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H-MODE TRANSITIONS IN DID-D 

ABSTRACT 

A series of scaling studies attempting to correlate the H(high)-mode power threshold (Pm) 

with global parameters have been conducted. Data from these discharges is also being used to 

look for dependence of PTH on local edge parameters and to test theories of the transition. 

Boronization and better operational techniques have resulted in lower power thresholds and 

weaker density scaling. Neon impurity injection experiments show that radiation also plays a 

role in determining P,. A low density threshold for the L(1ow)-H(high) transition has been 

linked with the locked mode low density limit, and can be reduced with the use of an error field 

correcting coil. Highly developed edge diagnostics, with spatial resolution as low as 5 mm, are 

used to evaluate how the power threshold depends on local edge conditions. Preliminary 

analysis of local edge conditions for parameter scans of ne, BT, and Ip in single-null discharges, 

and the X-point imbalance in double-null discharges-show that, just before the transition to H- 

mode, the edge temperatures near the separatrix are approximately constant at 100 < Ti < 

220 eV and 35 < Te < 130 eV, even though the threshold power varied from 1.5 to 14 M W .  

During a density scan, the edge ion collisionality, v ,~ ,  varied from 2 to 17, demonstrating that a 

transition condition as simple as v , ~  = constant is inconsistent with the data. The local edge 

parameters of ne, Te, and Ti do not always follow the same global scaling as PTH. Therefore, 

theories of the L-H transition need not be constrained by these scalings. 
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1. INTRODUCTION 

Studying the conditions necessary for spontaneous H(high)-mode transitions is important 

both for predicting the operational regime of future devices such as the International 

Thermonuclear Experimental Reactor1 (ITER) and for understanding the physics of this 

important confinement regime. Recent scaling projections2 indicate that the H-mode power 

threshold may dominate the auxiliary power requirements for ITER and the conditions needed to 

obtain H-mode may severely limit the operational space in which ITER may access ignition.3 It 

is therefore important to understand the necessary conditions for obtaining H-mode and, in a 

broader view, to understand the physics of the transition itself. 

Although nature has been generous in providing a regime of enhanced confinement that 

spontaneously develops in these plasmas, she has been reluctant to reveal how the process 

occurs. At present, the existence of a key parameter associated with the L(1ow)-H(high) 

transition has not been experimentally demonstrated. The pulse of power associated with a 

sawtooth crash that reaches the edge of the plasma or an increase in auxiliary heating power are 

two ways in which spontaneous transitions can be induced. However, in both cases a trigger or 

precursor of the L to H transition has remained undetected. Several groups have reported that the 

edge temperature, or something related to it, is important for the L-H transition. However, the 

value of the critical edge temperature differs in various devices and it may have other 

dependencies associated with it. 

The model of ExB shear flow stabilization of turbulence has provided a semi-quantitative 

understanding of the confinement improvement that occurs after the L to H t ran~i t ion.~ 
'e 
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Experimental measurements of the edge radial electric field shear and poloidal rotation have 

supported and encouraged theoretical work in this area.5 

For an understanding of the L-H transition, the question now becomes, how does Er form and 

what triggers the formation? Several possible mechanisms have been suggested by theory. The 

loss of epithermal trapped particles scattering into the loss cone at the plasma edge when V*i < 1 

has been proposed by Shaing and Crume.6 Edge gradients reaching a critical value are included 

in theories by Itoh and Itoh,7 by Hinton and Staeblerg and Cordey et ai? The formation of Er 

arising from the turbulent Reynolds stress has been proposed by Diamond and Kim. lo Er caused 

by the radial gradient of the poloidally asymmetric portion of the radial particle flux has been 

proposed by Hassam et al. 1 

In contrast to understanding of the improved confinement in H-mode, experimental 

verification and testing of theories of the L-H transition have made much slower progress. This 

has been partly due to the lack of measurements of important quantities such as turbulent spectra, 

correlation lengths, and the Reynolds stress tensor in the L-mode edge region prior to and at the 

L-H transition. It is also due to the lack of guidance from experiment. With available diagnostics, 

very little is observed to evolve in the edge region in a systematic way prior to the transition. 
n 
? 

Because of the complex connection between global parameters and the local parameters in 

the region where the transition first appears, a satisfactory understanding of the conditions for 

spontaneous H-mode and comparison to theories can only be made through a detailed analysis of 

edge parameters. Several theories discuss effects which occur on scale lengths on the order of the 

poloidal gyroradius, which is typically about 1 cm in present day machines. Therefore, high 

spatial edge resolution is required to observe “local” edge parameters. The highly developed 

edge diagnostics on DIII-D,12 with spatial resolution as low as 5 mm, are well suited to evaluate 

how the power threshold depends on local edge conditions. 
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In this paper we report on the global scaling results of a density scan in which the high end of 

the density range was influenced by radiation, and the low density range was influenced by 

locked modes. A minimum in the power threshold was observed at moderate densities. Neon 

impurity injection experiments show that radiation losses inside the separatrix play a role in 

determining the power threshold. Finally, preliminary analysis of local edge conditions for 

parameter scans of iie, BT, and Ip in single-null discharges, and the X-point imbalance in 

double-null discharges are reported. 
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II. GLOBAL SCALING 

Global scaling studies in DIII-D have previously found that the H-mode power threshold 

increases with the line density, E,, the toroidal field, BT, and is relatively insensitive to the 

plasma current, Ip.I3 This result was surprising since energy confinement had just the opposite 

scaling with these parameters. Comparisons of many different machines also indicate an i i , B ~  

scaling if the power is normalized to the plasma surface area, S, suggesting that power flow 

through the edge region is an important parameter.2 When the VB drift direction is toward the 

X-point location the power threshold is reduced by about a factor of two. Counter neutral beam 

injection on DIII-D has about a 10% lower power threshold than for co-injection. There exist 

other factors which are less well quantified. Boronization and better operational techniques have 

resulted in lower power thresholds and weaker E, scaling.14 

These evolving dependencies have led us to re-examine the density dependence of the power 

threshold with particular attention to the high and low density limits. A plot of the total input 

power needed to obtain H-mode for a density scan, shown in Fig. l(a), shows that higher powers 

are required at high and low density but that a minimum power exists at moderate densities. In 

this scan, the plasma current and toroidal field were fixed while the target density was varied 

fiom shot to shot. The power threshold was measured by increasing the duty cycle of a 50 Hz 

modulated neutral beam in 300 ms steps. For this study, the minimum beam power step was 

0.3 M W .  (Further details of this procedure can be found in Ref. 14.) The lowest density point 

occurred just above the locked mode limit in DIII-D. The higher power at this low density was 

probably due to the requirement of a neutral beam during the initial current ramp phase of the 
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FIG. 1. (a) Total input power, PTOT; (b) radiated power, PRAD; and (c) power flow through the separatrix, PSEP, as 
a function of the line average density, E,, taken from a shot-to-shot scan of the target density. For (a) and (c) the 
solid points obtain H-mode, the open points remain L-mode, the squares are with neon injection, the triangles are 
with the C-coil. For (b) the solid points are PRAD(TOT), the open points PRAD(CORE). Discharges used for this 
survey were lower single-null with the ion VB drift direction toward the X-point, Ip = 1.35 MA and BT = 2.1 T. 
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discharge to avoid locked modes. When a field error correcting coil15 was used to reduce the 

locked mode density limit, the increase of the power threshold at low density was essentially 

eliminated. 

The high density value of this scan was limited by thermal condensation effects,l6 which are 

also known as multifaceted asymmetric radiation from the edge17 (Marfe). To achieve target 

densities above 4 x 1019 m-3, excessive neutral pressures [as shown in Fig. 2(a)] were required. 

These attempts resulted in Marfe formations which inhibit the L-H transition. Increasing the 

input power eliminates the Marfe and an L-H transition usually immediately follows. These 

discharges were not included in this power survey because the power level at the transition 

represents the level needed to eliminate the Marfe and does not represent the intrinsic L-H power 

threshold. 

Figure l(a) also shows the increase in power required when a small puff of neon is intro- 

duced into the plasma in order to simulate impurities from poorly conditioned walls. Two dis- 

charges with neon puffing are indicated. Figure l(b) shows the total and core radiation losses for 

these discharges. The radiation profiles are determined from an inversion of a 48-channel 

bolometer array,18 with an estimated error of 10-20%. As can be seen from the figure, the addi- 

tion of the neon impurity can significantly increase the radiation losses and the power threshold. 

There is considerable evidence to suggest that the transition takes place at the edge of the 

plasma and therefore, it is the power flow through the edge that is important. With this insight, 

we may more accurately determine the relevant power by defining the power across the 

separatrix as: P s ~ p  = Pohm + Pabs - dWp/dt - Prad(core); where P s ~ p  is the power across the 

separatrix, POhm is the ohmic input power given by: POhm = VsUrf x Ip - dWb/dt; Vsurf is the 

surface voltage, Ip is the plasma current, dWb/dt is the time rate of change of the magnetic 

energy, dW,/dt is the time rate of change of the plasma energy, and prad(C0re) is the radiation 

GENERAL ATOMICS REPORT GA-A22250 7 
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FIG. 2. (a) Neutral pressure measured near the vessel midplane as a function of line average density; 
(b) compression ratio between the divertor and midplane neutral pressures ; and (c) edge ne at the separatrix 
measured by Thomson scattering as a function of line average density taken during the density scan of Fig. 1. Error 
bars representing 1 d statistical uncertainties associated with the Thomson scattering measurements are typically 
smaller than the size of the symbol. 
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loss from within the separatrix. Pabs is the absorbed heating power where we have used the 

injected neutral beam power corrected for shinethrough losses. The fast ion orbit and charge 

exchange losses are estimated to be small, <lo%. 

When it is defined as PSEP, the power threshold has a very weak density dependence, as 

shown in Fig. l(c). There is still a slight minimum at moderate density but the increase of power 

at high density is much reduced. The neon points are now only slightly higher than the others 

indicating that the radiative losses within the separatrix account for most of the increase of the 

power threshold with neon puffing. 

The effect of neutrals on the L-H transition can be complex. It has been speculated that the 

penetration of neutrals through the scrape-off layer and into the edge plasma can change the 

momentum balance, charge exchange losses, and density and pressure gradients. All these effects 

could have an impact on the physics of the L-H transition. Measurement of the edge neutral 

density profile is difficult and to our knowledge, no direct measurements relevant to L-H 

transitions on tokamaks have been reported. However, modeling of the neutral density using the 

Monte Carlo code, DEGAS, and measured Da line intensity and scrape-off layer plasma 

parameters has been done for the JT-60U tokamak.lg They found that the Vi*eff value at the H- 

transition tends to decrease with increasing neutral density, suggesting that the neutrals have a 

substantial influence on the edge conditions at the H-transition. 

In lieu of direct neutral density measurements, Fig. 2(a) shows the neutral pressure measured 

near the midplane for the density scan previously discussed. The pressure increases non-linearly 

with the line average density. This implies a decrease in the fueling efficiency probably owing to 

a decrease in the neutral mean-free-path as the scrape-off density increases. In Fig. 2(b) we show 

the ratio of the neutral pressure below a baffle plate in the divertor region to the midplane 

pressure. This compression ratio is nearly a linear function of the density, indicating that the 
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divertor is more effective at confining neutrals as the density is increased. This can be understood 

from the mean-free-path arguments just discussed. Figure 2(c) shows ne at the separatrix, 

measured by Thomson scattering, increasing roughly linearly with the line average density . The 

behavior of the edge ne is similar to, but less pronounced than the neutral pressure. However, the 

result of the power threshold having only a weak dependence on density suggests that the neutral 

pressure has very little effect on the conditions for the L-H transition. This is true for only a 

limited range in pressure and density. For instance, if the gas puff rate is sufficiently high that the 

plasma detaches or forms a Marfe, the L-H transition can be suppressed. 
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111. LOCAL EDGE MEASUREMENTS 

In order to better understand and interpret the global scaling results, and to improve the 

quantitative comparisons between theory and experiment, we have measured the electron 

density, ne, electron temperature, Te, and ion temperature, Ti, edge profiles just prior to the L-H 

transition. Measurements were also made in L-mode and H-mode phases for comparison. The 

edge profiles of ne and Te were measured with a multipoint, multipulse Thomson scattering 

system.20 This system has a high density of edge chords, which provides a spatial resolution of 

0.75 cm when projected to the vessel midplane. In addition, this system uses eight YAG lasers 

controlled by a flexible timing system which provided data every 5 to 25 ms. The edge values of 

Ti were measured with a multipoint Charge Exchange Recombination (CER) system which also 

has a high density of edge chords, with a spatial resolution capability of 0.3 cm.21 For most of 

the data presented here, the spatial resolution is 0.6 cm. This system is designed for fast readout 

of the detector and has a minimum temporal resolution of 0.5 ms. The data for the CER system 

were obtained from the C VI 5290 A line excited by charge transfer between one of the heating 

neutral beams and fully ionized carbon ions in the plasma. 

Typical edge profiles in L-mode and H-mode showing rapid variation with radius near the 

plasma edge are shown in Fig. 3. The Thomson measurements of ne and Te are mapped to the 

midplane using the magnetic equilibrium code EFIT,22 which typically determines the separatrix 

position to kO.5 cm. For our analysis, the data are fit with a smooth spline curve and the values at 

normalized toroidal flux, p = 0.90,0.95,0.98, and 1 .OO are recorded in a database. 

The H-mode transport barrier forms just inside the separatrix and this is the edge region we 

are studying to determine local conditions for the L-H transition. Figure 4 shows Te(90), Te(95) 

GENERAL ATOMICS REPORT GA-AZ2250 11 
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FIG. 3. Radial edge profiles of ne, T,, and Ti, measured with Thomson scattering and CER, just before and after an 
L-H transition. Discharge conditions were Ip = 1.35 MA, BT =2.1 T, PTOT= 2.0 MW, ii, = 4.0 x mW3. 
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FIG. 4. Edge Te at p = 0.90, 0.95, and 0.98 for the density scan of Fig. 1.  The solid squares are just after the L-H 
transition, the solid circles are just before the transition, the open circles are L-mode, and the open squares are 
Ohmic. The error bars represent the 1 B statistical uncertainties associated with the Thomson scattering 
measurement. 
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and Te(98), evaluated at p = 0.90, p = 0.95 and p = 0.98 respectively, during L-mode, just 

before (5-10 ms) the L-H transition (pretransition), and just after (5-10 ms) the L-H transition 

(H-mode) for the density scan. At p = 0.90 there is a clear separation between the Ohmic points 

and the L-mode points, indicating the effect of auxiliary heating. However, there is little 

distinction between the L-mode and pretransition points, which indicates that additional heating 

power has only a weak effect on Te. The H-mode points are higher than the pretransition points 

indicating this location is inside the H-mode transport barrier. Within the scatter of the data, there 

is almost no dependence of Te on the line average density. At p = 0.95, the situation is different, 

with the Gmode, pretransition, and H-mode points all clustering together. This indicates that 

this location is near the pivot point as the radial profiles change from L-mode to H-mode. At 

p = 0.98, the H-mode points generally fall below the L-mode and pretransition points, 

indicating that this location is outside the transport barrier. Because the transport barrier appears 

to form at around p = 0.95, we will concentrate our analysis at that location. 

Local edge parameters evaluated at p = 0.95 for the density scan are shown in Fig. 5 for 

L-mode, pretransition, and just after the H-mode phase of the discharge. We are expecting a 

parameter important for the L-H transition to evolve to a critical value just prior to the transition. 

Although significant scatter in the data exists, there is a general trend that Te and Ti increase 

going from ohmic to L-mode to H-mode and that the pretransition points are relatively constant, 

independent of E,. This result supports previous findings that the edge temperatures may be 

related to the critical parameter for the L-H transition. The variation of the edge density suggests 

that it is not related to the critical parameter. 

The lack of clear distinction between Gmode, pretransition, and H-mode points for ne, Te, 

and Ti makes it difficult to quantify the importance of the evolution of these parameters for the 

L-H transition. Figure 6 shows the edge temperatures and electron pressure as a function of 

PSEP. The weak dependence of these parameters on PSEP may indicate that there is too much 
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FIG. 5. Edge parameters of x, T,, and Ti, evaluated at p = 0.95, for the density scan. The solid squares are just after 
the L-H transition, the solid circles are just before the transition, the open circles are L-mode, and the open squares 
are Ohmic. 
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FIG. 6. Edge parameters of T, Ti, and n,T, at p = 0.95 as a function of PSEP for the density scan. The solid 
circles are just before the transition, the open circles are L-mode, and the open squares are Ohmic. 
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scatter in our data to resolve the small changes of these quantities, or it may suggest that the 

radial gradients of these parameters are more important for the transition. Figure 7 shows the 

normalized radial gradients of these edge parameters. The density gradients scatter between 0.2 

and 0.6 cm-1 for Ohmic, L-mode, and pretransition points with the H-mode points generally at 

higher values. There is no particular ii, dependence. There is some progression of the density 

gradient increasing from Ohmic to L-mode to pretransition at low to mid E,, but no progression 

is observed at high E,. The Te gradients scatter between 0.4 and 1.2 cm-1 with no apparent 

dependence on Ti, or progression from Ohmic to H-mode. The Ti gradients are about half of the 

Te gradients, and show a similar lack of dependence on ii, or discharge mode. Because of the 

large scatter and lack of a clear distinction between modes, we cannot draw any significant 

conclusions regarding the importance of the edge gradients to the L-H transition at this time. 

Figure 8 shows several quantities calculated from the previous data. The ion collisionality is 

calculated using the definition given by Kim23 for arbitrary shape and aspect ratio, and substitut- 

ing ne for ni (assumes Zeff= 1). It shows an almost linear dependence on the line average 

density. This result indicates that the threshold condition is not as simple as achieving some 

value of edge Vi*, such as Vi+ = 1. The only way to avoid this conclusion is to postulate that the 

edge ni actually varied little during the density scan. This seems unlikely, but direct measure- 

ments of ni or &ff are not available. The ion gyroradius, poi, remains relatively constant for this 

scan. The ion pressure scale length, Lpi, (again, substituting ne for ni) does evolve from L-mode 

to H-mode, but the high pretransition points around a density of 4x1019 m-3 confuse the group- 

ing between L-mode and pretransition points which would indicate that this parameter is evolv- 

ing toward a critical value prior to the L-H transition. The dimensionless ratio, pei/Lpi, is about 

0.5 in L-mode and reaches values around 1 in H-mode, 5-10 ms after the transition. 
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FIG. 7. Edge parameters of Vndn,, VTJI', and VTi/Ti, evaluated at p = 0.95, for the density scan. The solid 
squares are just after the L-H transition, the solid circles are just before the transition, the open circles are L-mode, 
and the open squares are Ohmic. 

18 GENERAL ATOMICS REPORT GA-A22250 



TN. Carlstrom & R.J. Groebner 
STUDY OF THE CONDITIONS FOR SPONTANEOUS 

H-MODE TRANSITIONS IN DIII-D 

0 2 4 
- n,(lO 19 m -3) 

FIG. 8. Edge parameters of Vi*, ei, Lpi, and pwLpi, evaluated at p = 0.95, for the density scan. The solid 
squares are just after the L- If transition, the solid circles are just before the transition, the open 
circles are L-mode, and the open squares are Ohmic. 
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Similar analysis was done for pretransition times for the surveys of Ip, BT, and drsep 

reported in Ref. 14. The results are tabulated in Table I. If a parameter varied systematically 

during a scan, a range is given in the table. If the parameter showed little variation or scattered in 

a non-systematic way, it is listed as being constant. For the ne scan previously discussed, %(95) 

and Via are listed with ranges, whereas the other pretransition phase parameters are relatively 

constant. 

There is very little change in any of the pretransition edge parameters while BT was varied 

from 1.1 to 2.1 T, and the power threshold changed by about a factor of two. Both Te and Ti are 

approximately constant but they are roughly 2/3 their corresponding values in the density scan. 

Te at p = 0.95 remained at about 50 eV prior to both the ohmic H-modes at BT = 1.1 T, and the 

neutral beam H-modes at BT = 2.1 T. Vi+ remains high at about 12 but p& and Lpi are similar to 

their values in the density scan. 

In a previous study of the L-H transition, it was found that the edge Te measured at p = 0.90 

increased linearly with BT just before the transition with a proportionality constant of 

115 eVkesla.13 We find that the edge Ti at p = 0.90 increases with BT, but the increase is 

weaker than linear. The increase at p = 0.95 is much weaker. In contrast to our previous results, 

the edge Te remains nearly constant at both radii. Therefore, the explanation that Pth scales with 

BT because higher edge temperatures are required at higher BT only holds if we consider the ion 

temperature. Our earlier results were obtained prior to boronization of the DIII-D vessel and for 

hydrogen neutral beam heating of deuterium plasmas. The power threshold was two times higher 

for those data. The different behavior of Te and Ti suggests that the i-e energy exchange rate may 

be important in determining the temperature behavior at the transition. The pretransition Ti 

points in Fig. 5 show a slight decrease with increasing ne, which may be evidence for a stronger 

coupling to the lower temperature electrons at high density. 
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Table I. Edge parameters at p = 0.95 measured just before the L-H transition for various survey 
scans. A range is given if the parameter varied systematically during a scan. 

Range 
Held fixed 

Ip (MA) 
BT (T) 
lie (1019 m-3) 

1.2 to 4.0 

1.35 
2.1 

1.5 to 2.5 
0.5 to 2.0 
0.09 
0.18 
0.8 
1.6 
2 to 12 
0.5 

1 to 2 1.1 to2.1 -0.7 to 0.7 

2.1 
4.0 

1 .o 

4.0 
- 

2.0 to 2.5 
2.0 to 4.0 2.0 
0.05 to 0.10 0.05 

1.0 to 2.0 

0.18 0.10 
0.8 to 0.5 0.8 
3.5 to 2.5 2.0 
12 to 5 12 
0.2 0.4 

1.35 
2.1 
4.0 

4.0 to 14 
2.0 to 4.0 
0.05 to 0.1 
0.15 to 0.2 
0.7 
1.0 to 4.0 
10 
1.0 to 0.2 

Although the threshold power remained nearly constant for the Ip scan, both ne(95) and 

Te(95) increase with Ip. In contrast to the BT scan, Ti(95) remains nearly constant. Both Vi* and 

pei decrease with increasing Ip. Lpi also decreases with Ip except for the 1 MA case where Lpi is 

in the range of 1 to 2. The ratio PMLpi remains relatively constant at about 0.25 for 1.35 and 

2.0 MA but at 1.0 MA, it varies between 0.3 and 1.2. The reason for the different behavior of 

these parameters at the 1 MA level is unknown at this time. Systematic errors in the 

determination of the separatrix location is one possibility under investigation. This is the only 

scan where Pei changes significantly. The fact that, at the higher current levels, Lpi also changes 

to keep PwLpi relatively constant suggests that this ratio may be an important parameter for the 

L-H transition. 
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The last survey we have examined is a scan of a double-null discharge that was shifted 

slightly up or down so that the dominant X-point was either towards or away from the VI3 drift 

direction.14 When the plasma was balanced (drsep = 0) or shifted down (drsep = -0.7) so that the 

VB drift direction was toward the dominant X-point, the power threshold was about 4 M W .  

(drsep is a measure of the distance between the separatrices associated with the two X-points, 

measured at the plasma midplane.) However, when the plasma was shifted up (drsep = 0.7) and 

the dominant X-point changed to the top of the vessel, the power threshold increased to over 14 

M W .  The quantities ne, Te, and Ti, all increase with drsep even though the power at drsep = -0.6 

and drsep = 0.0 were about the same. Lpi is a factor of 2 smaller when drsep = -0.6 suggesting 

the favorable VI3 drift effect may help decrease Lpi. The ratio PWLpi decreases as drsep 

changes from -0.7 to 0.0, even though the power threshold does not change. Pej/Lpi decreases 

further at drsep = 0.7 where the power threshold has increased dramatically. 

When we compare edge temperatures in H-mode with the pretransition results for the drsep 

scan, we find that at p = 0.95 the H-mode temperatures are lower than the Gmode temperatures. 

This indicates that p = 0.95 is outside the transport barrier and suggests a possible problem with 

our determination of the separatrix location in this configuration. When we evaluate the edge 

parameters at p = 0.90, we find that the edge temperatures increase slightly in H-mode, 

indicating this location is just inside the transport barrier. At this location, Te(90) and ne(90) 

increase slightly when drsep = 0.7, but the remaining parameters, Ti, poi, Vi*, and Lpi, are 

relatively constant over the entire dr,, range. 
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IV. CONCLUSIONS 

The density scaling of the H-mode power threshold is due, in part, to the radiation losses 

from within the separatrix increasing with density. This radiation loss decreases the power flow 

through the edge region of the plasma and increases the power threshold. Increases in radiation 

associated with impurities have a similar effect. Thus, for a factor of 3 range of density in DIII- 

D, the intrinsic ne scaling of the power threshold is weak or non-existent. An H-mode low 

density threshold has been linked to the locked mode density limit. The use of an error field 

correcting coil has reduced the locked mode low density limit and removed the increase of the 

H-mode power threshold at low density. Locked modes are one of several low density 

operational constraints that may affect the power threshold. A wide variation of the neutral 

pressure had little affect on the power threshold. 

These results have several implications for obtaining H-mode in future devices, such as 

ITER. Core radiation losses are important for determining the H-mode power threshold and the 

scaling of these losses needs to be determined before meaningful power threshold predictions can 

be made. Machine wall conditions and impurity levels need to be controlled to minimize the 

power threshold. Operational constraints such as locked mode density limits need to be 

determined and avoided. 

In an attempt to look for dependence of the power threshold on local edge parameters, 

measurements of ne, Te, and Ti at p = 0.95 have been made just prior to the L-H transition for a 

wide range of plasma parameters. The edge density at p = 0.95 varied over a wide range of 0.5 < 

ne (lo19 m-3) < 4.0, indicating that the edge n, is not a critical parameter for the L-H transition. 

The edge temperatures varied over at range of 0.03 < Te (keV) < 0.13 and 0.10 < Ti (keV) < 
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0.22, supporting previous observations from many devices over the last ten years that the edge 

temperature or something related to it, is important for the L-H transition. The narrow range of Ti 

compared with Te suggests that the ions are more important than electrons for the L-H transition. 

The relatively constant value of Ti in L-mode, pretransition, and just after the transition, in the 

region where the transport barrier forms, suggests that the edge gradient of Ti, or something 

related to it, is more important for the L-H transition than just the value of Ti. 

According to our criteria, Vi* is not a critical parameter for the transition because it varies 

over a wide range just prior to the L-H transition. This result is important for L-H theories 

because it indicates that the threshold condition is not as simple as achieving some value of edge 

Vi*, such as Shaing’s theory6 which requires Vi* = 1 for ion orbit loss to be important for Er 

formation. The large variation of Vi* also suggest that the conditions for the L-H transition are 

based on a fluid type behavior rather than kinetic effects. 

The lack of any systematic changes in the pretransition edge temperatures for a factor of two 

change in BT and PTH implies that more power is required to achieve the same edge temperature 

at higher BT. For this to be the case, the edge energy confinement would have to decrease with 

increasing BT, which seems unlikely. Another interpretation may be that the edge temperatures 

are held relatively fixed by the strong parallel heat conduction on the nearby open field lines, and 

the threshold condition is related to energy associated with the power flow across the separatrix. 

The global scalings previously discussed demonstrate the importance of the power flow across 

the separatrix. The power flow does not manifest itself through increased gradients, but rather 

through turbulence. This interpretation supports the theory of Diamond and Kim,1° in which Er 

at the plasma edge arises from the turbulent Reynolds stress tensor. This requires, however, that 

BT somehow influences the turbulent formation of Er. 
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The effect of the ion VB drift direction relative to the X-point location in the drsep scan had 

the largest effect on Pm. However, the changes in the edge parameters were modest, especially 

at p = 0.90. Again, we are left to conclude that the X-point location has a strong influence on 

edge confinement or that it influences the formation of Er. 

Unfortunately, the scatter in our edge gradient measurements is too large to make critical 

assessments of L-H theories that rely on edge gradients. We can say that the edge gradients in 

L-mode, prior to the transition, are significant with the ratio Pei/Lpi in the range of 0.5 for most 

cases. This result supports the theoretical work of Itoh and I t ~ h , ~  Hinton and Staebler,8 and 

Cordey, et aZ.,9 which rely on gradient scale lengths of a few gyroradii. 

Even though PTH may scale with global parameters such as iie and BT, the local edge 

parameters of ne, Te, and Ti do not always follow the same scaling. Therefore, theories of the 

L-H transition need not be constrained by the global Pm scalings. 

Significant scatter and uncertainties exist in the edge measurements used for this study. 

Future improvements can be made by comparing edge profile features directly, such as 

maximum edge gradients, rather than relying on flux surface mapping and determination of the 

separatrix position, which have uncertainties comparable to the spatial features we are trying to 

resolve. More shots, especially L-mode, can be analyzed and regression analysis performed to 

determine the relative importance of various parameters. Further analysis of the main ion radial 

force balance is required to understand the role of Er formation and the L-H transition. 
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