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ABSTRACT

The Quiescent Double Barrier (QDB) regime is a high performance regime recently
identified in DIII-D and characterized by a double transport barrier structure (core and
edge) that can be maintained for several seconds, often limited only by the pulse length
capabilities of the DIII-D hardware. The QDB regime has been sustained for up to 25 Ty
with fusion performance of up to ByHgg=7. The edge barrier is ELM-free, but
modulated by low frequency MHD activity that allows density control via an external
cryopump. The core barrier is similar to those seen in previous internal transport barrier
experiments, but is maintained without complete stabilization of turbulence. Instead, the
turbulence correlation lengths become very short so as to minimize the transport length
scales. The two barriers are separated by a region of high transport that is a consequence
of a zero crossing in the E X B shearing rate. These discharges typically possess highly
peaked density profiles. This has several implications: narrow bootstrap current profile,
reduced beta limit and increased impurity retention. We will report on studies of each of
these issues.
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1. INTRODUCTION

For several years, experiments in many tokamak devices have focused on regimes
with internal transport barriers (ITB) as candidates for further Advanced Tokamak
development [1-5]. These regimes often lead to peaked pressure profiles and have
inherently low global P limits, and are difficult to sustain. For an even longer time, the
H-mode [6], with transport barriers near the plasma boundary, has been studied and has
become the default scenario for next-step devices. There is an obvious attraction to
combining these regimes, but our ability to produce such regimes, with their inherent
improved MHD stability [7] and bootstrap current alignment [8] characteristics, has so
far been limited. Although ELMing H-mode regimes have been combined with an I'TB,
this usually occurs with some degradation to the ITB due presumably to ELM
coupling [9]. ELM-free H-modes have also been combined with an ITB, but this results
in merging of the core and edge barriers and ultimately to MHD termination of the high
performance regime [10,11].

Recent experiments in counter neutral beam injected (counter-NBI) discharges in
DIII-D have produced a new regime with combined edge and core barriers, the Quiescent
Double Barrier (QDB) regime [12—-14]. This regime obtains the same advantages as an
ELMing H-mode regime with a core barrier, but without some of the costs: the core bar-
rier is allowed to form and be sustained with no evidence of deterioration. The H-mode
edge is ELM-free, but not in the traditional sense. In these discharges, low frequency,
sustained MHD oscillations replace the ELMs in the role of increasing particle transport
near the boundary to allow particle control via an external cryopump. In most cases, these
oscillations take the form of the Edge Harmonic Oscillation, a low-n oscillation localized
at or slightly outside the boundary [13]. In a few cases, a global MHD mode with a sig-
nificant component near the edge has been observed to produce results almost identical to
those with the EHO. The core barrier is similar to those seen with an L-mode edge, with
no obvious signs of deterioration. A remarkable result is that these barriers seem to exist
without complete stabilization of long wavelength turbulence. Rather, in these discharges,
the turbulence correlation lengths become very small, thereby reducing the spatial scale
of the transport rather than the amplitude of the turbulence.

Discharges operated in the QDB regime have exhibited sustained fusion performance
of PBynHgg=7 for up to 10 T and up to 25 1 for >3.5s with somewhat lower
performance. The duration of these discharges is often limited only by the available
neutral beam pulse length.
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In this paper, we will first discuss the global behavior of the QDB regime, including
the conditions for producing it. We will then summarize the behavior of the edge region;
a more detailed description is available in Ref. [15]. The behavior of the core region will
be discussed, covering both transport and MHD stability. Finally, we will summarize the

results.
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2. GLOBAL BEHAVIOR

The QDB regime has so far only been obtained in counter-NBI heated discharges in
DIII-D. These discharges are operated similarly to previous experiments where we
produced an ITB with an L-mode edge [16], except that the plasma configuration has
been changed from a high-field-side limiter to a single-null divertor, with both divertor
legs being coupled to divertor cryopumps. The pumping is an important ingredient, as the
QDB regime is accessed at low densities (ngedeStal ~ 1-2x10" m_3).

This results in a rapid transition to a low-density ELMing H-mode after heating
power is applied. In many discharges, particularly those with higher heating power, a
series of rapid locked modes occurs during this phase. This usually has the effect of
reducing the ¢ profile, but in many cases, the plasma can recover and obtain a QDB
regime with full performance. We have had some success controlling these locked modes
using error field reduction techniques [17], but it is difficult due to the extremely rapid
onset of these events.

After several hundred milliseconds, the ELMs spontaneously cease, being replaced in
most cases by the EHO. This phase is critical: if the EHO or another MHD oscillation
with similar impact on the edge characteristics is obtained [15], the ITB forms
spontaneously in nearly all cases with sufficient heating power. If not, the plasma will
usually remain in an ELMing H-mode state for the remainder of the discharge.

In most cases, there is no obvious power threshold. In the conditions where most
QDB experiments have been performed (Ip =-1.3MA, By =1.8-2.1T, do5 = 3.5-4.5),
the EHO and subsequent ITB appear at any power level where the L-H transition occurs.
The height and spatial extent of the ITB varies strongly with the power, while that of the
edge barrier is less sensitive. At higher plasma current (1.6 MA), we begin to observe
evidence of a power threshold for the EHO at around 10—-12 MW. It should be noted that
these discharges were created with a slightly different, squarer, shape, and we cannot
definitively associate the appearance of the threshold with either current or shape alone.

During the ELM-free phase, which can last several seconds, most of the characteri-
stics of the plasma, including density, fusion reaction rate and radiated power, become
steady (Fig. 1). Although the safety factor g continues to evolve, this evolution is usually
very slow, owing to the counter-neutral beam current drive (counter-NBCD) which
assists in maintaining an elevated g profile. As will be discussed later, this is believed to
be an ideal target for demonstration of ECCD to bring the current profile to a steady-state.
Such experiments are anticipated for the near future.
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Once the QDB regime is entered, provision of additional heating power can increase
fusion performance. Although detailed studies of global confinement dependencies have
not yet been undertaken, the data obtained so far seem to indicate little or no confinement
degradation. In the discharges completed so far, a beta limit appears to exist at about
By =3. Attempts to exceed this level can result in either disruption or just loss of the
QDB regime, usually followed by a return to ELMing H-mode.
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Fig. 1. Time history of a QDB discharge, showing (a) plasma current and toroidal field, (b) density
and D, (©) qq and g, . (d) H89 and H98v.2 (e) ,BN’ ) BNHS and neutron rate,
(g) central nickel impurity concentration, (h) heating and radiated power (103740).
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3. EDGE TRANSPORT BARRIER

The Quiescent Double Barrier regime is an ELM-free regime, but not in the usual
sense. In these discharges, the edge region is dominated by low to moderate n (n =
1-10) MHD activity (Fig. 2). In most cases, this takes the form of the Edge Harmonic
Oscillation (EHO), which is highly localized near or slightly outside the separatrix. A
more complete description of the characteristics of the EHO is given in a separate
paper [15].
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Fig. 2. (a) Intensity contours of the EHO at different toroidal mode
numbers from magnetic measurements. (b) ¢ profile as a function of
P, the square root of the normalized toroidal flux at the time shown by
a vertical bar in (a) (106919).

The EHO has the effect of increasing particle transport near the boundary, thus
facilitating particle control via an external cryopump. It does not, however, cause some of
the less desirable effects of ELMs. In particular, unlike ELMs, the effect of the EHO is
highly localized and does not perturb the interior of the plasma. Therefore, the ITB is
allowed to develop undisturbed by activity propagating from the edge.

In a few cases, the QDB regime has been obtained without the EHO. This occurs after
a locked mode during the current ramp results in g being reduced to near unity before
the formation of the ITB. In such cases, a global MHD mode appears with a significant
edge component. The exact nature of this mode has not yet been identified, but it
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generally appears with n=1 and with a somewhat higher frequency than the EHO (Fig. 3).
This results in a set of profiles that are indistinguishable from the QDB with an EHO. So,
the EHO is not a unique requirement for formation of a QDB discharge, but some sort of
MHD activity near the edge is required for density control.
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Fig. 3. (a) Intensity contours of global MHD activity from magnetic
measurements. (b) ¢ profile at the time shown by a vertical bar in (a)
(106956).

The core and edge barriers are insulated from each other by virtue of a zero crossing
in the E X B shearing rate (Fig. 4) g, 5. Here, the radial electric field E, is calculated

using the force balance equation:
-1

where i can denote any ion species, but here refers to the carbon impurity measured by
charge exchange recombination. E is strongly negative in the core, a consequence of the
dominant pressure gradient term in counter- or balanced-NBI discharges. As in other
H-modes, it is also strongly negative near the edge. Connecting these regions is a
flattened region.

The E x B shearing rate is calculated according to Ref. [18]:

2
(RBy)” o [ E
= % 7 Tt 2
PExB B oy [RBSJ @
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Both simulated [19] and experimental [1,2,10,16] observations indicate that a large
amplitude of g, p is stabilizing to low-kdrift ballooning modes. The zero crossing in
Wgyp at p=0.88, a consequence of the flattened region in the E_ profile, locally
facilitates a region of high transport that prevents the two barriers from merging. Note
that although our experience suggests that merging the two barriers can result in very
high fusion performance [10], this also has resulted in a highly transient regime [11]. This
separation may be an essential factor in allowing this regime to become nearly steady.
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Fig. 4. Kinetic profiles from a QDB (103740) and ITB with an L-mode
edge (99849). (a) Ion and (b) electron temperatures, (c) electron
density, (d) radial electric field and (e) E X B shearing rate.
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4. CORE BARRIER

The core barrier region of the QDB discharges is similar in many ways to those seen
in previous discharges with an L-mode edge [16]. The most important difference is that
an edge pedestal, which can, in many cases, become quite large, elevates the temperature
profiles (Fig. 4). The density profile is also different: even though these discharges
maintain an H-mode edge, the pedestal density is lower than that seen in the similar
L-mode discharge. This is because unlike the L-mode discharges, which were operated
in a limiter configuration, these discharges are operated with a divertor configuration
where both divertor legs are strongly pumped. The density profiles in these discharges
can also become quite peaked. This peakedness has some disadvantages, which are
discussed below.

An interesting feature of these ITBs is that they exist with only incomplete
suppression of turbulence. Typical ITBs in DIII-D form where the E X B shearing rate
increases to become larger than the growth rate calculated for low-k drift-ballooning
modes. In these cases, fluctuation measurements typically indicate that the amplitude of
the local turbulence is decreased to at or below the detection limit. This is not the case for
many QDB discharges. FIR scattering indicates that the broadband turbulence observed
during the entry to the QDB regime remains fairly large in amplitude (Fig. 5).
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Fig. 5. Contour plot showing amplitude of fluctuations detected by FIR scattering.
Suppression of core turbulence is not complete despite the strong ITB during the QDB
phase of the discharge which begins at t=1.5 s (107001).
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Despite this significant residual turbulence, the core transport calculated by the
TRANSP [20] code in the QDB becomes very small, comparable with that in the
L-mode edge ITB discharges, which have more complete turbulence suppression
(Fig. 6). Some clues to the nature of these ITBs is provided by simulations of a QDB
discharge.
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0.0 0.2 0.4 0 0.6 0.8 1.0

Fig. 6. Thermal diffusivities calculated by TRANSP for QDB (103740), L-mode edge ITB
(99849) and standard L-mode (99852) discharges indicate that core transport is similar for
QDB and L-mode edge ITB discharges. The region of high transport is visible separating
the core and edge barriers.

Linear gyrokinetic stability calculations using the GKS [21,22] code predict a large
amplitude kinetic ballooning mode, with k=0.5cm™!, appears at r=0.4 (Fig. 7).
Interestingly, this is the same region where g, g undergoes a zero-crossing, so that
there is no expectation of shear stabilization of this mode. An ideal ballooning mode is
predicted at the same location. It is not clear whether this is related to the activity seen on
fluctuation diagnostics, although it too appears to be centered near p=0.4. Outside of this
region, comparison of the maximum linear growth rate y . from the GKS calculation
with |og, gl indicates that the EXB shear is expected to be sufficient to suppress the
turbulence.
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Fig. 7. Comparison of the calculated linear growth rate for drift wave turbulence with the
E X B shearing rate indicates an unstable region, identified as a kinetic ballooning mode,
near P=0.4 (103740 3.3s).

Steady-state simulation of a QDB discharge using the GLF23 gyro-Landau-fluid
transport model [23] reproduces the core ion temperature profiles, also with only
incomplete suppression of turbulence (Fig. 8). Here, the shearing rate v, is very close to
the growth rate vy .  over a large region of the plasma. This indicates only partial
suppression of turbulence, yet the code reproduces the ITB in the ion channel. It also
predicts the formation of a similar barrier in the electron channel, which is not reflected in
the experimental results.

In the QDB discharges, we have created core barriers with transport characteristics
similar to those with complete turbulence suppression, but the turbulence amplitudes
remain fairly large. However, the amplitude alone does not determine transport.
Reflectometry measurements (Fig. 9) indicate that the turbulence correlation lengths
become very small in the core of QDB discharges, indicating a reduction in the step size
for transport. In L-mode, the correlation length is generally proportional to a gyroradius.
In the QDB, however, this dependence seems to be eliminated, and the correlation length
becomes small (but clearly non-zero) and independent of any quantity that varies along
the plasma radius. This behavior is replicated by initial efforts at modeling ITG turbu-
lence with the circular geometry UCAN code [24]. Further modeling will be required to
verify this result, as the calculation does not yet include all of the pertinent physics.
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Fig. 8. The ion temperature profile calculated by a steady state simulation using the
GLF23 transport mode closely matches the measured profile. However, the electron
temperature is not reproduced well (103740).
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Fig. 9. (a) Turbulence correlation lengths measured by reflectometry in an L-mode
discharge vary with the ion gyroradius. (b) In the QDB discharge, they are uniformly
small, indicating a reduced step size for turbulence transport.

As mentioned at the beginning of this section, the density profile in the QDB regime
is often quite peaked. This has several implications. First the bootstrap current alignment
is inadequate for sustainment of the QDB regime without some kind of active current
drive (Fig. 10). Fortunately, simulations using the CORSICA [25] transport code predict
that the QDB may provide a suitable target for sustainment with electron cyclotron
current drive (ECCD; Fig. 11). This indicates that there may be a steady-state solution for
the QDB, even though the QDB with counter-NBI has a significant amount of counter
current drive from neutral beams (Fig. 10).
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Fig. 10. Current profiles for QDB discharge showing the total current profile along with
the calculated bootstrap and neutral beam current drive profiles (103740 3.3 s).
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Fig. 11. Calculations using CORSICA predict that ECCD should be able to maintain a
steady current profile in a QDB discharge. This simulation includes 3 MW FWCD and
6 MW ECCD. The FW and EC requirements are relaxed if beam ion losses are included
(103818).
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Production of a QDB discharge without the requirement for counter-NBI would also
be very helpful in this regard and will be the subject of future efforts. The core-edge
separation should be maintained with balanced NBI as well, since the shearing rate is
dominated by the pressure term for both balanced and counter-NBI heated
discharges [16]. Whether counter-NBI is a requirement for the edge condition (EHO
without ELMs) is still an open question.

The second implication of the peaked density profiles is their impact on impurity
confinement. As shown earlier, these discharges can reach a state with steady electron
density and radiated power (Fig. 1). However, spectroscopic measurements and
MIST [26] modeling indicate that high-Z impurities in non-radiating states continue to
increase in QDB discharges.

This is borne out by the results of neoclassical impurity transport modeling using the
STRAHL [27,28] code. These calculations predict central accumulation of high-Z
impurities as a consequence of the high density peaking [ne(O) / <ne>~2 - 3] [Fig. 1(g)].
At the same time, low-Z impurities such as carbon are not predicted to collect in the core.
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5. MHD STABILITY

It has long been known that global MHD stability improves as the pressure profile is
broadened [29,30]. L-mode edge ITB discharges often exhibit quite low beta limits; this
is believed to be a consequence of their relatively peaked pressure profiles (Fig. 12). The
stability limit for H-mode discharges is higher since the pressure profile is less peaked.

Analysis of a QDB discharge indicates that it follows a similar trajectory to a typical
H-mode discharge in P(0)/(P) (pressure profile peakedness)/By (normalized beta)
space. Access to significantly higher performance by further broadening of the pressure
profile in the QDB discharges seems plausible. The peaked pressure profiles in these
discharges is largely a consequence of the peaked density profiles.

6
O H-mode
i e QDB
o]
=z 4
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| Unstable
&2
= :
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L T——
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Fig. 12. BN vs. P(0) /{P) trajectories for discharges in L— and H-mode and in the QDB
regime. The QDB discharge follows a trajectory similar to standard H-mode. The black
curve represents the calculated 7=1 ideal MHD stability limit and the blue represents the
n=1 resistive interchange stability limit.

Although detailed studies of the beta limit have not yet been undertaken for the QDB
regime, Fig. 12 is representative of the experience with this regime. The highest By
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achieved in a QDB discharge to date is By = 2.9 m—T/MA. Attempts to increase beta by
adding additional heating power have in many cases led to disruption; the details of such
discharges have not yet been studied.

Another class of instabilities that appear prevalent in the QDB discharges is the
Alfvén eigenmodes [31]. Both magnetic and local fluctuation measurements suggest the
presence of such activity, indicated by coherent, high frequency signals in many QDB
discharges.

In Fig. 13, we compare observations from a pair of similar QDB discharges, but one
was operated with a reduced neutral beam injection energy (the heating power was kept
nearly fixed by increasing the number of beam sources). In this case, the signature of
Alfvén activity in the magnetic measurements is eliminated.
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Fig. 13. The power spectrum from Bg probes indicating EHO and Alfvén mode activity.
(a) 106919, 75-80 keV, PNBI= 9 MW, (b) 106933, 60-80 keV, PNBI =10 MW.

TRANSP analyses in DIII-D often make use of a feature that allows an anomalous
beam ion diffusivity to be specified. This feature can effectively mimic the effects of
some Alfvén instabilities by artificially redistributing beam ions. In most cases in DIII-D,
inclusion of a small anomalous beam ion diffusivity (0.3 mz/s) is sufficient for the
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calculated stored energy and neutron rates to closely match the measured quantities,
indicating acceptable reproduction at the effects of the Alfvén eigenmode. In order to
match these quantities in many QDB discharges, larger values are needed. In the
discharge with reduced beam energy, however, no anomalous beam ion diffusivity is
necessary, once again indicating that the Alfvén activity is either eliminated or sharply
reduced in this discharge.

The temperature profiles in this pair of discharges are very similar (Fig. 14). Notable
differences are seen in the density and rotation behavior. Decreasing the beam energy at
fixed power results in increased particle source and beam torque. The former is the cause
of the increased peakedness in the density profile. The latter would normally be expected
to result in increased rotation; this is not the case, indicating that momentum transport
increases in this case. The energy confinement in both cases is similar, indicating that the
Alfvén eigenmodes are fairly benign, having little effect on the plasma performance.
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Fig. 14. Kinetic profiles for a pair of QDB discharges operated with different beam
energies. Fygy = 9-10 MW.
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6. SUMMARY

A new confinement regime, the QDB regime, has been obtained in DIII-D. The QDB
regime is characterized by high fusion performance, which is achieved by a combination
of an edge and core barrier. The two barriers are maintained separately by a region of low
EXB shear, which arises from a flattening of the E_ profile. The combination is
exceptionally stable, and can be sustained for several seconds.

The edge barrier is ELM-free, but with particle transport being modulated by MHD
activity. Although the exact nature of the MHD does not appear critical, most of these
discharges exhibit the EHO [15]. In some cases, the EHO is replaced by a global MHD
mode with a significant component near the edge. Regardless of the nature of the edge
MHD, it must not have a core component that is large enough to negatively impact the
core barrier.

The core barrier is similar to those seen with L-mode edge ITBs, but with the
temperature profiles elevated by the pedestal values, which can be as large as
Eped ~ 6 keV. In contrast with previous experience with ITBs, these form and are
sustained with only incomplete suppression of turbulence. Rather, the turbulence
correlation lengths, and therefore the transport length scales, become very short.

The core density profiles are quite peaked, even more so than the L-mode edge ITB.
This is a consequence of the strong pumping near the edge and the core beam fueling.
This results in a narrow bootstrap current profile and enhanced neoclassical impurity
retention. Future efforts to optimize the QDB regime will focus on broadening the density
profile. Although By =2.9 m—T/MA has been obtained in QDB discharges, broadening
the density, and therefore pressure, profile is hoped to also allow access to higher beta.
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