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In ITER-similar shape (ISS), low rotation plasmas [1] in DIII-D [<ne>=1.5-5x1019m-3, 
Bt=1.9-2T, Ip=1.5MA, q95~3.6, balanced neutral beam injection (NBI)], the L-H threshold 
power PLH with applied n=3 Resonant Magnetic Perturbations (RMP) [2,3] is found to 
increase strongly with decreasing collisionality. This is a concern for H-mode access in 
primarily ECH-heated ITER plasmas since RMP may be applied before the L-H transition in 
ITER to safely suppress the first ELM. The L-H power threshold increase with RMP is 
determined by initially accessing H-mode via applying balanced NBI and increasing steps in 
ECH power at high RMP field (applied via the DIII-D I-coil system consisting of six internal 
coils above and six coils below the outboard tokamak midplane [2]). NBI and ECH power are 
then removed to let the plasma return to L-mode. A second L-H transition is induced later in 
the same shot by applying NBI and stepping up ECH power again to obtain the threshold 
power with no applied RMP as a reference. Using this method to bracket PLH, a scan of PLH 
vs. RMP perturbation strength is then obtained via stepping down the I-coil current (RMP 
perturbation strength) at constant beam and ECH power, as shown in Fig. 1. 

Repeating this shot 
sequence for different 
plasma densities, PLH 
has been determined vs. 
RMP perturbation 
strength and line-
averaged  density, as 
shown in Fig. 2. A clear 
threshold in perturba-
tion strength is obser-
ved [δBr/B ~ 3×10-4 for 
medium plasma density, 
Fig. 2(a)]. This 
threshold is below the 
optimum RMP field 
typically required for 
ELM suppression. For 

Fig. 1: (a) Line-averaged density, <ne>; (b) divertor Dα signal; (c) I-coil 
current; (d) neutral beam power; (e) Electron cyclotron heating (ECH) 
power during L-H transition  threshold power studies. 
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comparison, previous work in other devices has 
shown that edge-resonant n=1 and n=2 fields of 
δBr/B ~ 1-2×10-4 can increase PLH (see for 
example [4,5]). Fig. 2(b) shows that the density 
dependence of PLH is not very pronounced in 
these ISS low-rotation plasmas. Without applied 
RMP, the threshold power is increased with 
mixed heating (ECH at 30-100% of the total 
heating power in addition to NBI), compared to 
pure NBI heating. This increase may result from 
higher electron thermal loss due to the increased 
edge electron temperature with ECH [6]. With 
moderate applied RMP (δBr/B ~ 3.1-3.7×10-4), 
the power threshold increases at low density but 
not at high density in NBI plasmas. A more 
pronounced increase (~ 40%) is found with 
mixed heating (added ECH). At high 
perturbation strength (δBr/B ~ 4.7×10-4), PLH can 
be doubled compared to the threshold without 
applied RMP. Here, the absolute increase in 
power with applied RMP is similar for NBI and 
for mixed heating.  

The power threshold data obtained with 
NBI- and mixed NBI/ECH heating show a clear 
dependence on normalized edge plasma 
collisionality ν* (ρ =0.95, Fig. 3).  PLH increases 
for low collisionality, and the collisionality 
dependence of PLH is much more pronounced 
with applied RMP [PLH ~ (ν*)-0.3] compared to 
non-RMP reference plasmas [PLH ~ (ν*)-0.1].   

Characteristic changes in the edge plasma 
normalized kinetic gradients, the radial electric 
field, and the edge turbulence properties have 
been observed with RMP. Non-axisymmetric 
modifications of the L-mode shear layer with 
RMP include a substantial local reduction of the 
Er well and E×B shear. Figure 4(a) shows a 
comparison of the radial electric field, extracted 
via Doppler Backscattering (DBS [7,8]) from the Doppler shift associated with poloidal 
turbulence advection. Er increases primarily due to increasing toroidal edge rotation (DBS 
data shown for a toroidal angle  φtor ~ 50º. Phase flip experiments have determined that these 

Fig.2: Increase of PLH with n=3 RMP for NBI 
and mixed heating (NBI+ ECH); (a) vs. RMP 
perturbation strength; (b) vs. plasma density. 
 

Fig. 3: L-H transition power threshold PLH vs. 
collisionality ν* (ρ = 0.95) without and with 
applied n=3 RMP (3.3× 10-4 ≤ δB/B ≤ 4.6x10-4 
The expected ITER L-mode edge collisionality 
range is shaded. 
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changes are most pronounced for flux tubes 
connecting to high I-coil perturbation field). At high 
resonant perturbation strength, the Er well is 
reduced by more than 50% and Er can locally 
reverse (not shown here). With resonant n=3 
perturbations, in particular the outboard E×B 
shearing rate is locally reduced. Concomitantly, 
low-wavenumber density fluctuations measured by 
Beam Emission Spectroscopy (BES) are spatially 
modulated with applied RMP, and increase 
substantially in amplitude on field lines connecting 
to high RMP field [see Fig. 4(b), for a toroidal angle 
φtor ~137º]. Application of (moderate) non-resonant 
n=3 magnetic perturbations leads only to small 
changes in Er near the boundary and inboard of the 
maximum negative electric field, and a minor 
change in the E×B shear. Turbulence levels are 
almost unchanged (perhaps slightly reduced) with 
non-resonant perturbations [Fig. 4(b)]. Corre-
spondingly, the L-H power threshold increases only 
moderately in this case. 

Two-fluid modeling with the M3D-C1 code 

[9,10] shows that the normalized radial density 
gradient a/Ln and the normalized electron and ion 
pressure gradients are toroidally modulated and periodically increased on the outboard 
midplane with n=3 RMP, at locations that map to maximum outwardly directed radial 
magnetic field perturbation. Figure 5 shows a contour plot of the normalized plasma density 
gradient a/Ln (where a is the minor radius and Ln is the density gradient scale length) at the 
DIII-D outboard midplane vs. major radius R and toroidal angle φtor. Electron temperature 
contours are indicated as white dashed lines; equidensity contours are marked in blue. 
Electron temperature contours tend to coincide with flux surface contours due to the low 
electron inertia, The brightest white dashed contour line approximately indicates the last 
closed flux surface (LCFS). A toroidal modulation of the normalized radial density gradient 
of about 20% is observed in this contour plot, peaking inside the separatrix. Experimentally, 
a/Ln increases locally by a similar amount, as measured via profile reflectometry in phase flip 
experiments. The normalized electron and ion temperature gradients a/LTe, a/LTi also increase 
mildly (not shown here). The divergence of the density and electron temperature contours 
indicates that ion mass flow can deviate from electron flow, an effect captured only in the 
two-fluid model. The BES and DBS probing locations, mapped to the tokamak midplane, are 
indicated in Fig. 5. The increased turbulence level observed via BES at the probing location  
φtor ~137º is qualitatively consistent with locally increased kinetic gradients. The reduced Er 

Fig. 4: (a) L-mode electric field well for 
different RMP perturbation strength 
(toroidal angle φtor ~50º); (b) the BES 
density fluctuation spectrum at φtor ~137º 
increases substantially for resonant 
perturbations, but is slightly reduced for 
non-resonant perturbations. 
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well with resonant perturbations is 
also consistent with a reduced 
normalized (ion) pressure gradient at 
φtor ~50º (the mapped DBS location).  

The observed increase of PLH at 
low collisionality  [PLH ~ (ν*)-0.3] is a 
concern for H-mode access with 
applied RMP in ITER, and further 
work is required to determine the 
underlying physics of this 
collisionality scaling. The loss of 
axisymmetry reduces the globally 
driven (n=0, m=0) E×B flow in the 
edge layer (where n,m are the 
toroidal/poloidal mode numbers). 
We conjecture that the increase in PLH with RMP results from the combined effects of 
reduced flow axisymmetry, reduced E×B shear, and locally enhanced instability drive (via 
increased normalized kinetic gradients).  

It has been proposed theoretically that increased Reynolds stress [11] may be required to 
initiate the L-H transition with RMP active [12], as the Reynolds stress may be locally 
counteracted by radial forces related to the RMP field structure [12], and would also likely be 
less effective globally due to the non-axisymmetric edge topology. Further experimental 
work and gyrokinetic modeling of the turbulence evolution preceding the transition will be 
required to determine if the observed threshold increase with applied RMP is related to 
potential modifications in the Reynolds stress or other edge momentum sources. 
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Fig. 5: (a) Outboard midplane contours of the normalized 
density gradient a/Ln for resonant perturbations (δBr/B ~ 
4.7×10-4) vs. toroidal angle φtor; the probing locations of 
the DBS and BES diagnostics, mapped to the tokamak 
midplane, are indicated. 
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