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ABSTRACT

Several previous analytic models of the tokamak edge density pedestal have been based on
diffusive transport of plasma plus free-streaming of neutrals. This latter neutral model includes
only the effect of ionization and neglects charge exchange. The present work models the edge
density pedestal using diffusive transport for both the plasma and the neutrals. In contrast to the
free-streaming model, a diffusion model for the neutrals includes the effect of both charge
exchange and ionization and is valid when charge exchange is the dominant interaction.
Surprisingly, the functional forms for the electron and neutral density profiles from the present
calculation are identical to the results of the previous analytic models. There are some
differences in the detailed definition of various parameters in the solution. For experimentally
relevant cases where ionization and charge exchange rate are comparable, both models predict

approximately the same width for the edge density pedestal.
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Experimental observations [1-3] and theoretical modeling [4] both show that the
H (high)-mode pedestal parameters in tokamak discharges have a substantial impact on the
performance of the core plasma. Accordingly, developing a predictive understanding of the
pedestal parameters is quite important. Recent work on the edge density pedestal indicates that
the transport of neutral hydrogen plays a significant role in determining the shape of the edge
density profile [5-7]. Utilizing a simple, free-streaming model of the neutral penetration [8-10],
the width of the steep gradient region at the plasma edge is predicted to be the ionization mean
free path for neutrals. The results of this simple model compare quite favorably with
experimental measurements of this width and with experimental measurements of the maximum
density gradient at the plasma edge [6, 7]. The agreement strongly suggests that atomic physics
is important in the physics of the edge density pedestal. The results of the much more elaborate
UEDGE code also agree reasonably well with the experimental results [11], again supporting the
importance of the atomic physics of hydrogen neutrals in setting the width of the edge density
pedestal.

Although the agreement of the UEDGE results with the simpler analytic model is heartening,
this agreement actually poses a significant physics puzzle. The neutral model included in
UEDGE is a diffusion model [12]; diffusion models for neutral transport are valid when charge
exchange events are much more frequent than ionization events [13-15]. However, the free-
streaming model presented in Refs. [8-10] includes only the effect of ionization and completely
neglects charge exchange. As is shown in Fig. 1, for the experimentally relevant case of a
deuterium plasma, the charge exchange reaction rate is always comparable to or greater than the
electron impaction ionization rate for the usual experimental conditions where the ion
temperature is greater than or equal to the electron temperature. Since charge exchange is the
dominant atomic physic interaction for deuterons, how is it that a model which neglects charge

exchange compares so well with experiment?
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The present work demonstrates why the calculations using free-streaming and diffusion
models for the neutrals give approximately the same result. As will be shown, an analytic
solution exists to the coupled neutral-electron diffusion problem. This solution has two important
features. First, it has the same functional form as the solution obtained using the free-streaming
neutral model [5-10]. Second, although the parameter which governs the width of the steep
gradient region at the plasma edge is different than that for the free-streaming model, it has
approximately the same numerical value for deuterium plasmas in the temperature range used in
the experiments. Accordingly, this explains why the two models give approximately the same
result, even though they are based on quite different physics.
Using a one dimension model as the previous work [5-10], I consider the coupled continuity

equations for electrons and neutrals.

({;xe =nen0<cive> (1)
dr’
= =-n,n,(o,v,) . 2)

Here, T is the particle flux, » is the particle number density, the subscripts e and o denote
electrons and neutrals, respectively, and (o‘iv e) is the neutral ionization rate due to electron
impact averaged over the electron velocity distribution.

As in the previous work [5-10], I assume a diffusive model for the electron particle transport
with ') =-D,dn,/dx. D, is taken to be constant. Unlike the previous work, I assume a
diffusive model for the neutrals, L = —Dodno/dx. I use the UEDGE form for
D, =2 /|21, ((0evi) +(0,v,))] [see Eq. (A8) in Ref. 12]. Here, v, = 2T;/m)"? is the ion
thermal speed, 7; is the ion temperature, m; is the ion mass and <G val-> is the charge exchange
rate averaged over the ion velocity distribution. The form for D has been specialized to the
present case of a pure hydrogenic plasma with equal electron and ion number densities.

A diffusion approximation makes sense only when the gradient scale lengths are long compared

to neutral mean free paths.

GENERAL ATOMICS REPORT GA-A24208



MODEL OF THE TOKAMAK EDGE DENSITY K.H. Burrell
PEDESTAL INCLUDING DIFFUSIVE NEUTRALS

I will solve this problem on the half space 0 < x < <o. The boundary conditions as x — oo are
n,—n,(«),n,—0,T,-0and T, —0.

Summing Egs. (1) and (2), integrating and applying the boundary condition as x — oo yields
r .t r 0= 0. Using the diffusion equations, this result can be rewritten as

dn v, 2 dn
D,—%+ th =0 . 3)
¢ dx 2ne(<o'cxvi>+<0'ive>) dx

In order to proceed further analytically, I assume, as was done previously [5-10], that the
electron and ion temperatures are constant, thus making the reaction rates <0' cxvi> and <0'iv e>
constant. If Eq. (3) is multiplied by n,, it can be written as an exact derivative. Integrating this

and using the boundary condition as x — oo yields

n,

(x) _ De(<0-cx://izz+ <GiV€ >) [ne2 (oo) _ ne2 (x)] . 4)

Now substitute Eq. (4) and I, =-D,dn,/dx into Eq. (1). Note that both sides of the

resulting equation are proportional to D, ; hence, it can be divided out, yielding

2 v V. .V
d’n, <Gz e>(<ccx l> * <0l e>) ne[nez(oo) - ”ez] , (5)

2 2
dx Vin
If Eq. (5) is multiplied by dne/dx, both sides become exact differentials, which can be

integrated to give

dn, <0ive>1/2(<0cxvi> 1 <0_ive>)l/2

2 2
= n,“(e)—n . 6
dx x/fvth [ e ()=, ] ©)
The solution to this first order equation is
n,(x) = n,(c) tanh(% + c) , (7
where
12
A Vin 2 (8)

AN (CRARCS)
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The integration constant ¢ can be determined from an as yet unspecified boundary condition at,

for example, x =0.

The solution is completed by using Eq. (7) in Eq. (4) to produce

_ De(<ccxvi> + <Give>) neZ (°°)
no(x) Vthz h2(£+ j
Ccos X C

©)

The free streaming neutral model produces a solution with the same functional form as
Eqgs. (7) and (9). The differences with the present model lie in the expression for A and the form
of the first factor on the right hand side of Eq. (9). For the free-streaming solution, the expression

for the scale length is A ¢ = v, /[n_(eo)(0;v )| Accordingly, the ratio of the two scale lengths is
g FS th e i'e gly

A 2(0‘ive> V2

Ags <chvi> + <Give>

As shown in Fig. 1 for a deuterium plasma, the ionization and charge exchange rate

(10)

coefficients are roughly equal in the 40 to 200 eV temperature range in which the previous work
is stated to be valid [6, 7]. Under these conditions, the ratio A/Ap¢ is close to unity.
Accordingly, it is now clear why the previous, simple analytic model and the UEDGE results

were in approximate agreement even though significantly different physics was used in the two

models.
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Fig. 1. Maxwellian averaged rate coefficients for neutral deuterium atoms. Shown are the electron
impaction ionization rate coefficient, the deuteron-deuterium charge exchange rate and the
deuteron-deuterium ion impact ionization rate coefficient as a function of electron temperature (for
electron ionization) or ion temperature (for deuteron-deuterium interactions). Rate coefficients are
from Freeman and Jones [16].
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Figure 1 suggests that the free-streaming model, with its complete neglect of charge
exchange, does not contain all of the essential physics. Since the charge exchange rate is
comparable or greater than the ionization rate, the charge exchange effects should be included in
the model of the edge density pedestal. Indeed, as the edge temperatures approach 1 keV, Fig. 1
indicates that the free-streaming model would significantly overestimate the pedestal width.

Figure 1 also indicates that the diffusion approximation for the neutrals is only marginally
valid for experimental conditions where temperature are in the 40 to 200 eV range, since kinetic
theory [13-15] demonstrates that the basic condition needed for validity of the diffusion
approximation is (o‘ vai> >> <0iv e) [13-15]. This inequality is more easily satisfied at higher
edge temperatures or in the case, frequently seen experimentally, where the edge ion temperature
significantly exceeds the edge electron temperature. The fact that the functional form for the
solutions are identical for the cases <0 chi> >> <0‘iv e) and <0‘ cxvi> << <0'l.v e> suggests that the
functional form for the full kinetic solution will not be very different. However, to determine the
proper expression for A, a full kinetic treatment is really needed to properly include all the
neutral physics in the edge pedestal model. Until that can be carried out, the present results are
superior to those using the free-streaming model since the present results include the effects of

both ionization and charge exchange.
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