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ABSTRACT

An analytic model for the width of the electron density transport barrier shows qualitative
and quantitative agreement with systematic data obtained in the DI11-D tokamak. The width of
the barrier in H-mode decreases as the pedestal density increases. Moreover, for L—-mode and
H—mode density profiles with the same pedestal density, the gradients of the barriers are of
similar magnitude even though the temperature and pressure gradients are much larger in
H—mode. These results are consistent with the hypothesis that neutral penetration provides

important physics which helps to set the width of the H-mode barrier for the electron density.
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1. INTRODUCTION

Obtaining an understanding of the physics that controls the H-mode pedestal is an important
topic for current H-mode research because the boundary conditions imposed by the H-mode
pedestal have a significant effect on the global confinement of the plasma[l]. Therefore,
accurate predictions of performance in future machines, from either physics-based transport
models or scaling relationships, require an improved understanding of the physics processes
which control the height of the pedestal [2].

There is very good evidence that the maximum attainable pressure gradient at the plasma
edge is limited by MHD stability [3]. Thus, if some understanding of the width of the transport
barrier for pressure could be obtained, then it is reasonable to expect that the height of the
pressure pedestal will be calculable. However, in addition to MHD constraints on the pressure,
there are also transport processes that provide constraints on the edge profiles of temperature and
density [4]. Such constraints might be acting to limit the scale lengths for edge profiles and thus
could be setting the width of the transport barrier. Thus, it is of interest to examine the barrier
formation of individual profiles. For example, the electron density ne obeys the continuity

equation
ong/ot+0 = S Q)

where I is the particle flux and S is the source for the electrons. Because the particle source is
large at the plasma edge, the source may have a significant effect on controlling the shape and
the width of the ne profile in the H-mode transport barrier. More than 20 years ago, Engelhardt
produced a simple analytic solution to the coupled continuity equations for the electrons and
hydrogen atoms which showed that the ne profile should have the functional form of a hyperbolic

tangent (tanh) inside the separatrix [5]. Subsequently, if has been found experimentally that the
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tanh functional form provides avery good fit to the edge ne profile in both L—-mode and H—-mode
profilesin the DII1-D tokamak [6].

More recently, direct measurements of the neutral source have been made in the Alcator
C-Mod tokamak and the results have been compared to solutions of the coupled equations for
electrons and neutrals [7]. The model used in that work predicts that the characteristic width of

the region of steep gradient in the density profileis
Wh = 2,/D/2v; (2

and that the electron density pedestal

Nped = Mo/ 2V4 /DV; )

with v; and ng being the ionization frequency and the neutral density at the boundary of the

confined plasma, D being afixed particle diffusion coefficient and V, being the neutral velocity.

Measurements of v;, a theoretical model for D and the assumption that the neutrals are
uniformly distributed around the plasma were used to show that these expressions gave quite
reasonable agreement with W, and npeq from direct measurements of the electron density profile
in H-mode. These results provide very good evidence that neutral physics is important for
shaping the edge density profile. These measurements have the caveat that a theoretical model
from neoclassical theory was required to evaluate the particle diffusion coefficient. Insofar as
there is no experimentally validated theory for D, the uncertainties in the model estimates for
Whpe are unknown.

There is a complementary way of expressing the solutions for the coupled electron and
neutral atom equations which provides a way to compare experimental values for the width of
the density profile to the model without the need to know the particle diffusion coefficient. This
approach reveals that for a given value of npeg, the theoretical shape for the edge density profile

is determined by the neutral penetration length and does not depend explicitly on the diffusion
coefficient. It can be shown that W, = 2V, / (crvenped) where Vp, is the mean velocity of the
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neutrals, perpendicular to the flux surface, Ve is the electron thermal velocity and o is the cross
section for electron impact ionization. Thus, Wye is the characteristic neutral penetration length
at the plasma edge. Moreover, the result implies that if the height of the density profile is given,
then the shape of the profile is rather well determined. In particular, for afixed ratio of velocities,
Whe U1/npeq, independently of the value of D. This approach shows that direct measurements
of the edge electron density profile can be used to test the neutrals model, independently of the
need to measure the neutral source or to know the particle diffusion coefficient.

The purpose of this paper is to present the model just described. A carefully designed
experiment in DI1I-D has been performed to test the model [8] and the results are presented.
They show that the experimental widths for the density profile exhibit the qualitative decrease
with increasing npeq as predicted by the model. The values of the experimental widths agree with
the model to better than a factor of two, which is the level of accuracy that is expected for the
approach used here. Finally, L-mode and H—mode density profiles with the same value of npeq
have similar shapes, as would be expected from this model. This occurs even though the particle
transport in L—-mode and H—-mode is very different [9]. Thus, these results provide evidence that
neutral penetration physics plays a significant role in setting the width of the electron density

barrier in H-mode.
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2. MODEL

The analytical model used here is an extension of the Engelhardt model [5] and has been
derived elsewhere [10]. The salient features of the model are as follows. The model is a solution
in slab geometry of the coupled particle continuity equations for electrons and hydrogen atoms,
with impurities neglected. The model includes a very simple treatment of the equations on the
open field lines in order to allow for afinite density at the separatrix. Separate particle diffusion
coefficients Dg and D¢ are used in the scrape-off layer (SOL) and core, respectively. The
behavior of neutrals in the SOL is not treated. For the purposes of the analytical model, it is
sufficient to have an estimate of the average velocity of the neutrals at the separatrix and of the
approximate poloidal distribution of the neutrals around the plasma. This latter information is
required because the distance between flux surfaces varies around the plasma and therefore, the
distance that a neutral can penetrate in flux space depends on its poloidal location. Insight for
these issues has been gained from Monte Carlo modeling of neutralsin DI1I-D plasmas[11,12].
For typical densities, the neutrals can be assumed to be equilibrated with the ions by the time
they reach the separatrix. Therefore, the velocity of the neutrals perpendicular to the flux surfaces
is assumed to be V,, = Vi, /2T where Vi, is the thermal velocity of the ions. Further diffusion
of the neutrals into the plasma is ignored. This is considered to be an acceptable approach
because for the moderate temperatures of interest, there is approximately one charge exchange
event per ionization [13] and thus the diffusion will be small. The present version of the model is
valid for temperatures in the approximate range of 0.02-0.3 keV. Monte Carlo modeling [11,12]
and Dy measurements [14] indicate that the neutral source is concentrated near the X—point,
although not necessarily at the X—point.

The solution for the electron density ng is written in terms of X, the perpendicular physical
distance from the LCFS to the location of interest. The neutrals are assumed to enter the plasma

from a localized region on the LCFS that is centered at the poloidal angle 8g and the density
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measurement is made at the poloidal angle
Om, as shown in Fig. 1. Figure 1 also
provides some information from a Monte
Carlo calculation for an H-mode plasmain
DIII-D, athough this discharge had a
somewhat different shape than the shape
used in this study. The calculated neutral

density peaked at the poloidal angle 8¢ and
X 96747.08700 ‘

the FWHM for the neutral spatial
Fig. 1. Equilibrium, for DIl1-D discharge 96747 at

distribution is also shown. In poloidal angle, 3700 ms, showing poloidal angle 6, of measurement
. o along Thomson chord and angle 6, of peak in neutral
the FWHM is about 55°. Because the density, as calculated with Monte Carlo code[17].
] ) FWHM of the neutral density profile is shown by

distance between flux surfaces varies with thickened region at separatrix.

poloidal angle, a geometric function f(8) = (dx/dE)|e is defined where ¢ is a coordinate that
|labels the flux surfaces. The flux expansion factor E = f(8g)/ f(8y,) is the ratio of the distance
between two flux surfaces at the poloidal angle of the particle source and at the poloidal angle

where the measurement is made. In the scrape-off layer (SOL), the solution for the density is

ne(X) = Mersexp(—x/+/Dsty ) @)

where nicfs is the density at the LCFS and 1)) is the average particle lifetime in the SOL [15]. On

the close field lines (x < 0), the solution is

ne(x) = npedtanh[C ~(0Ve/2Vn)Npeg Ex] (5)
with C=0.5sinh-1(U) and U :[\,ﬁDST”cVe/Vn] EnpedDc/Ds where npeq is the asymptotic
density obtained as x — —oo with “ped” meaning "pedestal” and referring to the density obtained

at the top of the transport barrier. Under the assumption that C can be neglected, which is

approximately true for the lower densities of interest, EqQ. (5) can be written as
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ne(X) = r‘pedta”h[ =X/ Wne] (6)
where the width
Whe = 2V /(0VeEnped) (7)

is the characteristic distance for the density to achieve its pedestal value as measured from the
LCFS. Thisdistance is also the neutral penetration length as measured at the particle source, with

E = 1. This approximation reveals the basic relationship that at a fixed poloidal angle and at a
fixed ratio of velocities, Wne U1/Npeq .
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3. RESULTS

For comparisons of the experiment to the model, it is desirable to compare the widths. The
experimental width parameter Wey is defined as 2A where A is obtained from the fit to
tanh[(zSyrn - z) /A] , Z isthe spatial coordinate along which the measurements are performed and
Zgym is a fit parameter. Although the theoretical and experimental functions include the tanh
shape, the functions are not identical. The experimental fits extend the tanh function into the
SOL, whereas the theoretical model truncates the tanh at the separatrix and uses a decaying
exponential in the SOL. The simplest way to compare the model to the experiment under these
conditions is to define a theoretical width Wy, to emulate the width from the experimental fits.
Thus, atheoretical width will be used here where the width is the distance from the points where
the density is 88% of npeg to 12% of npeg. The 88% point is obtained from Eg. (5) and the 12%
point will usually be obtained from Eqg. (4) for the SOL. The evaluation is performed at the
poloidal angle and along the chord of the Thomson scattering laser. The widths determined in
thisway are approximately a factor of two larger than they would be if transformed to the outside
midplane. This procedure provides a reasonable and consistent way to compare the experiment
and the model.

For the comparison of data to the model, nominal values of the free parameters in the model
are estimated from typical experimental conditions. The particle diffusivities Dsand D¢ are taken
as 0.14 and 0.4 m?2/s, based primarily on results from transport modeling. The flux expansion
factor E is estimated to be 2.5 (Fig. 1) from the results of Monte Carlo modeling of fuelling in
DI11-D [12] and from the known measurement location. The edge ion temperature T; is assumed
to be 150 eV and the electron temperature Te is assumed to be T;j/2. Knowing the exact value of
Teisnot critical because the ionization rate varies weakly with Te for the edge temperatures for
which the model is valid. Sensitivity analysis of the full model [8] has confirmed the

implications of Eq. (7). For agiven value of npeq, the theoretical width has almost no dependence
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on the values of the particle diffusion coefficients. Rather, the most influential parameters are the
flux expansion factor E, which affects the width as about 1/E, and the ratio of ion to electron
thermal velocities, which affects the width as approximately /T, /T .

In order to test the model, a careful experiment was done in which npeg Was varied over as
wide a range as possible with gas puffing to raise the density and cryopumping to reduce the
density. One shape, a single-null divertor, was used to obtain the entire data set and it was
carefully chosen to minimize plasma fuelling from any region except the vicinity of the X—point.
Figure 2 isaplot of the measured width of the electron density profile Wex as a function of npeg
with theoretical curves of Wi, overlayed. The experimental data are obtained from the DIII-D
Thomson scattering system [16]. Data plotted as circles were obtained during the H-mode phase
of discharges with plasma current |, = 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 Py
= 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, which temporarily destroy the H-mode
barrier, are eliminated. Most of the H-mode points are in the range Nped = 4-10x1019m—3 and the
widths decrease with increasing npeq. Data plotted as stars, all lying at nped<4x1019m-3, 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.

The full set of data shows the general trend of width decreasing with increasing nped. The
theoretical curves with E = 2 and 3 and with other parameters set to the nominal values discussed
previously, bracket the H-mode data very well, showing that the model qualitatively has good
agreement with the data. The experimental widths for npeg<4x1019m=3, which includes the ohmic,
L—mode and some H—mode data, are less than expected from the theory curves. A possible
explanation for this behavior is that at the lower densities that the neutrals are not fully
equilibrated with the ions and thus do not penetrate as efficiently as predicted. A simple model to
incorporate the effects of the low energy Frank Condon neutrals has been developed and the

model provides reasonable agreement with the low density data. Even if the neutrals are
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Fig. 2. Experimental widths for edge density profile as a 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.
Overlayed curves are widths from model with E set to 2 and 3 and other parameters at nominal values.

equilibrated at the plasma edge, it is possible that the treatment of temperature effects in the
model is too simple to emulate some of the trends in the data. A more thorough test of these
explanations requires calculations with a neutral's code and has not yet been done.

The model presented here should apply equally to L—-mode and H-mode discharges. Thus,
L—mode and H—mode density profiles with the same values of npeg would be expected to have
approximately the same shape. In practice, it is difficult to find such matched discharges because
H—mode densities tend to be higher than L—-mode densities. However, some examples of nearly
equal Nped values in L-mode and H—mode have been found in DI11-D and one example is shown
in Fig. 3. Thisfigure shows that although the edge gradients of electron pressure and temperature
are higher by about an order of magnitude in the H-mode discharge than in the L—mode
discharge, the gradients of the electron density are very similar, differing by ~40%. The widths
of the two density profiles are also similar, with the L—-mode profile having a slightly larger

width than the H—-mode profile. The modest differences in the profiles might be due to the
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particle source being more uniformly distributed around the plasma in the L—mode than the
H-mode plasma a difference which would imply a smaller E in the model. This comparison isin
stark contrast to standard comparisons of L—mode and H—-mode density profiles for which the
gradients differ by about an order of magnitude [8]. In those comparisons, the npeq Values are

also substantially different.

e H-Mode
93045.03701

X L-Mode
93043.01482

19 -3
N, (107 m™)

T T
-0.25 -0.15 -0.05 0.05
(1 - l-IJN)

Fig. 3. Comparison of edge P, T, and n, profiles for L-mode and H—mode (IIO = 1.5 MA) discharges with nearly

equal values of density on pedestal. Data are plotted as function of the normalized poloidal flux function. Dashed
line shows location of LCFS, determined from equilibrium reconstructions. Lines through the data are fits from
TANH function.
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4. CONCLUSIONSAND DISCUSSION

The coupled continuity equations for electrons and hydrogen atoms can be solved with
simple assumptions to show that the width of the steep gradient region of the edge electron
density profile is the characteristic penetration length for neutrals. This simple model is
consistent with several observations from the DIII-D tokamak: 1) the edge density profile in
L—mode and H—mode has the hyperbolic tangent shape; 2) the model successfully predicts that
the width of the steep gradient region decreases as the pedestal value for the density increases;
3) for moderate to high densities, the model predicts the width of the H-mode profiles to better
than a factor of two, the level of accuracy expected for this model; 4) L-mode and H—mode
discharges with approximately equal values for the pedestal density have similar shapes for the
steep gradient region of the density profile. These results strongly suggest that neutral
penetration plays an important role in setting the width of the electron density transport barrier in
H—mode.

Although the role of neutrals has been emphasized here, Egs. ( 2) and (3), presented in
Ref. [7], remain valid of course and show that the width of the density barrier is controlled by
particle transport as well as the atomic physics associated with neutral fueling. The model
presented here goes one step further and shows that there is a canonical shape to the density
profile so that the height and width of the barrier have arelationship that is nearly independent of
transport and depends on the neutral penetration length. Thus, testing of the model is possible
with very poor quantitative knowledge of the particle transport.

An alternate hypothesis to the one presented here is that the steep gradient in the density
profile is due primarily to the shape of the diffusion coefficient and is little influenced by the
particle source. In this view, the diffusion coefficient is small where the gradient is large and
diffusion is large inboard of the steep gradient region. To the extent that heat and particle

transport are linked, this model implies that the inner edges of the temperature and density

GENERAL ATOMICS REPORT GA-A23810 15



ROLE OF NEUTRALSINDENSTY PEDESTAL FORMATION IN DIHI-D R.J. GROEBNER , €t al.

barriers should occur at the same location. There are examples from DIII-D in which the inner
edge of the Te barrier extends further into the core than the inner edge of the ne barrier. These
results appear to be contradict the alternate hypothesis. However, a satisfactory treatment of this

topic requires analysis and data which are beyond the scope of this work and remains an

important topic for future study.

16 GENERAL ATOMICS REPORT GA-A23810



R.J. GROEBNER , €t al. ROLE OF NEUTRALSINDENSTY PEDESTAL FORMATION IN DIHI-D

[1]
[2]
[3]
[4]
[3]
[6]
[7]
[8]

[9]
[10]

[11]
[12]
[13]

[14]
[15]

[16]
[17]

REFERENCES

T.H. Osborne et al., Plasma Phys. Control. Fusion 40, 845 (1998).

J.E. Kinsey et al., Proc. 24th EPS, Berchtesgarten, 111 1081 (1997).

J.R. Ferron, et al., Phys. Plasmas 7, 1976 (2000).

W.M. Stacey, to be published in Phys. Plasmas 8

W. Engelhardt, W. Fenenberg, J. Nucl. Mater. 76-77, 518 (1978).

R.J. Groebner and T.H. Osborne, Phys. Plasmas 5, 1800 (1998).

R.L. Boivin et al., Phys. Plasmas 7, 1919 (2000).

R.J. Groebner et al., “Width of High Density Gradient Region in H-mode Plasmas,” to be
submitted to Phys. Rev. Lett.

R.A. Moyer, et al., Phys. Plasmas 2, 2397 (1995).

M.A. Mahdavi, et al., “High Performance H-mode Plasmas at Densities above the
Greenwald Limit,” 2000 IAEA, accepted for publication in Nucl Fusion (2001).

B.A. Carreras, et al., Phys. Plasmas 5, 2623 (1998).

L.W. Owen, et al, J. of Nucl. Mater. 266-269 (1999) 890.

R.K. Janev, W.D. Langer, K. Evans, Jr, and D.E. Post, Jr, “Elementary Processes in
Hydrogen-Helium Plasmas,” Springer-Verlag, Berlin, 1987.

M.E. Fenstermacher et al, J. of Nucl. Mater. 266-269 (1999) 348.

H. Yokomizo et al., Plasma Physics an d Contr. Nuclear Fusion Research 1982, Vol Il1,
IAEA, Vienna (1983) 173.

T.N. Carlstrom et al., Rev. Sci. Instrum. 63, 4901 (1992).

L.W. Owen, private communications.

GENERAL ATOMICS REPORT GA-A23810 17



R.J. GROEBNER , €t al. ROLE OF NEUTRALSINDENSTY PEDESTAL FORMATION IN DIHI-D

ACKNOWLEDGMENT

The authors thank DII11-D operations and physics staff for support in carrying out the
experiments and appreciate useful discussions with K.H. Burrell, R. Boivin, B. Carreras,
T.L. Rhodes, and G.M. Staebler. They thank W. Stacey for providing a copy of his paper [4]
prior publication and to L. Owen for providing data used in Fig. 1. Thiswork is supported by the
U.S. Department of Energy under Contracts DE-AC03-99ER54463 and W-7405-ENG-48.

GENERAL ATOMICS REPORT GA-A23810 19



