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Dependence of H-mode power threshold 
on global and local edge parameters 
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Abstract. Measurements of local electron density ne, electron temperature 
T,, and ion temperature Ti have been made at the very edge of the plasma 
just prior to the transition into H-mode for four different single parameter 
scans in the DIII-D tokamak. The means and standard deviations of ne, 
T,, and Ti under these conditions for a value of the normalized toroidal 
flux of 0.98 are respectively, 1.5 f 0.7 x 10lg m-’, 0.051 f 0.016 keV, and 
0.14 f 0.03 keV. The threshold condition for the transition is more sensitive 
to temperature than to density. The data indicate that the dependence is 
not as simple as a requirement for a fixed value of the ion collisionality. 

Keywords. Fusion; tokamak; coniinement; H-mode; L-mode; 
L to H transition; DIII-D 

Introduction 
H-mode research during the last few years has produced several theories of the transition to 

H-mode (see review by Itoh and Itoh, 1995). At the level of testing which has been performed 
so far, these theories are generally in qualitative agreement with experiment (Groebner, 1993). 
However, quantitative comparisons between theory and experiment are few (Ida et  al., 1992; 
B m d  et  al., 1992). If progress is to be made in using theory to develop predictive models for 
the transition to H-mode, it is necessary that muchmore detailed quantitative theory-experiment 
comparisons be performed. One important part of such comparisons is to experimentally 
determine the conditions at the edge of the plasma which allow the plasma to evolve into 
H-mode. This paper summarizes initial work along these lines which has been performed as 
part of H-mode threshold studies in the DIII-D tokamak. 

The strategy used for this work is to measure the electron density ne, electron temperature 
T,, and ion temperature 3 at the edge of the plasma just prior to transition to H-mode. The 
data reported here have been obtained fkom a series of single parameter scans used to determine 
the H-mode power threshold under various conditions. These scans include a scan of the line- 
averaged electron density, a scan of the toroidal magnetic field BT, a scan of the plasma current 
Ip, and a scan of the gap between the two separatrices for double null discharges. Nearly all edge 
parameters observed in these scans fall into the ranges of ne M 0.3 to 3.5 x lo1’ m-’, T, M 25 
to 100 eV, and Ti M 100 to 200 eV. With the possible exception of the separatrix scan, little or 
no variation of edge temperature (ion or electron) was observed within a scan. In general, the 
results suggest that the transition depends more sensitively on edge temperature than on edge 
density. 

Experimental Method 
The goal of this study is to determine the values of ne, Te, and Ti at the last closed flux 

surface (LCFS) which are required for the transition to H-mode to occur. The choice of the 
LCFS as the location for the measurements is based on the premise that the L H  transition is 
triggered very close to the LCFS. The results reported here have been obtained from discharges 
used to determine the scaling of the H-mode power threshold with global parameters. The 
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general technique has been discussed previously (Carlstrom, 1994). Briefly, the neutral beam 
heating power was increased in small steps until a transition to H-mode was observed. The edge 
parameters in this study are then evaluated just prior to the transition. 

The edge values of ne and T' were measured with a multipoint, multipulse Thomson Scat- 
tering system. This system has a high density of edge chords, which provide a spatial resolution 
of 0.75 cm when projected to the midplane of the vessel. In addition, this system uses eight 
YAG lasers controlled by a flexible timing system which provided data every 5 to 25 ms for 
the discharges discussed here. The edge values of 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. 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 coarsest temporal resolution used for this study is 20 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. 

Results 
Except as noted, the standard discharge for the results presented here was a single null 

diverted discharge with the grad-B drift in the direction of the X-poi&. The plasma current 
was 1.0 to 1.35 MA, the toroidal field was 2.1 T, and deuterium neutral beams were injected 
into a deuterium plasma. About this standard set of conditions, single parameter scans were 
done in which the toroidal field, the plasma current and the lineaveraged electron density were 
separately varied. Also, results are presented fiom a series of double null discharges in which 
the magnetic equilibrium was adjusted slightly so that discharges varied from a configuration 
in which the power flow was primarily to the X-point in the direction of the grad-B drift to a 
configuration in which the power flow was primarily to the opposite null. 

Local values of h, Te, and Ti will be presented for values of the reduced toroidal magnetic 
flux (labeled here as p) of 0.95 and 0.98. A more correct approach might be to evaluate the data 
at p = 1.00 (the value of p at the LCFS). However, the data set is more complete for p = 0.98 
than for p = 1.00. The values observed at p = 0.98 are about 0.5 cm fiom the LCFS and are 
sufficiently close to those at p = 1.00 that it is believed that they provide an adequate view of 
the edge for the purposes of this paper. All of the data were obtained within less than 20 ms 
prior to the transition. Due to the fact that these discharges were operated near the power 
threshold, the edge parameters were not changing rapidly prior to the transition and there is 
little error from using data within 10 to 20 ms before the transition. 

, The primary sources of uncertainty in the data derive from various systematic issues rather 
than statistical errors. These systematic mors include an uncertainty in the mapping to p of 
about 50.02, dithering in some discharges and possibly fluctuations in the data due to turbulence. 
It is crudely estimated that errors of up to 30% to 40% could arise from these systematic effects. 

In the toroidal field scan, the power threshold increased linearly with BT as BT varied from 
1.0 to 2.1 T. In contrast, figure 1 shows no significant change of edge ne, T',, or Ti during this 
scan. In the plasma current scan, the power threshold increased weakly with Ip as I,, varied from 
1.0 to 2.0 MA. Figure 2 shows little if any significant change of edge ne, T,, or Tj during this 
scan. In the scan of line averaged electron density, the power threshold increased (less strongly 
than linearly) as the density was raised from 1.2 to 4.0 x 10'' me'. As figure 3 shows, the edge 
density increased by at least a factor of four in this scan but edge temperatures were essentially 
unchanged. Figure 4 shows data from a series of double null discharges in which the distance 
between the two separatrix surfaces, as measured at the midplane, was varied. As this distance 
Dr,, was varied from -0.6 to 0.5 cm, the threshold power varied from 4 to 14 MW. This 
modification of the magnetic topology changed the power outflow from the plasma from being 
predominantly in the grad-B drift direction to the opposite direction. As shown in figure 4, all 
edge parameters tended to increase as Dr,,, became more positive. 
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Figure 1. Values of ne, T,, and near LCFS 
during variation of toroidal magnetic field. Sin- 
gle null discharge (SND), I,, = 1.0 MA,-Do 
beams injected into D+ plasma. 
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Figure 2. Values of ne, T,, and Z near LCFS 
during variation of plasma current. SND dis- 
charge, BT = 2.1 MA, n, = 4 x 1019 m-3, Do 
beams injected into D+ plasma. 

Discussion and Conclusions 
The simplest way to characterize all of the results presented in figures 1 through 4 is to 

examine the mean and standard deviation of these data. At p = 0.98 (within less than 1 cm 
of the plasma edge), the mean and standard deviations for q, T', and z, respectively, are 
1.5 f 0.7 x 1019 m--3, 0.051 f 0.016 keV, and 0.14 f 0.03 keV. When expressed as &actions of 
the means, the standard deviations for q, Te, and Ti are, respectively, 47%, 30%, and 22%. 
These results indicate that the transition occurs within a narrower range of temperature than of 
density and thus suggest that the trigger'condition for the transition is a more sensitive function 
of temperature (ion or electron) than of density. This conclusion is consistent with previous 
work which indicates that sufficient edge temperature is necessary to trigger the transition to 
H-mode (ASDEX, 1989; Groebner et d., 1992). 

The density scan (shown in figure 3) can be used to examine the dependence of the transition 
on the ion collisionality parameter vi* which is proportional to ni/q2 where ni is the ion density. 
Under the assumption that ni is proportional to ne for the density scan (that Zd is constant), 
the data of figure 4 imply a variation of vi* of 5.4. 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 measurements of edge ni or Z e ~  are not available. 

In conclusion, for a wide range of discharges, the transition to H-mode occurs for a fairly well 
defined range of temperatures, particularly of ion temperature. The threshold condition does 
not appear to be as simple as a fixed value of edge vi*. F'urther work is required to ameliorate 
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Figure 3. Values of ne, T,, and Ti near LCFS 
during variation of line averaged electron 
density. SND discharge, Ip = 1.35 MA, 
BT = 2.1 MA, Do beams injected into D+ 
plasma. 
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Figure 4. Values of n+, T,, and Ti near LCFS 
during variation of gap between two sepa- 
rat& surfaces in double null discharge. Ip 
= 1.35 MA, BT = 2.1 MA, n, = 4 x 10’’ m-3, 
Do beams injected into D+ plasma. 

the impact of the systematic effects, discussed above, to extend this research to additional 
single parameter scans, to add additional edge parameters, and to search for a function of edge 
parameters which d e s  the results from all of the scans. 
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