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The standard paradigm for the H-mode transition is the formation of an edge transport
barrier when the Ex B velocity shear is sufficient to suppress long wavelength instabilities [1].
Recent theoretical studies [2, 3] suggest that as we move to reactor scale with smaller p* =
ps/a (ps ion sound radius, @ minor radius), the ExB shear generated by the pressure gradient
may be insufficient to suppress long wavelength instabilities in the pedestal, with potentially

deleterious effects on H-mode confinement [2].

In a recent study it has been shown that n=3 Resonant Magnetic Perturbations (RMPs)
suppress large amplitude edge-localized-modes (ELMs) in DIII-D high 5, (5, > 1.5) plasmas
leaving residual high frequency ELMs known as ”grassy”-ELMs in a naturally wide pedestal
regime [4]. These plasmas typically have double the edge pressure and pedestal width
of ITER baseline plasmas with similar shape, toroidal field, and total stored energy (=1
MJ) [4, 5]. The pedestal oscillates between a staircase and single step structure every 40-60

ms, correlated with oscillations in the heat and particle flux to the divertor [4].

In this work we show that for the grassy-ELM regime, periodic flattening of the density
and temperature profiles occur at the onset of broadband density fluctuation at mid-pedestal.
The fluctuations do not destroy the H-mode barrier, but instead create a flat spot in the
middle of the barrier with the pressure gradient on either side essentially unchanged. The
periodic flattening at the mid-pedestal radius results in a staircase pedestal profile and

increased pedestal pressure.

Broadband fluctuations from BES measurements at the pedestal top (p ~ 0.85) and at
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FIG. 1: Power spectrum of density fluctuation measured pby BES at (a) pedestal top (b)
mid-pedestal. (c) heat flux Pigp at the inner strike point. Figures (d)-(g) are respectively,
electron temperature electron density ExB toroidal rotation frequency (wg), ExB
shearing rate (vg).

the mid-pedestal (p =~ 0.95) are shown in Figs. 1la and 1b respectively for t=2460 to 2540
ms. The modulations in the heat flux to the inner strike point (with ~ 2 MW subtracted) is
shown in Figure 1c (red) together with a 2 ms average of the heat flux (blue). Here, the high
frequency peaks in the heat flux are due to grassy-ELMs. The increase in the smoothed heat
flux to the inner strike point is correlated with the increase in the amplitude of turbulent
fluctuation at the top of the pedestal (p ~ 0.85). The enhanced fluctuations are correlated
with the periodic resonant field penetration at the pedestal top as discussed in Ref. [4]. In
contrast, the bursting broadband fluctuations (f~~40-160 kHz) at the mid-pedestal (p ~ 0.95)
occur during the period of decreasing heat flux to the divertor. Pedestal profiles are shown
in Fig. 2(d-g). The blue profiles correspond to the period of decreasing heat flux to the
divertor (blue shaded region in Fig. 2c), and the red profiles correspond to the period
of increasing heat flux to the divertor (red shaded region in Fig. 2c). These profiles are
obtained by ensemble averaging over 10 similar periods of these pedestal oscillation. The
ExB rotation frequency (wg = E,/RB,) and ExB shearing rate vg = r/q0,wg (r, ¢ minor
radius and safety factor) are obtained from radial force balance using the CER data. During
the interval of increasing heat and particle flux (red shaded region in Fig. 2c¢) the pedestal
width contracts to Ap = 0.08 (compared to Ap = 0.12 for the staircase pedestal). The
narrower pedestal has a typical Tanh shape that we call the one-step pedestal. During the
interval of decreasing heat flux we observe a two-step structure that we call the staircase

pedestal resulting from the strong flattening of profiles at mid-pedestal.

Local nonlinear and quasilinear gyrokinetic simulations using the CGYRO code in Fig. 2
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shows a non-monotonic flux gradient relation at the mid-pedestal. From nonlinear ion-scale
CGYRO simulations at p = 0.95, doubling the gradients for the staircase pedestal leads to
a large increase in fluxes as shown by square open symbols in Fig. 2 consistent with a stable
flux-gradient relation. The open circles in Fig. 2 show the flux versus inverse scale length
for the one-step and an intermediate pedestal which is obtained by broadening and raising
the height of the one-step pressure pedestal by ~%20, and self-consistently broadening the
wp profile. As a result, |yg| of the intermediate pedestal is reduced by~%40 compared to
the experimental profile. Nonlinear ion-scale CGYRO simulations at p = 0.95 shows that
even though the profile gradients have been relaxed, due to the reduced |yg|, fluxes in all
channels dramatically increases (Q., @); and I',) for the intermediate compared to one-step
pedestal simulations. The negative slope demonstrates an unstable flux gradient relation.

The KBM critical gradient is

: . quasilinear  ====-=-=
shown by the vertical dashed line nonlinear (staircase) O

240] |nonlinear (one-step) O
in Fig. 2, which is within 10%

of the measured gradient at mid-

pedestal. Quasilinear flux calcula-
tion (dashed curve, D = Dy(1 — 8ol
Ye/7),I' = —max[D]Vn [6]) qual-

itatively captures the stable and 0
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unstable trends in the flux-gradient a/ln
relation obtained by nonlinear sim- gy 9. 1,5¢4] particle flux versus a/L, at p = 0.95.
ulations. Squares and circle are the nonlinear fluxes, and dashed
lines are from quasilinear calculation.
The transport bifurcation dy-

namics can be elucidated from the left pointing and right pointing blue arrows in Fig. 2.
Starting from the staircase pedestal at a/L,, = 2.5 (lower left), an increase in the turbulence
at the top of the pedestal increases the flux through the pedestal, driving an increase in
the gradients and producing the trajectory of the upward right pointing blue arrow. This
is the phase when the transport at the mid-pedestal is dominated by ITG/TEM. When the
gradient increases beyond a critical threshold [7] the profile transitions to the KMB limit,
owing to ExB shear suppression of ITG/TEM transport. Conversely, as the flux decreases,
the gradients relax from the KBM limit to the unstable flux-gradient region. This leads

to a bifurcation of the profile from the one-step to the staircase pedestal as indicated by
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the blue left pointing arrow. This bifurcation corresponds to enhanced TEM transport at
mid-pedestal as the ExB shear relaxes. The cycle repeats so long as there is a significant
modulation in the thermal and particle transport through the pedestal, which is correlated
with the modulation of the turbulence at the top of pedestal (Fig. 1a) and flux to the divertor
(Fig. 1c).

As noted, the ExB shearing rate decreases rapidly with increasing pedestal width, cre-
ating the conditions where pedestal transport bifurcations can occur. As vg/vy ~ p* (7 is
the dominant mode growth rate) [8], we anticipate that suppression of TEM/ITG modes
will not be as effective in ITER as in current devices, leading to the possible formation
of a staircase pedestal as seen in DIII-D. The consequences of enhanced ITG/TEM in the
ITER pedestal are not necessarily deleterious as the pedestal pressure increases in DIII-D
in the staircase phase. Therefore the consequence of staircase pedestal formation in ITER
or future reactors could be beneficial for confinement.
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