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Recent work at DIII-D has revealed important
differences in L-H transition trigger dynamics
between deuterium, helium and hydrogen plasmas.
It is well established that the L-H transition power
threshold in hydrogen plasmas is substantially
higher, by as much as 70-150%, compared to
deuterium (and helium) plasmas in DIII-D and in
other tokamaks [1-4]. We test here our hypothesis
that the ExB flow just inside the last closed flux
surface (LCFS)

hydrogen plasmas, therefore requiring higher power

is driven less effectively in
to trigger the L-H transition. We demonstrate that
the toroidal flow correlation in hydrogen plasmas is
substantially lower than in deuterium (and helium)
plasmas. We also find that for similar plasma
parameters the Reynolds force is lower in hydrogen,
and the poloidal flow damping rate is higher. The
Reynolds stress gradient is substantially larger than
the torque associated with the bulk ion viscosity and
ion orbit loss in deuterium and helium, but not in
hydrogen. The ultimate goal of this work is to link
differences in the microscopic turbulence-flow
interaction to the resulting macroscopic isotope
scaling, in order to advance a physics-based model
of the L-H transition power threshold. The observed
differences are qualitatively consistent with the
observed higher power threshold in hydrogen.

The experiments were carried out in lower single
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Fig.1: (a) Cross-correlation coefficient of
the ExB velocities measured in a D
plasma at the same minor radius at two
different toroidal positions (¢=60° and
$=240°), with the same poloidal launch
angle, in ITER-similar plasmas (near the
L-H threshold power of ~1.65 MW); (b)
evolution of EXB velocity near the bottom
of the E, shear layer across the L-mode-
LCO-H-mode transition, enlarged view of
toroidal flow correlation; (c) evolution of
density fluctuation level (0.4 < kp,<0.7).
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null plasma in the ITER-similar shape (ISS). Balanced torque injection (H, D) or low-torque
co-injection (He) has been used at line-averaged densities of 2.6-3x10'" m™, and safety factor
Gos~4.7-5.1, in the density range where a minimum in the L-H transition power threshold is
observed [1,2]. The plasmas investigated here are characterized by a phase of limit cycle
oscillations (LCO [5-7]) preceding the transition to H-mode. Plasmas with LCO allow
detailed analysis of the changes in turbulence and plasma flows before significant changes in
the edge pressure gradient occur (typically 1-10 ms after start of LCO).

Two different Doppler Backscattering diagnostic channels with identical frequency but
different toroidal launch positions (¢,=60° and ¢,=240° on the DIII-D midplane) are used for
this measurement. Figure 1(a) shows the time evolution of the cross correlation coefficient (at
zero time delay) between the ExB velocity measured at p=0.95 at the two different toroidal
positions in a deuterium plasma in ISS shape (ITER-similar shape). No significant flow
correlation is observed in L-mode prior to the L.-mode-LCO transition. The flow correlation
appears to decrease at later times near the LCO- to H-mode transition. This apparent loss of
correlation for # >1812 ms is a measurement artifact due to the DBS probing radius moving
out into the scrape-off layer once the pressure gradient responds and the H-mode pedestal
begins to form. The probing radius after this time is at the outer edge of the shear layer where
toroidal flow correlation is lower. An expanded view of the ExB velocity and the correlation
coefficient [Fig. 1(b)] shows that the increase of the correlation coefficient slightly precedes,
but basically occurs concomitantly with the development of oscillations in the ExB velocity

at the transition to LCO. The maximum flow correlation coefficient is C~0.5-0.6.

Figure 2 shows the toroidal flow cross- 0.6 : :
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channels with identical frequency but a toroidal
displacement of 180°, of the measured ExB flow

during LCO, as probed in deuterium and

Clvexs($1),Vexa(®2)]

hydrogen plasmas at the same density. C[vgxs(60°,
240°)] is substantially larger in D compared to H.

No toroidal propagation delay is observed, 1.28 -0.64 At (0 ) 0.64 1.28
ms

indicating that the flow layer is forming in an Fig. 2: Toroidal cross-correlation

axisymmetric fashion. Decreasing toroidal flow  coefficient of ExB flow in D and H, at the
correlation has also been observed in TEXTOR ~ ndicated radius (¢;=60% 9,=240%.
Ohmic plasmas when the hydrogen- to deuterium fraction was increased [8].

It is important to realize that the measured toroidal correlation implies toroidal as well as
poloidal symmetry; following a fieldline, the rotational transform yields a difference in
poloidal angle of ~35-40° between the two toroidally displaced outboard midplane DBS
probing locations. As expected, there is no measurable toroidal correlation between the

measured backscattered signal intensity (proportional to the density fluctuation power) as the
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poloidal correlation length (~2-4 cm) is much
smaller than the poloidal displacement between
fieldlines intersecting both probing locations.

The time history of the ExB flow, turbulence
level, and toroidal cross correlation in a hydrogen
plasma, at very similar density density (<n.>=2.6-
2.7x10"”m™), is shown in Figure 3. The toroidal
flow correlation increases again concomitantly
with the first transient in the edge EXB flow.
However in hydrogen C < 0.25, and the flow
develops over a 2-3 ms time span, much slower
than in D and He (He data not shown here). Less
efficient flow drive in hydrogen is consistent with
an increased power threshold, found to be more
than two times higher compared to deuterium in
the ISS shape in the intermediate density range
considered here.

The non-ambipolar fluxes that establish the
edge electric field layer can arise due to the
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Fig.3: (a) Toroidal cross-correlation

coefficient C of the EXB velocity measured
in hydrogen plasma at the same minor radius
(toroidal angles ¢=60° and ¢=240°) (ISS
plasma; L-H threshold power ~4.5 MW);
evolution of ExXB velocity and C near the
bottom of the E, shear layer; (b) evolution of
density fluctuation level (measured for a

turbulence-induced Reynolds stress and due to  poloidal wavenumber range(.5<k,p, <09 -

neoclassical contributions such as the bulk ion 1.5
viscosity and the thermal ion orbit loss. Other
contributions related to radial propagation of
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turbulent structures, and/or due to ion-neutral drag
may also play a role under certain conditions
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[9,10] but are not considered here. Poloidal flow
acceleration results from the jxB force

contributions due to these different terms. The
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poloidal flow damping rate in the edge layer is %8 -6

largest in hydrogen, as shown in Figure 4. The
Fig 4: Poloidal flow damping rate in D, H,

edge layer in D- and H-plasmas is in the plateau and He plasmas.

regime, with the poloidal flow damping rate v,

172

given by v, =v,e'", where v, is the ion transit frequency. The helium edge plasma is in the

Pfirsch-Schlueter regime with the damping rate given by v /v,

& » which is numerically
smaller than the damping rates in D and H near the LCFS. Table I shows a comparison of
correlation properties, and the contributions from the turbulent Reynolds stress (extracted
from BES velocimetry [11]) for the outer shear layer, about 1 cm inside the last closed flux
surface (LCFS) where the ExB shearing rate is highest. Similar values have been obtained for

D-plasmas from reciprocating probe data [12,13]. The forces due to bulk viscosity and
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thermal orbit loss are estimated here based on simplified models discussed in [9,10]. The
measured radial turbulence correlation length (shown here for a measured poloidal
wavenumber range of 0.5=<k,p, <0.9) and the toroidal flow correlation length L , in the

LCO phase are fairly similar in D and He (where P, ~ 1.8 MW), but L

GExB is much shorter in
hydrogen plasmas. H-plasmas are concomitantly found to exhibit lower Reynolds stress [11],
higher poloidal flow damping, and reduced toroidal correlation of the self-organized Ex B
flow layer established in the plasma edge across the L-H transition. In addition, the Reynolds
force acceleration is smaller than the (competing) acceleration terms due to viscous stress and
thermal orbit loss in H, while the Reynolds force is substantially larger than these forces in D

and He.

ii/n L-H L, iz v;¥ Vi Fi /M, Fou/ M, Fre M,
(au) | Trans. Time | (cm) (cm) (10°s™") | (10°m/s?») | (10°m/s?) | (10°m/s?)
D |0.11 | <03 ms 0.6 1020 |22 |7 -14 09 -2.8
He | 0.13 | <0.12ms 0.7 1414 |91 |4 -0.95 1.05 -4.5

Table I: Comparison of density fluctuation level, L-H transition time to establish enhanced negative
E,; radial turbulence correlation length, toroidal flow correlation length, normalized ion
collisionality and poloidal flow damping rate, and acceleration due to bulk ion viscosity, thermal
ion orbit loss, and Reynolds stress

The lower toroidal Ex B flow correlation across the L-H transition in hydrogen plasmas
compared to D [Fig.1] and He indicates less effective production of the large-scale
axisymmetric flow that triggers the L-H transition. All effects described here may contribute
to, or explain the higher L-H transition threshold power required in hydrogen. More detailed
studies are needed however to quantify the different force components in table I at both high
and very low density/collisionality and systematically map their effect on the power threshold

scaling.

*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
Awards DE-FC02-04ER54698, DE-FG03-01ER54615, DE-AC02-09CH11466, DE-FG02-08ER54999, DIII-D
data shown in this paper can be obtained in digital format by following the links
at https://fusion.gat.com/global/D3D_DMP.
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