
, 

G A-A22786 

SCALING STUDIES OF THE H-MODE PEDESTAL 

JANUARY 1998 

GENERAL ATOMICS 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 



c 

GA-A22786 

SCALING STUDIES OF THE H-MODE PEDESTAL 

by 
R.J. GROEBNER and T.H. OSBORNE 

This is a preprint of an invited paper presented at the 
Thirty-Ninth Annual Meeting of the Division of Plasma 
Physics, November 17-21, 1997, in Pittsburgh, 
Pennsylvania and to be published in Phys. Plasmas. 

Work supported by 
the US. Department of Energy under 

Contract No. DE-AC03-89ER51114 

GA PROJECT 3466 
JANUARY 1998 

GEM€RAL ATOMICS 



R.J. Groebner & T.H. Osbome SCALING STUDIES OF THE H-MODE PEDESTAL 

ABSTRACT 

The structure and scaling of the H-mode pedestal are examined for 

discharges in the DII-D tokamak [Plasma Phys. and Contr. Fusion Research 

(International Atomic Energy Agency, Vienna, 1986) p. 1591. For typical 

conditions, the pedestal values of the ion and electron temperatures Ti and Te 

are comparable. Measurements of main ion and C6+ profiles indicate that the 

ion pressure gradient in the barrier is 50%-100% of the electron pressure 

gradient for deuterium plasmas. The magnitude of the pressure gradient in 

the barrier often exceeds the predictions of infinite-n ballooning mode theory 

by a factor of two. Moreover, via the bootstrap current, the finite pressure 

gradient acts to entirely remove ballooning stability limits for typical 

discharges. For a large dataset, the width of the pressure barrier 6 is best 

described by the dimensionless scaling 6R = (p;? r’4 where (p::) is the 

pedestal value of poloidal beta and R is the major radius. Scalings based on 

the poloidal ion gyroradius or the edge density gradient do not adequately 

describe overall trends in the data set and the propagation of the pressure 

barrier observed between edge-localized modes. The width of the Ti barrier 

is quite variable and is not a good measure of the width of the pressure 

barrier. 
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1. INTRODUCTION 

In 1982, it was discovered that, with sufficient heating power, discharges in 

tokamaks would exhibit a spontaneous transition from a regime of confinement 

called low-mode (L-mode) to a regime of markedly improved confinement called 

high-mode (H-mode). 1 Subsequently, it was discovered that a region of steep 

gradients in temperature and density existed at the very edge of the H-mode 

This region is called the H-mode transport barrier because it is a result of 

a dramatic reduction in local heat and particle transport at the plasma boundary. The 

height of the transport barrier at the point where it connects to the more gentle 

gradients of the core plasma is called the pedestal. Certainly, the transport barrier is 

of interest from the point of view of basic plasma physics. It is also of interest from 

a pragmatic point of view because the confinement of the core plasma is clearly 

correlated with the height of the pedestal in the plasma pre~sure.~” Moreover, 

predictions of transport models suggest the pedestal value of ion temperature will 

provide a boundary condition which will have a major impact on the performance of 

the International Tokamak Experimental Reactor (ITER).7 

6 

Extensive studies show that a highly sheared radial electric field Er exists in the 

transport barrier and much theoretical and experimental work suggests that the 

sheared & causes the improved confinement.8.9 Nevertheless, a predictive model for 

the height and width of the H-mode transport barrier does not yet exist and the goal 

of the paper is to present an empirical study of the structure of the barrier and of the 

scaling of its height and width as observed in the DIII-D1o tokamak. The results 

presented here extend the work reported in References 5 and 1 1. 
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For the analysis presented here, the edge profiles are fit with a hyperbolic 

function so that the profiles can be parameterized in terms of physically meaningful 

quantities as described in Section 11. In Section 111, these fits are used to examine the 

structure of the transport barrier and to compare the transport barriers in 

temperature, density and pressure for the ions and electrons. The scaling and 

magnitude of the pressure gradient in the transport barrier are compared with 

ballooning mode theory in Section IV and Section IV also presents empirical 

scalings for the width of the transport barrier in pressure. The summary and 

conclusions are presented in Section V. 
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II. MEASUREMENT AND ANALYSIS TECHNIQUES 

The edge electron profiles (Te, ne and pressure Pe) presented here were obtained 

with the DIII-D multipulse Thomson scattering system12 (TS) which has a high 

density of chords spanning the transport barrier and obtains data every 6-7 ms 

throughout a typical discharge. This system is oriented along a vertical chord and 

has an effective spatial separation between measurement points at the midplane of 

about 0.75 cm when measurements are mapped along field lines. The edge ion 

profiles are obtained with a multichord charge exchange recombination (CER) 

spectroscopy system which has a high density of chords with a minimum separation 

of 0.3 cm oriented along the midplane and these chords typically span the H-mode 

transport barrier.13 For the data presented here, the temporal resolution varied 

between 2.0 ms and 10 ms. The CER system views the C VI 5290.5 A or He I1 

4685.7 A lines produced by charge transfer with a neutral beam and thus provides 

information of temperature, density and pressure (Ti, ni and pi) of the measured 

species (respectively, C6+ and He++). The spatial resolution of both the TS and CER 

systems is quite good and allows the measurement of narrow transport barriers. 

A fitting function which uses a hyperbolic tangent function (tanh) with 

appropriate linear terms (Fig. 1) has been found to provide an excellent fit to most 

H-mode edge profiles observed with the TS and CER systems.14 A major advantage 

of this approach is that the parameters of the fit have a strong intuitive appeal and 

provide a quantitative way to measure interesting characteristics of the pedestal. For 

example, the value of the pedestal, the width of the transport barrier and the location 

of the barrier are all obtained directly from parameters in the fit. In addition, the 
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gradient in the middle of the transport barrier is readily obtained from the fit. For 

this work, the tanh functional form has empirically been found to provide a good 

description of edge profiles. Modeling work by Wagner and Lacher15 suggests that 

the tanh form may be the natural shape of edge electron density profiles. 

4 

2 
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Fig. 1. Definition of f i t  function based on hyperbolic tangent (tanh) function. 
Squares show experimental points for some quantity Y as a function of some spatial 
coordinate X. Solid line is fit of full function to the data; dashed line is contribution 
of tanh to the fit. 
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111. PEDESTAL STRUCTURE 

For typical H-mode discharges, the evidence suggests that the transport barriers 

for electrons and main ions, particularly the density and pressure barriers, tend to be 

similar in shape and magnitude. Figure 2 shows experimental data and the fits to the 

data for temperature, density and pressure profiles of electrons and He main ions in a 

helium discharge. A helium plasma was used for this measurement because the 

CER technique can be readily used to make measurements of He++ ions. In contrast, 

CER edge measurements of D+ ions in deuterium plasmas are technically difficult 

due to interference from recycling deuterium atoms. The electron profiles, which are 

experimentally obtained along a vertical chord in the plasma, have been mapped 

with a magnetic reconstruction to the outboard midplane where the He++ profiles 

were measured. The pedestal values of Ti and Te are equal with Ti having a shallow 

gradient and remaining considerably higher than Te in the transport barrier. The 

relative shape of the He++ density profile is obtained from an intensity calibration 

applied to the signal amplitudes and the magnitude is scaled to the ne profile. 

Neutral beam attenuation is very small in the region of interest and is not taken into 

account in computing the relative He++ density and pressure profiles. Although the 

shape of the ne and ni (main ion) profiles are quite similar, they do not quite coincide 

in Fig. 2. However, small systematic errors in the magnetic mapping (of order 

5 mm) and possible systematic errors in diagnostic spatial calibrations (a few mm) 

can easily explain this discrepancy. Thus, these data are consistent with the 

supposition that the ne and ni transport barriers are very similar, as is expected 

unless there is an exceptionally high edge impurity content. The net result of the 
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Fig. 2. Comparison of edge temperature, density and pressure data for main ions and 
electrons in a helium plasma. Solid (dashed) lines are fits of hyperbolic tangent 
function to electron (ion) data. 

temperature and density profiles is that the main ions exhibit a pressure gradient in 

the transport barrier which is 30-40% less than that of the electrons. 

Time histories of the barrier parameters for the electrons and the He++ ions sup- 

port the idea that electrons and main ions have similar parameters. Figure 3 shows 

that the ion and electron pedestal values for temperature, density and pressure track 

quite well as a function of time in an H-mode discharge. For these data, the main 

ion density and pressure are scaled to match the electron data at one time. Also, due 

to the fact that the Ti gradient tends not to be very steep, the pedestal values obtained 

for the Ti fits tend to have significant variability. A more reliable measure of the Ti 
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Fig. 3. Comparison of pedestal values of temperature, density and pressure data for 
main ions and electrons in a helium plasma as a function of time. 

pedestal is the value of Ti at the innermost edge of the ni transport barrier and that 

measure is displayed in Fig. 3. Figure 4 shows how the width parameters for the 

electron and ion barriers track during a discharge. The width for the Ti barrier tends 

to be higher than that of the Te barrier. Just as the pedestal value for Ti has signifi- 

cant uncertainty, so does the width of the Ti barrier; simply put, the edge Ti profile 

does not always exhibit a well formed tanh shape. For these data, the width of the ni 

profile is 30%40% larger than the width of the ne profile and the width of the ion 

pressure profile is about twice the width of the electron pressure profile. 

In deuterium plasmas, numerous measurements of the C6+ barrier profiles (a 

measure of the fully ionized carbon species) tend to support the results obtained for 
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Fig. 4. Comparison of barrier width values of temperature, density and pressure data for main ions 
and electrons in a helium plasma as a function of time. The error bars are obtained by standard 
propagation of errors of the uncertainties in the measurements. When the ion temperature gradient is 
relatively gentle, the width of the ion temperature barrier has a large uncertainty because the barrier is 
not well defined in the data. 

the main ions in the helium plasma. For typical DIII-D plasmas, the pedestal values 

of T i  and Te are comparable and Ti has a larger barrier width parameter. There are 

examples in which T i  is substantially higher than T e  on the pedestal and in which the 

widths of the Ti and Te barriers are equal. These correspond to hot edges (Ti = 

3.5 keV on the pedestal) and suggest that the details of the Ti  profile may be related 

to the degree of collisionality between the ions and the electrons. In contrast, the 

shape and location of the C6+ density and pressure barriers are quite similar to those 
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for the electron density and pressure barriers. In summary, the evidence is consistent 

with the idea that the edge main ions have density gradients which are similar and 

temperature gradients which are weaker than those of the electrons. Thus, the main 

ions are expected to have pressure gradients in the range of 50-100% of those of the 

electrons. 
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IV. PEDESTAL SCALING 

A. Scaling with global parameters 

It is desirable to have a predictive capability for the pedestal value of 

temperature or pressure TPED or PPED (where these quantities are assumed to be 

equal for ions and electrons). For a dataset consisting of a wide variety of DIII-D 

discharges, it has been shown that TPED and PPED must be functions of local edge 

parameters because they do not correlate with any of the standard global control 

parameters such as plasma current I,, toroidal field Bt, line-averaged density <ne> or 

heating power Pheat.16 In contrast, there is a good correlation between the density 

pedestal .PED and density <ne> because the density is on average flat in 

DIII-D H-mode discharges. Furthermore, there are reasons to suspect that the total 

pressure gradient dP/dr can be predicted from theory. Thus, the approach taken in 

this paper is to search for a scaling of PPED by separately examining the scalings of 

the gradient dP/dr and the pressure width 6 under the ansatz that F E D  = 6 * dP/dr. If 

PPED can be determined in this way, then knowledge of <ne> will provide the value 

of TPED. The data presented are for deuterium discharges which exhibit type I edge 

localized modes (ELMs). Discharges with type I11 ELMs are not studied in this 

paper. 

B. Scaling of pressure gradient in barrier 

There is a significant body of evidence which suggests that the attainable 

pressure gradient is limited by infinite-n ideal ballooning modes.17~18 In contrast, 
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the process which causes an ELM may involve an additional instability. For 

instance, a model in which the type I ELM is caused by the coupling between 

ballooning modes and a low-n instability such as a kink is consistent with a number 

of experimental observations.18 The focus of this paper is on the physics which 

limits the pressure gradient rather than on the physics which triggers ELMS. 

Theory predicts that the stability of the plasma to ballooning modes depends on 

the interplay between the normalized pressure gradient a ~ m ,  the magnetic shear s 

and the safety factor q.19 The ballooning parameter for general magnetic geometry 

~ M H D  is defined as aMm = 2p0(dp/dv)(dV/dv)[V/(2rc~R)]”~/4rc~ where p is the 

total plasma pressure, \v the label for poloidal flux, V is the volume of a flux surface, 

R is the major radius and po is the permeability constant. For sufficiently low values 

of the shear s, the plasma is stable to ballooning modes for all values of a ~ m .  

However, for typical values of s at the edge of a tokamak, there is a critical value of 

the ballooning parameter a$h~,  also called the first stability limit, above which the 

plasma is unstable to the ballooning modes. For values of a M H D  sufficiently larger 

than a$b, diamagnetic effects provide stability to these modes and the plasma is 

in the “second stable” regime. 

In order to study the scaling of dP/dr and 6, a database consisting of parameters 

from the tanh analysis of electron pressure profiles, plasma equilibrium values as 

obtained from the code EFIT20 and values of a$b as obtained from the 

ballooning stability code BAL0021 has been assembled.5 The database is obtained 

for discharges made in the ITER7 cross sectional shape and for which the safety 

factor at the 95% flux surface q95 is in the range 3-6, the plasma current Ip is in the 

range 0.75-1.5 MA, the toroidal magnetic field Bt is in the range 1-2 T, the ratio of 

heating power to surface area is in the range 0.06-0.3 MW/m2 and the line-averaged 
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density <ne> varied from 0.2-0.7 times the Greenwald limit.22 The data were 

obtained during H-mode and the timing of each timeslice with respect to the ELM 

cycle was recorded. 

As was shown in References 5 and 11, a$& for these discharges is 

independent of s/q2 with a value of about 2.7. Furthermore, the ballooning parameter 

obtained from the electron pressure only ahm shows no systematic trend versus 

s/q2 and thus scales as expected from ideal ballooning theory. However, the 

magnitude of a&HD alone equals or exceeds Thus, with the ion pressure 

included, the magnitude of the total a M H D  typically exceeds  GAD by a factor of 1.5 

to 2. Ballooning stability analysis performed on standard' equilibria for these 

discharges indicates that edge of these discharges should be unstable to infinite-n 

ballooning modes. These results raise the question: How can the plasma exist in a 

region of instability? 

The answer to this question appears to be that the finite edge pressure gradient 

improves the edge stability. When realistic edge current density profiles are used to 

produce model equilibria, it is found that the bootstrap current driven by the large 

pressure gradient can remove the stability limit imposed by ballooning modes.23 

This effect is seen in the analysis of the experimental data. As is shown in Fig. 5, 

typical stability analyses (as used to generate Fig. 3 in Reference 5) are based on 

current density J profiles obtained from magnetic diagnostics only. These J profiles 

tend to be flat at the edge and are inconsistent with the expectation that the large 

edge pressure gradients in H-mode should drive substantial edge bootstrap currents. 

Figure 5(b) shows that when the edge pressure gradient is forced to a more realistic 

shape that the equilibrium analysis produces a large edge J. When the ballooning 

stability analysis is done with this more realistic equilibrium, it is found that 
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Fig. 5.  Right panel shows that current density JQ, as determined from magnetics only, is flat at the 
plasma edge for an H-mode equilibrium. Stability analysis shows that this implies that a region of 
instability (shaded region) exists at edge and that experimental pressure gradient (taken as twice 
dP,/dV) is in second stable region. Left panel shows that edge Jcp is actually very large when it is 
forced to be consistent with experimental pressure gradient. Stability analysis shows that with this 
profile the plasma is stable to ballooning modes in region of large pressure gradient. The coordinate 

labels the poloidal flux, vsep refers to v at the separatrix and vaxis refers to v at the magnetic axis. 

ballooning stability limits are entirely removed at the edge and thus the experimental 

observations do not violate theoretical predictions. In other words, the infinite-n 

ballooning mode theory does not explain the observed pressure gradients. It may be 

that some other mechanism, such as medium-n ballooning modes, limits the gradient 

or that additional physics must be added to the theory of infinite-n ballooning 

modes. 

C. Scaling of width of pressure barrier 

The empirical scaling of the width of the pressure barrier has been examined and 

has been guided somewhat by theoretical ideas. Several theoretical studies of 

transport barriers have invoked radial transport of either momentum24325 or 

of energy and particles26727 in order to explain the width of the edge barrier. 
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Reference 26 suggests that the width of the H-mode transport barrier is controlled 

primarily by the ionization length of neutrals and that the characteristic width should 

be (dne/dr)-0.5, a quantity which can be examined with the edge database. In 

addition, general properties of electrostatic turbulence have been invoked28 to 

suggest that the barrier width scales as the ion gyroradius pi or possibly the ion 

poloidal gyroradius pie and this idea has also be examined. 

The edge database has been studied for correlations between the width of the 

electron pressure pedestal 6 and other edge parameters, including parameters from 

the tanh analysis and from the magnetic equilibrium reconstructions. The width 6 

has a significant correlation only with I,, PepED, TfED and dne/dr. There is also a 

strong correlation between I, and dne/dr; thus, one of these parameters may be 

redundant. The general range of 6 is 0.6-1.5 cm as measured at the outer midplane 

and this small range makes it difficult to find a definitive scaling for this parameter. 

In terms of dimensional parameters, the following scalings are equally good in 

describing the data: 6 = (PpED)0.52/BFg4 (see Fig. 2 ,  Reference 5 ) ,  

6 = (TFED)046/Bi.51 or 6 = l/(dn,/dr)o*5 (see Fig. 6). This empirical relationship 

between 6 and PlED may seem trivial because if the pressure gradient were fixed, 

then an increase in 6 would automatically imply an increase in PFED. However, the 

pressure gradient is not fixed but varies significantly in the data set. Thus, this 

empirical relationship may imply that some fundamental process is at work to 

connect the width of the transport barrier to some function of the pressure. For 

example, finite pressure may play a role in controlling the width just as it appears to 

play a role in controlling the gradient of the transport barrier. The first two scalings 

can easily be cast in terms of dimensionless parameters and produce the results: 6/R 

= (ppol PED ) 0*4 (see Fig. 7) or 6/R = (pie PED )0*67 (see Fig. 7) where pZD is the 
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poloidal beta measured on the pedestal and piED is the ion poloidal gyroradius 

evaluated on the pedestal, under the assumption that Ti = Te. From statistical 

grounds, the quality of these two fits is comparable and there is no reason to prefer 

one fit over the other. 

However, under some conditions, 6 increases between ELMs and this property 

provides a way to discriminate among the various scaling possibilities. (This 

phenomenon is reminiscent of the barrier front propagation discussed in 

Reference 27; propagation velocities of 0.2 d s ,  sustained for periods of order 

10 ms, have been observed.) As a result, the pressure width parameter 6 exhibits 

changes on two different timescales. Averaged over ELMs, there is a very gradual 

evolution and in between ELMs, there can be more rapid changes in the width, as 

just described. An example will be presented for a discharge with divertor pumping 

which provided a decreasing edge density and a rising edge temperature during the 

ELMing phase of the discharge. Figure 8 shows that on a long timescale, 

l/(dnJdr)O.5 tracks 6 reasonably well but this parameter does not show a good 

correlation with the rapid changes in 6 as seen between discharges. Figure 9 shows 

that no single power of TFED matches the changes of 6. (TfEDr3 matches the long 

term evolution of 6 but not the rapid variation between ELMs whereas (T, )1” PED 

matches the rapid change of 6 between ELMs but does not match the long term 

evolution well. This analysis has also been done with the pedestal value of Ti and 

the same result was obtained. In contrast, Fig. 10 shows that (PFED),*’ matches the 

changes of 6 over both the short and long timescales. Although this analysis suggests 

that scalings of 6 as (Pe PED )0.5 or (pzD)o.4are to be preferred, these scalings are 

certainly imperfect also, and some additional parameter must be important in 

controlling the pressure pedestal width (in order that the scatter in plots such as 

Fig. 7 can be reduced). 
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Fig. 8. In both panels, dashed line is variation of electron pressure width 6 as a function of 
time during a discharge with divertor pumping and solid line is proportional to ( d ~ d d r ) ~ . ~ .  
The parameter (d~ddr)-O.~ can be scaled moderately well to the long term evolution of 6 
(top panel) but does not fit well to rapid variation of 6 between ELMS (bottom panel). 
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Fig. 9. Data showing that no simple function of TPED can match long and short term evolution of 
electron pressure width 6 as a function of time during a discharge with divertor pumping. Top right 
panel shows that evolution of 6 between ELMs is matched well by (TpED)l.0 and bottom left panel 
shows that long term evolution of 6 is matched well by (TpED)0.3. In contrast, top left panel shows 
that (TPED)l.O does not match long term evolution of 6 and bottom right panel shows that (TpED)0.3 
does not match variation of 6 between ELMs. 
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Fig. 10. Data showing that (PPED)Oe5 matches both the long term evolution of 
electron pressure width 6 as a function of time during a discharge with divertor 
pumping (top panel) and rapid evolution of 6 between ELMs (bottom panel). 
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V. SUMMARY AND CONCLUSIONS 

This paper has reported on progress and results of studies of the H-mode 

pedestal in the DIII-D tokamak. A fitting procedure based on a hyperbolic tangent 

provides a rapid and accurate evaluation of pedestal parameters for electron and ion 

profiles. The pedestal values of Ti and Te are similar for fairly standard conditions 

although values of Ti up to 50% higher than Te have been observed. The width of the 

Ti barrier is quite variable and is not a good measure of the width of the pressure 

profile. Profiles of the electron and main ion density have very similar shapes. For 

deuterium plasmas, the edge main ion pressure gradient is most likely 50%-100% of 

the electron pressure gradient. 

The finite pressure at the edge modifies the edge stability and can remove 

stability limits normally expected from ideal infinite-n ballooning modes. 

Nevertheless, because the observed pressure gradients scale as expected from 

ballooning theory and because theory can be used to predict the gradient to within a 

factor of about two, it seems quite plausible that the gradient is limited by some 

MHD phenomenon. Future work is needed to determine if medium n modes provide 

a stability limit in the absence of a limit from infinite-n modes or if additional 

physics, such as the effect of the sheared radial electric field, can modify the infinite- 

n ballooning theory, as required. 

The width of the pressure profile is correlated with only Ip, PfEDy TFED and 

dne/dr. A scaling going as ( P, pED)O-52/B:*94 or equivalently as ( pe PED )OS4 provides 

the best description of the data. The physics meaning of this result is not obvious. 

GENERAL ATOMICS REPORT GA-A22786 21 



SCALING STUDIES OF THE H-MODE PEDESTAL R.J. Groebner h T.H. Osborne 

However, if the finite pressure gradient can modify the edge stability, perhaps it can 

also modify the barrier width. Under simple assumptions,5 this scaling implies that 

TPED = RBt/n~3 where nG is the ratio of the density to the Greenwald limit.22 This 

scaling predicts a pedestal temperature of about 3.5 keV in ITER. 
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