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Measurements of long wavelength density fluctuations and turbulence poloidal flow at the edge of L-mode 
plasmas on DIII-D operating near the Greenwald density limit (nG=Ip/(pa)2) have revealed important dynamic 
properties and the role of turbulent transport leading to the density limit. An abrupt increase in turbulence 
amplitude and a reduction in poloidal velocity shear were observed as density increased, prior to the drop in edge 
electron temperature. These observations are consistent with the theoretical prediction that shear flow collapse at 
high density leads to density limit disruptions. Experiments involving ramping down the plasma current (i.e., 
reducing the Greenwald density limit) at constant electron density and power showed similar dynamics: an 
increase in edge density fluctuations and a reduction of edge 
toroidal rotation were followed by edge cooling and development 
of the multifaceted asymmetric radiation from the edge 
(MARFE), which then expanded to the high field side (HFS) and 
led to a disruption. In recent years, with advances in both 
experiments and related theories, it is suggested that density 
limits depend on more parameters and edge dynamics rather than 
simply the plasma current [1]. Therefore, the experimental 
observations of edge turbulence and flow dynamics near the 
density limit help to provide key insights into the underlying 
physical mechanisms, which are critical to developing new 
models that can be extrapolated to ITER and future burning 
plasmas, potentially enabling the operational limit to be increased 
to higher densities, thereby increasing fusion power production.  

A dedicated experiment investigating density limit physics was 
conducted in L-mode plasmas on DIII-D with an unfavorable ion 
ÑB drift direction in Lower Signal Null (LSN) shape. The 
Greenwald limit was approached in two different ways: by 
increasing the density through gas puffing while maintaining 
constant power and current, and by reducing the plasma current 
while keeping the density and power constant. Long-wavelength 
density fluctuations were measured using an 8×8 array of Beam 
Emission Spectroscopy (BES) throughout the entire time history, 
covering a radial range of 0.9<y<1.04. The gas puff was 
increased linearly to raise density at constant power. As shown in 
Fig. 1Top(b), the Greenwald density fraction initially increased 
slowly. Around 3618 ms, as indicated by the blue dashed vertical 
line, several rapid changes were observed: the density 
fluctuations measured at y~0.95 increased significantly and 
quickly (Fig.1 Top(a), a Zoom-in view of the time is shown in 
Fig.1 Bottom), and the rate of increase of Greenwald density 
fraction became larger. Additionally, the electron temperature 
near separatrix (Fig.1 Top(d)) and H98 factor (Fig.1 Top(e)) began 
to drop, and the plasma detached, as evidenced by the drop in the 
radiation power at lower divertor (Fig.1 Top(c)). After 3620 ms, 

 
 

  
Fig. 1 Top: Time history of (a) the square of 
density fluctuation amplitude; (b) Greenwald 
density fraction; (c) radiation power at lower 
divertor; (d) electron temperature near separatrix; 
(e) H98; Bottom: A Zoom-in view of the time 
window across blue dashed vertical line. Black 
line is the fluctuations in (a) after 0.5 ms smooth 
is applied. Purple line is electron temperature near 
separatrix, same as in (b). The purple-shaded 
region indicates the Te oscillation range and grey-
shaded region indicates the start of the rapid 
increase of fluctuations. Shot number is 191787 
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the density continued to increase until the Greenwald fraction reached nearly 0.9, leading to a disruption around 
3890 ms.  

Fig. 2 shows the profile of the relative density fluctuation amplitude at 
different times as density is increased. A small change of density 
fluctuations occurred initially just near the separatrix. Shortly after 
3605 ms, the fluctuation amplitude increased significantly across the 
region inside the separatrix, peaking around y~0.95. At the same time, 
the electron density decreased near y~0.95 before increasing later, 
while it continued to rise in the SOL region. The electron temperature 
decreased significantly near y~0.95 as the turbulence amplitude 
increased. The skewness of the electron density fluctuation,  𝑛"!/
(𝑛"")#.%, was also calculated. The skewness profile shifted inwards after 
the rapid increase in turbulence amplitude, with the zero value of the 
skewness moving from the separatrix to near y~0.95. This suggests that 
the location of the blob generation moves inwards to y~0.95, which is 
consistent with the location of the maximal increase in the turbulence 
amplitude.  

Turbulence velocity fluctuations were measured with a velocimetry 
technique applied to the 2D BES density fluctuation imaging. The 
profile of the turbulence velocity field is shown in Fig. 3 for the same 
times. It was found that the velocity well shifted inwards from y~0.98 
to y~0.95 after 3605 ms. The reduction of the velocity shear near 
y~0.95 is consistent with the initial rapid increase of the turbulence 
amplitude at that location. The outward turbulent particle flux, 
calculated as <𝑛"𝑣&' >, began to increase significantly near y~0.95 when 
the rapid increase of turbulence occurred. The adiabaticity parameter, 
𝜶 = 𝒌∥𝒗𝒕𝒉𝒆𝟐 𝝎𝝊𝒆𝒊	⁄ , was estimated and shown in Fig. 4. It is predicted 
to be a key parameter for shear layer collapse. It was found that a 
dropped from near unity to well below unity after 3610 ms as the 
density fluctuation increased rapidly. This observation seems to be 
consistent with theoretical predictions in [2]. In a separate scan, plasma 
current was ramped down with a fixed toroidal field (increasing q95) 
and with a decreasing toroidal field (fixed q95). The Greenwald density 
fraction reached approximately 0.7 with increasing q95 but reached 
higher values of approximately 0.8-0.9 with fixed q95. Turbulence 
characteristics have been found to strongly depend on q95, with higher 
turbulence amplitude at higher q95. The higher amplitude of turbulence 
at higher q95 appears consistent with the lower achievable Greenwald 
density fraction.   

Detailed spatial and time-resolved analyses of electron density fluctuations and the resulting flow dynamics have 
revealed the important roles of turbulent transport and shear flow leading to the density limit. This indicates that 
enhancing edge flow shear can potentially push the operational limit to higher densities in ITER and beyond.  
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Fig. 2 The profile of relative density 
fluctuation amplitude at different times 
with increasing density 
 

 
Fig. 3 The profiles of turbulence poloidal 
velocity field at different times with 
increasing density 
 

    
Fig. 4 The profile of the adiabaticity 
parameter, 𝜶 = 𝒌∥𝒗𝒕𝒉𝒆𝟐 𝝎𝝊𝒆𝒊	⁄ ,  at 
different times with increasing density  
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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. 
 
 


