly identical. For example, as the barriers grew wider in the discharge shown in
Fig. 6,the inner edges of the ne  and Te  barriers propagated together into the plasma. This
observation is illustrated for a specific set the inner edges of the ne  and Te  barriers
propagated together into the plasma. This observation is illustrated for a specific set of
profiles in Fig. 7. The locations of the inner edges of the ne  and Te  barriers, as
determined from the tanhfit, are essentially identical. This behavior is qualitatively
consistent with the transport models. There
are also many examples in which the Te
barrier extends somewhat further into the
plasma than the ne  barrier. Evidence for
this is presented in Fig. 8, which is
produced from the data set used in Fig. 2.
This figure shows the ratio of the
experimental widths for the Te  and ne
barriers. For many data, this ratio is larger
than one, indicating that the Te  barrier
extends further into the plasma than the ne
barrier. This behavior is confirmed by an
examination of typical profiles from the
data set. Figure 9 clearly shows that the Te
barrier extends further into the plasma than
the ne  barrier.

4 6 8 10
Pedestal Density (1019 m–3)

0

1

2

3

4

5

W
Te

 / 
W

ne

Fig. 8.  Ratio of width of Te  barrier to width of ne
barrier as function of ne ped, .
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Fig. 9.  Experimental (a) ne, (b) Te  and (c) Pe  H-mode profiles, with fits from tanh
function overlaid, for discharge 106012 at 1585 ms. Data are shown as function of
distance along Thomson chord. Inner edges of steep gradient regions of ne and Te  are
different, with Te  barrier extending further into core than ne barrier. Dashed line at
0.77 m shows location of LCFS, determined from equilibrium reconstruction.
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VI.   CONCLUSIONS AND DISCUSSION

Understanding the physics which controls the pedestal values for the temperature,
density and pressure profiles is important for obtaining a predictive capability for core
confinement in present and future tokamaks. Motivated by theoretical models which
suggest that the H-mode particle barrier is produced primarily by the edge particle flux
and that the width of the barrier is the characteristic neutral penetration length, this paper
has examined the physics of edge electron density profiles in the DIII-D tokamak. The
Engelhardt analytic model for edge ne  and nn  profiles has been extended to allow for a
localized neutral source and for different particle diffusion coefficients inside and outside
the LCFS.

Despite the fact that the model cannot treat the full complexity of the problem, it
passes several experimental tests:  1) both L-mode and H-mode profiles exhibit the
characteristic tanh shape predicted by the model; 2) the model successfully predicts the
decrease of the width of the ne  transport barrier as the pedestal density is increased;
3) the model quantitatively predicts the width of the transport in the range of validity of
the model; 4) the maximum density gradient increases approximately as ne ped,

2 , as
predicted; 5) for the same values of ne ped, , both L-mode and H-mode density profiles
have very similar shapes, as expected from the model. The only significant failure of the
model has been that it does not predict an increase of the width of the density transport
barrier with ne ped,  that is observed at high pedestal temperature. This failure is attributed
to the inability of the model to compute neutral diffusion due to multiple charge exchange
events. If this interpretation is correct, it implies that neutral physics could provide a
mechanism whereby the barrier width increases as the ion temperature, and therefore the
neutral penetration, increases.

Thus, the model contains enough physics to provide a consistent and useful picture of
the physics for formation of the density pedestal when used within its region of
applicability. It shows that the edge density profile results from a self-consistent solution
between the particle transport and the characteristics of the fueling process. In the region
where the fueling occurs, the resulting ne  profile has a characteristic length scale that is
essentially the same as the characteristic neutral penetration length.

The theories of transport barrier formation that have been discussed here imply that
the region of improved H-mode confinement is determined primarily by the edge particle
source. The experimental results presented here are consistent with the theories on this
point. The theories also imply that the barrier for temperature should be strongly
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controlled by the particle source but that the heat source could pull this barrier somewhat
further into the plasma than the density barrier. The experimental results are generally
consistent with this picture. The inner edge of the Te  barrier tends to be very close to or
slightly inboard of the ne  barrier. The theories discussed here are not sufficiently
quantitative on this issue to allow a more definitive experimental test ata this time.
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