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We observe the formation of a high-pressure staircase pedestal (= 16 - 20 kPa) in the DIII-D
tokamak when large amplitude Edge-Localized-Modes are suppressed using resonant magnetic per-
turbations. The staircase pedestal is characterized by a flattening of the density and temperature
profiles in mid-pedestal creating a two-step staircase pedestal structure correlated with the appear-
ance of mid-pedestal broadband fluctuations. The pedestal oscillates between the staircase and
single-step structure every 40-60 ms, correlated with oscillations in the heat and particle flux to the
divertor. Gyrokinetic analysis using the CGYRO code shows that when the heat and particle flux
to the divertor decreases, the pedestal broadens and the ExB shear at the mid-pedestal decreases,
triggering a transport bifurcation from Kinetic-Ballooning-Mode (KBM) to Trapped-Electron-Mode
(TEM) limited transport that flattens the density and temperature profiles at mid-pedestal and re-
sults in the formation of the staircase pedestal. As the heat flux to the divertor increases, the
pedestal narrows and the ExB shear at the mid-pedestal increases, triggering a back transition
from TEM to KBM limited transport. The pedestal pressure increases during the staircase phase,

indicating that enhanced mid-pedestal turbulence can be beneficial for confinement.

A historic advance in magnetic fusion research was
the discovery of H-mode confinement [1] resulting from
the formation of an edge transport barrier. The stan-
dard paradigm for the H-mode transition is the forma-
tion of an edge transport barrier when the ExB veloc-
ity shear is sufficient to suppress long wavelength insta-
bilities [2]. More recently it has been shown that the
dual constraint of Peeling-Ballooning-Mode (PBM) and
Kinetic-Ballooning-Mode (KBM) stability captures key
features of the edge transport barrier including the height
and width of the pedestal [3]. However, new theoret-
ical studies [4, 5] suggest that the KBM may not al-
ways be the limiting instability in the gradient region
of the pedestal, and that as we move to reactor scale
with smaller p* = ps/a (ps ion sound radius, a minor ra-
dius), the ExB shear may be insufficient to suppress long
wavelength instabilities in the pedestal, with potentially
deleterious effects on H-mode confinement [4].

In a recent study it has been shown that n=3 Reso-
nant Magnetic Perturbations (RMPs) suppress large am-
plitude edge-localized-modes (ELMs) in DIII-D high 5,
(Bp > 1.5) plasmas leaving residual high frequency ELMs
known as ”grassy”’-ELMs in a naturally wide pedestal
regime [6]. 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) [6, 7].

In this Letter we show that the periodic flattening of
the density and temperature profiles at mid-pedestal oc-
cur due to the onset of long-wavelength broadband fluctu-
ation at the bottom of the Er-well. The same flattening
at mid-pedestal is seen on multiple diagnostics at dif-

ferent toroidal and poloidal locations (CER, Thomson)
and from I-coil reversal experiments, confirming the ax-
isymmetry of the staircase structure. The fluctuations
at mid-pedestal occur due to incomplete ExB suppres-
sion of long wavelength instabilities. The fluctuations do
not destroy the H-mode barrier, and in-fact the pedestal
width and pressure increase during periods of enhanced
mid-pedestal fluctuations. This suggests that enhanced
turbulence in the pedestal is not necessarily deleterious to
confinement, so long as it is spatially localized, consistent
with general arguments for the beneficial effect of wide
pedestals on PBM stability [8]. Local gyrokinetic analy-
sis using the CGYRO [9] code indicates a non-monotonic
flux gradient relation at the mid-pedestal which can lead
to a local transport bifurcation. The staircase pedestal
occurs due to this transport bifurcation from KBM to
trapped-electron-mode (TEM) limited transport. The
pedestal transitions between these two states as the flux
through the pedestal rises and falls with the penetration
and screening of resonant fields at the pedestal top as
described in Refs. [6, 10]. We note that staircase struc-
tures were first discovered in global gyrokinetic simula-
tions [11] where quasi-coherent flow structures were gen-
erated by the underlying turbulence field, and more re-
cently through avalanching [12], and inhomogeneous tur-
bulent mixing [13]. The formation of staircase structures
in the pedestal and its relation to ExB shear has not
been described in the literature to date.

Figure 1a shows the Balmer (D,,) signal and n=3 RMP
wave form for a discharge with suppressed large ampli-
tude (Type-I) ELMs and showing only residual grassy-
ELMs. A zoom in view of the modulations in heat flux
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FIG. 1: (a) Balmer signal D, from inner strike point
and I-coil current (1), (b) BES density fluctuations at
p =~ 0.85 (c) inner strike point heat flux Pgp(red)
measured by IR camera and 2 ms average of heat flux
in blue (d) pedestal top temperature from ECE (e) ion
saturation current density at the inner strike point.
Plasma parameters are ¢95 =~ 5.3, R ~ 1.68 m, a ~ 0.6
m, By ~ —1.90 T, Ip ~ 1.15 MA, Pyg; ~ 10 MW,
Prc ~ 3.4 MW and ITER shape §=0.55.

to the inner strike point (Fig. 1c, using an infra-red cam-
era, with & 2 MW subtracted) and fast measurements
of the electron temperature at p = 0.7 (Fig. 1d, from
ECE [14]) reveals pulsations correlated with broadband
fluctuations at the top of the pedestal (Fig. 1b, from
beam emission spectroscopy (BES) [15] measurements at
p ~ 0.85, p = VN, ¥ is the poloidal flux function
normalized to its value on the last closed flux surface).
A 2 ms time average of the IR signal in Fig. 1c (blue)
shows the minimal contribution of grassy-ELMs to the
time average heat flux. Langmuir probe measurements
of ion saturation current at the inner strike point, shown
in Fig. le, reveals increased particle flux to the divertor
coincident with the increase in the heat flux. The slow
modulation of the heat and particle flux to the divertor
is correlated with the modulation in the fluctuation level
at the top of the pedestal (Fig. 1b). Correlated with the
observed enhancement in the pedestal-top fluctuations,
the temperature at p = 0.7 shows rapid drops during pe-
riods of enhanced particle and heat flux to the divertor at
the times indicated by the vertical dashed lines in Fig. 1.

Here we show that as the flux to the divertor rises and

falls (Fig.1c,1e) the mid-pedestal undergoes a transport
bifurcation from KBM/ETG to TEM limited transport,
leading to pedestal broadening and staircase formation.

Figure 2 shows a close-up view of fluctuations and pro-
files between t=2460 to 2540 ms from Fig. 1. Broad-
band density fluctuations from BES measurements at
the pedestal top (p =~ 0.85) and at the mid-pedestal
(p ~ 0.95) are shown in Figs. 2a and 2b respectively.
The 25% change in the heat flux to the inner strike point
is shown in Figure 2c¢ (red) together with a 3 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 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). In contrast, the burst-
ing broadband fluctuations (f~40-160 kHz) at the mid-
pedestal (p & 0.95) occur during the period of decreasing
heat flux to the divertor. These bursts have distinct tem-
poral and spectral features to the and the grassy-ELMs,
and have a poloidal velocity of ~ 20 km/s moving in the
electron diamagnetic direction in the lab frame (similar
to the ExB velocity at the bottom of E, well). Pedestal
profiles are shown in Fig. 2(d-g). The blue profiles corre-
spond to the period of decreasing heat flux to the diver-
tor (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 Thomson scattering
(TS) and C-VI charge exchange measurements (CER)
over 10 similar periods of these pedestal oscillation. The
ion temperature profiles (not-shown) have a similar mid-
pedestal flattening as with the electron temperature. The
ExB rotation frequency wg = E,/RB, (Fig. 2g), and
ExB shearing rate vg = r/q0,wg [r, ¢ minor radius and
safety factor] (Fig. 3b) are obtained from radial force bal-
ance using the CER data.

During the interval of increasing heat and particle flux
(red shaded region in Fig. 2¢) the pedestal contracts to a
single-step structure with a width Ap ~ 0.08 (compared
to Ap ~ 0.12 for the staircase pedestal). The narrower
pedestal has a typical Tanh shape that we call the single-
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. The mid-pedestal profile flattening is
correlated with the appearance of bursting fluctuation at
the same location.

Linear instabilities We employ linear CGYRO to find
the dominant modes, their growth rates, frequencies and
quasilinear fluxes at different radial locations. CGYRO
uses an advanced collision operator relevant for the edge
of fusion plasmas. We use a toroidally symmetric general
equilibrium that realistically models the plasma geome-
try, and we use the full physics available in CGYRO (fully
electromagnetic, collisional, all species kinetic). Domi-
nant instability types at different radii are summarized
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FIG. 2: Power spectrum of density fluctuation
measured by 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, ion temperature, and ExB toroidal rotation
frequency (wg).

Staircase
MT (kgps <0.1)
ITG (0.1< kgps <2)
ETG (kgps > 2)

) Single-step
0.85 MT (kgps <0.1)
(pedestal top) ITG (0.1 <kgps <2)
ETG (kgps > 2)

0.9 TEM/ITG (kgps < 2)| TEM/ITG (kgps < 2)
(core-edge boundary) ETG (kgps > 2) ETG (kgps > 2)
0.95 TEM (kgps < 0.3) MT (kgps < 0.1)

(mid-pedestal) ETG (kgps > 0.3) |[TEM/ITG (0.1<kgps <2)
ETG (kgps > 2)
TEM (kgps < 0.3)

ETG (kgps > 0.3)

0.98 TEM (kgps < 0.3)
(pedestal foot) ETG (kgps > 0.3)

TABLE I: Table of instability types in the pedestal

in table I for the staircase and single-step pedestal. Iden-
tification of the dominant instabilities from CGYRO is
based on the sign of the mode frequencies and their de-
pendence on parameters such as 3., V1, ;, Vn, and rel-
ative quasilinear fluxes. The linear simulations are per-
formed for the ballooning angle 6y = 0, assuming that the
dominant instabilities are poloidally centered at the out-
board midplane. For both pedestals, Ion Temperature
Gradient modes (ITG) dominate at the pedestal top and
Electron Temperature Gradient modes (ETG) dominate
at the pedestal foot (p = 0.98).

At mid-pedestal (p = 0.95) in the single-step pedestal
we find the linear growth rate of unstable TEM in the
range kgps < 0.15 is smaller than g at the same location
(ko is the binormal mode number [9]). However, ETG
is unstable at mid-pedestal and the pressure gradient is
within 10% of KBM threshold, so it is likely that a combi-

nation of ETG and KBM control the mid-pedestal trans-
port. In contrast, for the staircase pedestal, unstable
TEM and ITG are found in the range 0.1 < kgps < 2 and
they have linear growth rates exceeding vg by an order
of magnitude. Therefore we anticipate that TEM/ITG
will dominate the mid-pedestal transport for the staircase
pedestal. The dominant staircase mid-pedestal instabili-
ties are similar to the pedestal top instabilities, since the
gradients at mid-pedestal are similar to the pedestal top.

Nonlinear CGYRO simulations at p = 0.95 (including
ExB shear) for the single-step pedestal shows that elec-
tron thermal transport is mostly driven by ETG, whereas
residual TEMs at long-wavelengths (kgps <0.15) drive
weak particle and ion thermal transport due to strong
ExB shear suppression. For electron scales (32 toroidal
modes, 3 < kgps < 93) ETGs dominate the transport
through electron energy channel, and particle and ion
thermal transport are negligible (Q. ~ Qtor = 223Q;B

I'. = 0.38T,p). For ion-scale simulations (32 toroidal
modes, kgps < 1.55) particle, ion energy, and electron en-
ergy transport are respectively, I'e = 4I'yn, Q; = 50QsB
, Qe = 200Qp. Neoclassical transport using the NEO
code (NEO is a multi-species drift-kinetic solver) [16]
at mid-pedestal shows negligible electron transport and
significant ion heat transport (Q; = 57 gB, I'e ~ 0.85
gB). The net thermal and particle flux from nonlinear
CGYRO and NEO is Qor = 530QeB, I' = 6I'yp, com-
parable to the net heat and particle flux obtained from
TRANSP [17] transport code analysis, Qo = 460QgB,
I' =5Is.
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FIG. 3: Single-step and intermediate pedestal profiles
and nonlinear flux calculations. (a) Electron density for
single step (red) staircase blue and intermediate profile
(dashed (b)ExB shearing rate for the single-step(red),
staircase(blue) the intermediate (dashed) (c¢) Nonlinear
fluxes from CGYRO of particle, electron energy and ion
energy (Te, Qe, Q;) in their respective gyro-Bohm units
(gB), for the single-step pedestal (red) and the
intermediate pedestal (black).

To better understand the sensitivity of the mid-
pedestal transport on the ExB shear, we take the single-



step pedestal and make it broader by 20% and increase
the pressure by 20% (10% increase in temperature and
density). This creates an intermediate pedestal profile
between the single-step and staircase profiles, as shown
by the dashed curve in Fig. 3a. Figure 3b shows ~ 40%
decrease in yg at p = 0.95 for the intermediate pedestal
due to approximate quadratic dependence of v on the
pressure inverse scale-length.

For the intermediate pedestal, nonlinear ion-scale
CGYRO simulations at p = 0.95 show a dramatic in-
crease of fluxes in all channels (Q., @; and I',) compared
to single-step pedestal simulations, shown in Fig.3c. In
particular the particle and ion thermal flux increase by
more than an order of magnitude in going from the single-
step to the intermediate profile, even though the profile
gradients have been relaxed. A relaxation of the gra-
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FIG. 4: Local particle flux versus a/L,,, squares and
circle are the nonlinear fluxes, and dashed lines are from
quasilinear calculation.

dients should lead to a reduction in the turbulent flux
but the strong reduction of the ExB shear enhances the
long-wavelength TEM transport capable of driving large
energy and particle flux at mid-pedestal.

The negative slope of the flux versus inverse scale-
length in Fig. 3c is a property of a nonlinearly unsta-
ble flux-gradient solution which can trigger a local trans-
port bifurcation [18]. In a physical flux driven system,
the profile gradient will immediately relax in response
to an infinitesimal enhancement in transport when the
flux-gradient solution is unstable, producing the staircase
pedestal consistent with a transport bifurcation.

Once the mid-pedestal undergoes a transport bifurca-
tion to the weak gradient state, the flux versus gradi-
ent relation becomes positive (stable solution). Figure 4
shows a a non-monotonic flux gradient relation calculated
using linear and non-linear CGYRO that demonstrates
how flux-driven transitions can occur from the staircase
to the single-step pedestal and visa versa. From non-
linear ion-scale CGYRO simulations at p = 0.95, dou-
bling the gradients for the staircase pedestal leads to a
large increase in fluxes as shown by square open sym-
bols in Fig. 4 consistent with a stable flux-gradient re-

lation. The open circles in Fig. 4 show the flux versus
inverse scale length for the single-step and the interme-
diate pedestal profiles obtained from nonlinear CGYRO,
presented in Fig. 3c. The negative slope demonstrates an
unstable flux gradient relation. The KBM critical gradi-
ent is shown by the vertical dashed line in Fig. 4, which
is within 10% of the measured gradient at mid-pedestal.

To connect these two regions in the flux-gradient rela-
tion we use a quasilinear calculation (dashed curve) de-
rived by scanning the scale lengths (a/L,, and a/Lt) at
p = 0.95 in the single-step pedestal and calculate the
linear growth rate and quasilinear flux for each scale
length. In this scan the ratio of density and temper-
ature scale lengths are kept constant. The quasilinear
mixing length estimate for the effective particle diffusiv-
ity is D = Do(1 — vg/7), where Dy = cy/k% [19], c is
a coefficient for matching the flux to the nonlinear sim-
ulation, k1 = [k3(1 4 §2(6%))]°? is the perpendicular
wave number, § = r/¢0,.q is the magnetic shear, and 0 is
the extended ballooning angle representing the distance
along the magnetic field line. The mixing-length particle
flux is given by I' = —max[D]Vn [20], and the value of
~vE is self-consistently calculated with the density scale
length. The quasilinear flux qualitatively captures the
stable and unstable trends in the flux-gradient relation
obtained by nonlinear simulations.

The transport bifurcation dynamics can now be elu-
cidated from the left pointing and right pointing blue
arrows in Fig. 4. Starting from the staircase pedestal at
a/L, = 2.5 (lower left), an increase in the flux through
the pedestal will drive an increase in the gradients, pro-
ducing 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. As the gradient in-
creases beyond a critical threshold [18] the profile bifur-
cates to the KMB limit indicated by the horizontal part
of the right pointing arrow. This bifurcation corresponds
to the ExB shear suppression of ITG/TEM transport.
Conversely, as the flux decreases, the trajectory follows
the left pointing arrow. Initially the gradients relax from
the KBM to the unstable flux-gradient region. This leads
to a bifurcation of the profile from the single-step to the
staircase pedestal as indicated by 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 modula-
tion in the thermal and particle transport through the
pedestal, which is correlated with the modulation of the
turbulence at the top of pedestal (Fig. 1b) and flux to
the divertor (Fig. 1lc,le).

In this work we show that a wide pedestal can ex-
perience a transport bifurcation to a staircase structure
when the ExB shear is insufficient to fully suppress long
wave-length electrostatic instabilities. Modulated fluxes
of particles and energy through the pedestal drives transi-
tions between a staircase structure limited by ITG/TEM



at the mid-pedestal to a single-step structure limited by
ETG/KBM. The strong flattening in the mid-pedestal
region is correlated with bursting broadband fluctua-
tions. Taking the ExB rotation (wg) at the bottom of
the Er-well and the nonlinear spectrum from CGYRO at
p = 0.95, we obtain a frequency range of 50-140 kHz in
the electron diamagnetic direction in the lab frame, which
is comparable to the BES bursting fluctuation spectrum.
As noted in this Letter, the ExB shearing rate decreases
rapidly with increasing pedestal width, creating the con-
ditions where pedestal transport bifurcations can occur.
In ITER, p* will be about an order of magnitude smaller
than in DIII-D and the pedestal width is expected to scale
with the machine size. As vg/v ~ p* (7 is the dominant
mode growth rate) [19], 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 nec-
essarily 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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