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        The L-H transition power threshold in favorable magnetic geometry (ion ∇B drift direction 

towards X-point) is found up to two to three times lower than in the unfavorable magnetic 

geometry (ion ∇B drift direction away from X-point) on multiple tokamaks [1, 2]. Experiments 

performed on DIII-D showed a significant increase of turbulence velocity shear driven by 

increased Reynolds stress prior to the L-H transition as the plasma magnetic equilibrium is moved 

from unfavorable to favorable divertor configuration at constant toroidal field, plasma current and 

input heating power. This increase appears to trigger the L-H transition and lower the transition 

power threshold in the favorable configuration compared to that in the unfavorable configuration. 

        The dedicated experiment was carried out in a Double Null (DN) plasma shape. The favorable 

or unfavorable direction of ion ∇B drift is changed by varying the parameter dRSEP, which is the 

radial distance between the upper and lower divertor separatrices at the outboard mid-plane. At 

normal Bt direction with positive dRSEP, the plasma is operated in the unfavorable configuration, 

and with negative dRSEP the plasma is operated in the favorable configuration. Fig.1 shows a plot 

of the time history of basic parameters across the L-H transition in this experiment. The plasma 

was heated by balanced torque neutral beam (NBI) injection. The dRSEP parameter was 

continuously reduced from +5 cm to -3 cm during a 2-second time window (Fig. 1(a)). During this 

time NBI power was kept constant at 4 MW (Fig. 1(b)), which is between the transition power 

threshold for favorable and unfavorable magnetic configuration. Toroidal field, plasma current and 

line-averaged density were also kept constant. The L-H transition occurred as dRSEP was reduced 

to 3 cm (at ~1980ms) as indicated by the sudden drop in the Dα signal (Fig. 1(c)). Fig. 2 is a zoom-

in of the last ~300ms time window across the transition. A three-phase dynamic behavior is seen 

from Dα signal (Fig. 2(c)). During this three-phase time window, the ion ∇B drift direction is 

moving towards more favorable direction slowly (Fig.2 (a)). It is seen that at earlier time before 
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1790ms, Dα has few oscillations. In the middle time window ~1790-1890 ms larger periodic 

oscillations appear that are similar to limit cycle oscillations (LCO) observed previously [3]. At 

the last 150 ms before the transition, ~1890-1980 ms, oscillations in Dα increase in amplitude. 

Each large burst is separated by periods of smaller, higher frequency oscillations. During this 

three-phase time window, electron temperature, ion temperature and density profiles remain 

similar at the plasma edge. The equilibrium radial electric field measured by charge exchange 

recombination spectroscopy (CER) is found to increase approaching the transition. Of note, the 

dRSEP parameter is still positive, +2 cm (unfavorable) at the time of transition, but the L-H power 

threshold has been reduced from that at dRSEP=+5 cm.  

        Detailed turbulence and flows during the three-phase time windows are measured by 2D 

Beam Emission Spectroscopy (BES) covering the plasma edge 

region. Fig. 3 is an example of the 2D 8x8 BES array overlaid on 

plasma equilibrium with spatial resolution of ~1 cm. Low-

wavenumber normalized density fluctuation amplitudes are 

found to reduce substantially approaching the transition 

suggesting stronger turbulence suppression. This reduction in the 

turbulence level seems to not be related to the driving 

mechanism, as the gradients in the profiles at the plasma mid-

plane are nearly unchanged.  With the capability of 2D density 

fluctuation measurements from BES, the dynamics of the 

                   
 
Fig. 1 Time history of (a) dRSEP; (b) NBI heating power;    Fig. 2 Time history of (a) dRSEP; (b) NBI heating  
(c) Dα; and (d) line-averaged electron density                         power; (c) Dα; and (d) line-averaged electron density 
 
 
 
 

 
Fig.3 EFIT equilibrium of the 
plasma with 2D BES overlaid 
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turbulent eddies can be visualized by imaging 

the density fluctuations. The density 

fluctuation data are first frequency filtered to 

include the broadband turbulence. 

Instantaneous radial and poloidal velocity 

fields, Vr(t) and Vθ(t), can then be obtained via 

the velocimetry technique [4] applied to the 

filtered density fluctuation imaging. The 

turbulence Reynolds stress (RS) is thus 

inferred as RS= <VrVθ>, which has been 

shown to drive the radially sheared poloidal 

velocity and flow shear. In this work a 20ms analysis time window is chosen from each time phase. 

Fig. 4(a)-(c) shows the time history of inferred RS for the three 20 ms time windows respectively 

at ψ~0.96. It is found that at the earlier time 1500-1520ms (Fig.4(a)), the RS is very stable.  There 

is no oscillation seen in RS. During the middle time window, 1850-1870ms (Fig.4(b)), a few bursts 

appear in the RS. In the last 20ms prior to the L-H transition (Fig.4(c)), many more bursts with 

larger amplitude in the RS are observed. This suggests stronger drive for shear flow prior to the 

transition. This is indeed consistent with the flow measurements that are shown in Fig. 4(d)-(f). At 

the earliest time window, 1500-1520ms, the turbulence poloidal velocity field is nearly constant. 

Positive velocity means flow is in the ion diamagnetic direction, and negative velocity means the 

flow is in the electron diamagnetic direction. At the 

middle time phase, 1850-1870ms, there are a few 

rapid changes in the flow from ion diamagnetic 

direction to electron magnetic direction. Finally 

during the last 20ms prior to the transition, the 

dynamical changes in the flow become more 

vigorous with the flow changing frequently 

between ion diamagnetic direction and electron 

diamagnetic direction. These rapid changes in the 

flow are consistent with the dynamic evolution in 

the Reynolds stress. It is also found that both the 

   
 
Fig.5 Profiles of flow shearing rate for 1960-
1980ms just prior to the transition (diamond) and 
turbulence decorrelation rate (circle) for three time 
phases: t1:1500-1520ms (black), t2:1850-1870ms 
(blue) and t3:1960-1980ms (red).  

 
 
Fig.4 (a)-(c) Reynolds stress from BES measurements for 
three time windows; (d)-(f) Turbulence poloidal velocity 
fields for the same three time windows as RS at ψ =0.96. 
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changes in the RS and the turbulence poloidal flow field are localized in the plasma edge region 

ψ~0.95-1. The turbulence decorrelation rate is measured by poloidally separated BES channels 

and is compared with the flow shearing rate. Fig. 5 is a profile of the decorrelation rate for the 

three time phases. The turbulence decorrelation rate increases as the L-H transition is approached. 

At the last 20ms prior to the transition the increasing flow-shearing rate from the rapid changes in 

the flow dynamics shown in Fig. 4 exceeds the decorrelation rate, which can further suppress 

turbulence facilitating the transition [5]. At earlier times the decorrelation rate is more comparable 

with the shearing rate. These observations indicate that as plasma moves from unfavorable towards 

favorable configuration the local edge profiles near the plasma mid-plane is not a major player in 

the L-H transition; instead, the increasing amplitude of the flow shear driven by increased RS plays 

a critical role. However, it is unknown why turbulence and flow have this dynamical behavior 

when heating power and equilibrium parameters are all kept the same. One possibility is changes 

in the boundary and SOL drift [2].  

        In summary, a significant increase of turbulence poloidal flow shear driven by increased 

Reynolds stress is observed prior to the L-H transition as the plasma-operating regime moves from 

unfavorable to favorable configuration at constant toroidal field, plasma current and input heating 

power. This increase facilitates the transition and plays a critical role in lowering the L-H transition 

power threshold in the favorable configuration. Future work will focus on investigating the origin 

of these turbulence and flow dynamics preceding the transition.  

This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Fusion 
Energy Sciences, using the DIII-D National Fusion Facility, a DOE Office of Science user facility, under Award(s) 
DE-FG02-08ER54999, DE-FG02-89ER53296, DE-FC02-04ER54698, DE-FG02-08ER54984, DE-SC0019352 and 
DE-AC02-09CH11466. 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. 
 
Reference 
[1] P. Gohil, et al., Nucl. Fusion 50, 064011, 2020 

[2] LaBombard, et al., Phys. Plasmas, 12, 056111, 2005  

[3] Schmitz, et al., Phys. Rev. Lett., 108, 155002, 2012 

[4] G. M. Quénot, J. Pakleza, and T. A. Kowalewski, Exp. Fluids 25, 177 (1998) 

[5] Z. Yan, G. R. McKee, R. Fonck, et al., Phys. Rev. Lett. 112, 125002, 2014 

47th EPS Conference on Plasma Physics P5.1076


