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Abstract
The high poloidal-beta ( �

P
 ) regime was first proposed as a high bootstrap current 

scenario for a steady-state fusion pilot plant (FPP) in the 1990s (Kikuchi in Nucl 
Fusion 30:265, 1990). Since then, there have been many theoretical, modeling, and 
experimental research activities on this topic. A joint DIII-D/EAST research team 
began exploring the high-�

P
 regime in 2013, focusing on addressing the needs of 

attractive FPP design by taking advantage of the extensive diagnostic set and sophis-
ticated plasma control system on DIII-D and the well-developed integrated mod-
eling capability at General Atomics. The ultimate goal is to demonstrate such a 
scenario on EAST with truly long pulse and metal wall compatibility. This paper 
summarizes the highlights of the research results on DIII-D by the joint team in 
the past decade. Experimental evidence and modeling analysis show the high-�

P
 

scenario has great advantages in addressing key needs for an attractive FPP design, 
such as high-energy confinement quality at low rotation, excellent core-edge integra-
tion, high line-averaged density above the Greenwald limit, low disruption risk, and 
high bootstrap current fraction for steady-state operation. This provides a relatively 
safe and economical option to base an FPP design on that will lead to commercial 
fusion energy.
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1  Introduction

Sustained toroidal plasma current is required in tokamaks and is a major chal-
lenge for steady-state tokamak reactor design. There are two approaches to 
generate non-inductive plasma current in a tokamak. One relies on external 
auxiliary current drive (Fisch 1987), including neutral beam current drive, 
electron cyclotron current drive, lower hybrid wave current drive, fast wave 
current drive (Wesson 2004) and helicon current drive (Pinsker 2015). The 
other is the so-called “bootstrap current”, a self-generated plasma current 
due to the existence of trapped particles and density and temperature gradi-
ents between magnetic surfaces (Wesson 2004). In the high density condi-
tions expected in a fusion reactor, the external current drive efficiency will 
be low. This means that a lot of power will be needed for external current 
drive, which would reduce the fusion gain ( Q = Pfus∕Paux ), in a fusion reactor. 
Here, Pfus is the fusion power and Paux is the total auxiliary power. Therefore, 
a high poloidal-beta scenario aimed at maximizing bootstrap current fraction 
( fbs ) in a reactor was proposed in 1990 (Kikuchi 1990). Bootstrap fraction 
fbs ∼ �0.5�P ∼ �0.5�Nq95 , where � is inversed aspect ratio, �P is poloidal beta, �N 
is normalized beta, and q95 is safety factor at the 95% poloidal flux surface. 
For a given reactor design, � is fixed. Two approaches for high fbs are high �N 
and high q95 . Since �N could be limited by MHD stability with a typical value 
around 3.5 (Troyon et al. 1984), increasing q95 , i.e., decreasing plasma current, 
becomes a standard choice for accessing this high fbs regime. Based on this 
concept, a steady-state reactor scenario with �P ≥ 2.0 , fbs up to 70% and Q ∼ 30 
was proposed in Kikuchi (1990).

Experimentally, multiple tokamaks explored the high-�P scenario. Soon 
after the proposal of a high-�P steady-state reactor design, such a regime was 
achieved and studied on the TFTR tokamak using a fast current ramp-down tech-
nique (Sabbagh et al. 1991; Kesner et al. 1993). Later, experiments on ASDEX 
Upgrade showed high-density operation at the Greenwald limit with high �P 
(Hobirk et al. 2001). In 2002, the JET team reported exciting progress on quasi-
steady operation with internal transport barriers (ITBs) (Litaudon et  al. 2002). 
The ITB has been maintained up to 11 s with a large fraction of non-inductive 
current (above 80%) in a high-�P plasma “...which is the longest duration of sus-
tainment of this regime on JET. The duration of the discharges is close to the 
technical operational limits fixed by the maximum duration of (i) the application 
of the full NBI power and (ii) the high toroidal field operation ( B0 = 3.45 T).” 
[quote from Litaudon et al. (2002)]. The authors also proposed several important 
aspects that need to be addressed, including the compatibility of the ITB per-
formance at high triangularity, � limits in this highly non-inductive operation, 
exploration of a stationary regime at high normalized density, compatibility of 
the ITB with good plasma exhaust edge and a mild edge localized mode (ELM) 
activity, and investigation of impurity behavior in the ITB plasmas. Some of 
these have been investigated and addressed in the more recent DIII-D and EAST 
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joint research activities, which are the main subject of this paper and will be 
discussed later. Another set of pioneering research was performed by the JT-60U 
team in the 1990s (Koide et al. 1994; Kamada et al. 1994). High-performance-
sustained high-�P plasmas were demonstrated in JT-60U (Fujita et al. 2001; Saka-
moto et al. 2005). One example shows �N ∼ 2.4 , �P ∼ 1.7 , fbs ∼ 43–50% for 5.8 
s, i.e. 26 × �E or 2.8 × �R and another discharge has �N ∼ 1.7 , �P ∼ 2.4 , fbs ∼ 75 % 
for 7.4 s, i.e., 16 × �E or 2.7 × �R . Here, �E is the energy confinement time and 
�R is the current profile relaxation time defined as �0⟨�⟩a2∕12 , where ⟨�⟩ is the 
volume average of plasma conductivity and a is the plasma minor radius. The 
high-performance plasmas on JT-60U have an ITB at large radius, e.g., � ∼ 0.65 
in Te , Ti and ne channels (Sakamoto et al. 2009). Many normalized parameters of 
this plasma, such as H98y2 , fGr , �N , fbs , and fCD , meet or exceed the requirement 
for ITER’s Q = 5 steady-state operation. Here, H98y2 is the normalized thermal 
energy confinement factor defined by the ratio of experimental thermal energy 
confinement time and the scaling based on an international tokamak database 
(ITER Physics Expert Groups on Confinement and Transport and Confinement 
Modelling and Database et  al. 1999), fGr = ne∕nGr , is the Greenwald fraction, 
where nGr ( 1020 m −3)  =  Ip (MA)/�a2 and fCD is the non-inductive driven cur-
rent fraction. High-�P scenario was also explored on DIII-D in 2000s (Politzer 
et al. 2005). ITBs were observed at large radius in the experiments. H98y2 > 1.5 
and fbs ∼ 65–85% were achieved at q95 ∼ 10 . Since 2013, intensive joint research 
activities by the DIII-D and EAST teams have successfully applied this scenario 
to both tokamaks. More importantly, various aspects of this scenario has been 
individually extended to reactor relevant conditions, but not yet simultaneously, 
e.g., stationary operation, low toroidal rotation, intermediate q95 ∼ 6 , line-aver-
aged density above Greenwald limit, high core confinement quality ( H98y2 ) with 
fully detached divertor, etc., with deepened physics understandings (Garofalo 
et  al. 2015, 2018; Ren et  al. 2016; Ding et  al. 2017a, b, 2020a, 2021a; Stae-
bler et al. 2018; Jian et al. 2019, 2021a; McClenaghan et al. 2019;Huang et al. 
2020; Wang et al. 2021a, b; Qian et al. 2021). There is also recent active high-
�P related research on EAST (Garofalo et  al. 2017; Gong et  al. 2022), KSTAR 
(Na et al. 2015; Park et al. 2019; Kwak et al. 2020; Kim et al. 2022) and HL-2A 
(Chen et al. 2022).

The purpose of this paper is to summarize progress developing and understand-
ing the high-�P scenario in the last decade. DIII-D results will be used as examples. 
The rest of this paper will be organized as follows: Sect.  2 discusses the key needs 
for an attractive reactor scenario and shows how the high-�P scenario addresses those 
needs. Other features of the high-�P scenario are communicated in Sect. 3. Section 4 
introduces the efforts on operational space expansion in the joint DIII-D/EAST high-
�P experiments on DIII-D. Predictive high-�P modeling studies for current and future 
devices are introduced briefly in Sect. 5. Finally, Sect. 6 summarizes this paper and 
discusses the outlook of the high-�P scenario as a promising advanced scenario for a 
fusion reactor.
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2 � Key needs for an attractive reactor scenario design and the high‑ˇ
P
 

solutions

A tokamak plasma is a complicated physical system. A good tokamak fusion reactor 
design needs to include physics and engineering considerations. Usually, capital cost 
is an important additional consideration when making decisions in the real world. A 
recent paper discusses the most critical areas in reducing the capital cost risk for a 
compact tokamak pilot plant (Wade and Leuer 2021). The conclusion is that these 
areas are confinement quality, tritium breeding multiplier, thermal efficiency, diver-
tor heat flux, and neutron wall loading. The confinement quality and the divertor 
heat flux are the two areas that the recent research in high-�P scenario can address.

In this section, high-�P solutions on the topics of high confinement quality, high 
density operation, and core-edge solution will be presented. Last but not least, the 
advantages of high-�P scenario on low disruptivity for machine safety and steady-
state operation for high duty-cycle will be discussed as well. These two are also 
important considerations in fusion reactor design.

2.1 � High‑energy confinement quality and its low rotation compatibility

As discussed in Wade and Leuer (2021), energy confinement quality, in terms of 
H98y2 , is the highest leverage parameter for fusion capital cost. There are high H98y2 
(e.g. ≥ 1.5 ) operational scenarios in present experiments. However, many of them 
suffer confinement quality degradation at low toroidal rotation (Solomon et al. 2013; 
Ding et al. 2020b, 2021b; Garofalo et al. 2022; Thome et al. 2021). This is a very 
important research topic, because large tokamak plasmas like ITER’s will have 
high inertia, and therefore possibly low rotation. It is critical to identify a physics 
regime that can provide excellent energy confinement quality (e.g., H98y2 ∼ 1.5 ) at 

Fig. 1   Last closed flux surfaces 
of typical high-�P plasmas on 
DIII-D: double-null shape in 
green and single-null shape in 
blue. Red line shows flipped 
ITER-similar shape
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low toroidal rotation and achieve it in experiments. The high-�P regime is such an 
example.

DIII-D high-�P plasmas usually have an upward-biased double-null configuration 
(green line in Fig. 1), but recently, an ITER-similar true single-null shape has been 
used (blue line in Fig. 1) (Wang et al. 2021d). Modifications to the upper triangu-
larity and the X-point location were needed for effective pumping. Typically, the 
scenario is produced using relatively strong early heating and an early L-to-H-mode 
transition before Ip flattop.

Figure 2 shows waveforms and profiles of a typical high-�P discharge on DIII-D. 
Since �P ∼ I−2

p
 , it is relatively easy to establish a well-developed ITB plasma at low 

plasma current. A two-part experimental strategy is used in DIII-D high-�P experi-
ments. First, Ip is programmed to have two flattop steps in it. The first Ip flattop is 
relatively low and the typical value is between 0.6 and 0.75 MA. This results in a 
relatively high q95 value, e.g., ∼ 10 . To access the medium q95 regime (6–8), which 
is more reactor relevant, the discharges usually have a second Ip ramp-up phase. 
Typical target of the second Ip flattop is between 0.8 and 1 MA. Second, since too 
much Ip ramp-up causes MHD instability, a toroidal field ramp-down is also applied. 
Therefore, a toroidal field ramp-down technique in combination with Ip ramp-up is 
used in the experiments to alleviate the problem by targeting lower Ip value while 

Fig. 2   Waveforms and profiles of a typical high-�P discharge on DIII-D. a Plasma current in red; toroi-
dal field in blue; b �N in red; �N feedback target in blue (dashed); c H98y2 in red; NBI power in blue; d 
line-averaged density in blue; corresponding Greenwald fraction in red; vertical dashed line shows the 
time slice for profiles in e–h. e Electron temperature profile in blue; ion temperature profile in green; f 
electron density profile in blue; carbon density profile in green; g toroidal rotation profile in blue. Red 
lines in e–g show the fitted profiles. h Reconstructed q-profile with pressure and current (by motional 
Stark effect measurement, MSE) profile constraints. Shaded areas in e–h show the location of the ITBs in 
temperature and density
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keeping the desired q95 , as shown in Fig. 2a. �N feedback control of NBI power is 
used, as shown in Fig. 2b. This offers two benefits: (1) a high enough �N ensures �P 
is also high enough to access this desired regime; (2) when an ITB is developed, the 
energy confinement would be improved substantially, e.g., 50%. The �N feedback 
mechanism prevents an overshoot of �N to too high a value, which may cross an 
MHD stability boundary, by decreasing NBI power as shown in Fig. 2c. The typical 
line-averaged fGr is around 1.0, with an absolute line-averaged density reaching 
0.7 × 1020 m −3 or higher (Fig. 2d). Feedback control of the pedestal density is used 
instead of the line-averaged density, which is different from most other experiments. 
This technique ensures enough freedom in the density profile evolution for an ITB to 
form by providing sufficient fueling when a density ITB is developing. It also pre-
vents too much fueling when confinement is not good enough. It is important to note 
that MHD stability and avoiding disruptions are prerequisites for sustained high 
confinement quality in experiment.

An ITB in all channels (temperatures, densities, and toroidal rotation) at large 
radius (e.g., � ∼ 0.7 ) is the signature characteristic of high-�P scenario plasmas on 
DIII-D. Typical profiles are shown in Fig. 2e–g. Shaded areas show the location of 
the ITBs in temperature and density. The location of minimum q is well within the 
ITB region. Therefore, there is no “current misalignment” issue; this topic will be 
discussed further in Sect. 3.1. A strong gradient of toroidal rotation is observed in 
Fig. 2g. However, it is not well aligned with the ITB region in temperature and den-
sity. The toroidal rotation shear at � ∼ 0.7 , which is the foot of the ITB in tempera-
ture and density, is almost zero. The role of toroidal rotation on the high confine-
ment quality and ITB formation will be further discussed in the next subsection.

2.1.1 � Experimental observations and modeling analysis on high confinement 
quality at different toroidal rotation

DIII-D high �P experiments had shown high H98y2 ( > 1.5 ) at wide range of toroi-
dal rotation (from 10 to 120 krad/s measured at � = 0.5 ) as reported in Ding et al. 
(2017b) and Huang et  al. (2020). Investigations on DIII-D of the role of toroidal 
rotation shear on ITBs in the high �P scenario have been summarized in previous 
papers (Ding et al. 2017b; Garofalo et al. 2018). Two high �P discharges with simi-
lar �N and H98y2 but different NBI torque are presented in Fig. 3a–c. Measurement 
shows two almost identical electron temperature profiles with ITB at large radius 
(Fig. 3d), while the high-gradient region of the toroidal rotation profile has very dif-
ferent radial location in the high and low rotation cases. This is a clear experimental 
demonstration of the minor role of rotation shear played in the ITB formation in 
high �P plasmas.

It is worth mentioning that there shows a � collapse at around 3.2 s in #164538 in 
Fig. 3b. It was caused by a transient MHD event. �N and H98y2 transiently dropped 
from 3 to 2 and from 1.5 to 1, respectively. However, both �N and H98y2 recovered 
in a few hundred milliseconds. �N reached the same level before collapse and H98y2 
became even higher. This discharge is also discussed in McClenaghan et al. (2019). 
This example shows robustness of high �P scenario in plasma operation. More simi-
lar experimental observations are presented in Huang et al. (2020).
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Further transport modeling analysis supports the experimental observations 
(Ding et al. 2017b; Pan et al. 2017; Garofalo et al. 2018). The TGYRO (Candy 
et al. 2009) transport solver, combining TGLF (Staebler et al. 2007) for turbu-
lence and NEO (Bellie and Candy 2008) for neoclassical transport predictions, 
was used to simulate the temperature profile in high-�P plasmas with high and 
low rotation as shown in Fig. 3. Figure 4 shows results from the high rotation 
case. An interesting finding is that with or without E × B physics, TGYRO can 
reproduce the experimental ion temperature profile, suggesting different work-
ing mechanism for turbulence suppression in this plasma. Neoclassical transport 
is dominant inside the ITB, while turbulence transport can play a role outside 
the ITB. Note that plasma density and electron temperature profiles are kept 
unchanged in this set of modeling. Similar results were obtained using the low 
rotation case. In addition to the modeling analysis, turbulence measurement 
(beam emission spectroscopy, BES) found no low-k turbulence inside of the 
ITB for both the high and low rotation discharges shown in Fig. 3 (Ding et al. 
2017b).

Fig. 3   Waveforms and profiles for high (red) and low (blue) rotation high �P cases on DIII-D. a NBI 
torque; b �N ; c H98y2 ; arrows show the time slices for profiles. d Electron temperature profiles; e toroidal 
rotation profiles. Solid lines in d and e show the fitted profiles. Shaded areas in e represent the high-gra-
dient regions in the toroidal rotation profiles. Reproduced from Ding et al. (2017b), with the permission 
of AIP Publishing
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2.1.2 � Understanding of ̨ ‑stabilization physics in high Shafranov shift, high ˇ
P
 

plasmas

Even though experimental results and analysis support the compatibility of 
high-energy confinement quality with low toroidal rotation, it is still impor-
tant to understand the physics of turbulence suppression in the high �P regime. 
Progress understanding this came in two phases. Phase one was focused on 
the major experimental parameters that lead to strong turbulence suppression 
and low transport. Gyrokinetic modeling and gyrofluid modeling suggested 
that Shafranov shift, �MHD and the related parameter �P (Shafranov shift ∼ �P , 
�MHD = −q2Rd�∕dr ∼ d�P∕dr ) are the key (Ding et  al. 2017b; Pan et  al. 2017; 
Garofalo et  al. 2018). In linear GYRO (Candy and Waltz 2003) modeling, the 
effect of �-stabilization can be tested by artificial scan of � in the formula. The 
results show that the growth rate of the most unstable low-k mode is reduced 
as �MHD is increased. The micro-turbulence mode can be completely suppressed 
beyond a certain value of �MHD . To better evaluate this effect in real geometry, 
a modeling study combining EFIT (Lao et al. 1985), NEO, and TGLF was per-
formed. Based on experimental data, this exercise reconstructed a series of equi-
librium with scaled plasma pressure in EFIT with constant q-profile. Transport 
analysis on these equilibria shows a clear decreasing trend of large radius tur-
bulence energy fluxes in both ion and electron channels when �P is increased 
(Fig. 5). Please note that this scan has fixed q-profile and scale lengths of tem-
perature and density. Therefore, it is not self-consistent and the purpose of this 
exercise is to show the effect of �-stabilization qualitatively.
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Fig. 4   TGYRO modeling for the high rotation case (SN #163791). a Ti profile for experimental data 
(black) and simulated result (red) with a full E × B shearing rate; b normalized energy flux (by gyro-
Bohm flux) calculated from experimental data (black, dashed), NEO (purple) and TGLF (blue) with a 
full E × B shearing rate; c and d are the same as a and b for the no E × B shearing rate simulation cases. 
Reproduced from Ding et al. (2017b), with the permission of AIP Publishing
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A dedicated � ramp-down experiment was performed (Ding et al. 2017b). At 
fixed Ip and BT , a feedback controlled, decreasing �N results in a decreasing �P 
as shown in Fig. 6a. The experimental observation is that a well-developed tem-
perature ITB at high �P is weakened at lower �P , and finally disappears when �P 

Fig. 5   Predicted energy fluxes 
versus �P at � = 0.63 . Open 
black diamond: neoclassical 
ion energy flux; red diamond: 
turbulent ion energy flux; blue 
square: turbulent electron 
energy flux. Two arrows indicate 
the start point (DIII-D #154372) 
of this scan. Reproduced from 
Ding et al. (2017b), with the 
permission of AIP Publishing
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turbulence; d evolution of effective thermal diffusivity at � ∼ 0.5 vesus �P . �i,eff is in red; �e,eff is in blue. 
Reproduced from Ding et al. (2017b), with the permission of AIP Publishing
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is lower than a certain value (Fig.  6b). The threshold is identified at about 1.9 
in this experiment. Turbulence measurement from BES at large radius confirms 
the increasing low-k turbulence in the � ramp-down phase (Fig.  6c). Figure  6d 
shows the effective ion and electron thermal diffusivities at � = 0.5 calculated by 
the TRANSP code (Hawryluk 1979). The increasing trend of � s implies higher 
energy transport, when �P is decreasing. This is consistent with the predicted 
trend by transport models shown in Fig.  5. This experiment demonstrated the 
essential role that �P plays in this turbulence suppression regime. Later, further 
experiments discovered that such �P thresholds for strong ITB is closely related 
to the structure of the q-profile at large radius (Huang et al. 2020). Figure 7 com-
pares two examples with different �P thresholds from DIII-D high �P experiments. 
It is found that if there is a deeper ‘well’, i.e., a stronger negative local shear, in 
the q-profile at large radius, the strong-ITB state is sustainable to lower �P in a q95 
scan. This finding suggests that lower/negative magnetic shear either directly sup-
presses turbulence or plays a role in the physics of �-stabilization.

The experimental observations motivate further investigation of the deeper 
detailed physics of large radius ITB formation in the high-�P regime. This is 
phase two of the joint research activities. Theoretical and modeling analysis 
points out that a high-density gradient can enhance the �-stabilization effect on 
turbulence suppression (Kotschenreuther et  al. 2019; Qian et  al. 2021). First of 
all, it is important to understand how high �MHD stabilizes turbulence. The phys-
ics was elucidated in Bourdelle et al. (2005) based on an analytic equilibrium for 
large aspect ratio and circular flux surface. At low � , the curvature and the ∇B 
drift frequencies can be expressed as:

Fig. 7   a Experimental trajectories of �P versus q95 in DIII-D #164510 (red) and #173880 (blue). Dotted 
lines show the �P threshold for strong ITB. Gray parts of the trajectories indicate the weak- or no-ITB 
phase; b q-profiles for #164510 in red at �P ∼ 1.9 (3645 ms) and #173880 in blue at �P ∼ 1.7 (4000 ms). 
Reproduced from Huang et al. (2020), with the permission of IAEA Publishing
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where � is the poloidal angle, kr and k� are the radial and poloidal wave vectors, s 
is the magnetic shear. Results of three combinations of s and � values are shown 
in Fig. 8 to demonstrate how s and � affect the curvature drift. Note that if the flux 
surface average of the curvature and ∇B drift is reduced or reverses sign, the drive 
for the dominant curvature micro-instability is reduced or even suppressed. One can 
see negative s is able to suppress the micro-instability and so is high � (maybe more 
effective). The important fact is that high � narrows the eigenfunction of the insta-
bility and results in a poor coupling to the relatively wide trapped electrons orbits 
in the bad curvature region. Therefore, the trapped electron mode (TEM) cannot 
feed on the free energy from the high-density gradient when this physics domi-
nates. Regarding the ion temperature gradient (ITG) mode, it loses free energy drive 
due to the decrease of �i ( = n∇Ti∕Ti∇n ), when the density gradient fraction of the 

(1)
n�∇B = n�K = k� ⋅

T

eB
⋅

1

R
⋅

(
cos � +

kr

k� sin �
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= k� ⋅
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R
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Fig. 8   The vertical drift in 
arbitrary units versus � , the 
poloidal angle, based on Eq. (1). 
Results of three combinations of 
s and � are compared. Positive 
s and low � case is shown in 
solid line. Dashed line shows 
negative s and low � case. Dot-
ted line stands for positive s and 
high � case. Reproduced from 
Bourdelle et al. (2005), with the 
permission of IAEA Publishing

Fig. 9   TGLF electromagnetic 
linear growth rate ( � ) for a 
standard case as a function 
of magnetic shear ( ̂s ) and 
Shafranov shift ( �MHD ) at fixed 
pressure gradient scale length. 
Two stars indicate the states of 
1st and 2nd stability regimes, 
respectively. A stable pass con-
necting the two states is shown 
by the arrow. Reproduced from 
Staebler et al. (2018), with the 
permission of AIP Publishing
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pressure gradient ( Fp ) increases. Recent studies indicate a huge turbulence reduction 
of over 2 orders of magnitude from a low � (= 0.18) case to a high � (= 3.0) case at 
Fp ∼ 0.5 , but only a small reduction ( ∼ 4× ) at Fp ∼ 0 (Kotschenreuther et al. 2019; 
Qian et al. 2021). Note that � ≥ 3.0 is commonly seen in the ITB region of DIII-
D high-�P plasmas, while � ∼ 0.18 is typical at large radius in a standard H-mode 
plasma. This result suggests that high-density gradient amplifies turbulence suppres-
sion and confinement gains from high �.

The leading model of large radius ITB formation in the DIII-D high-�P scenario 
is the bifurcation around the kinetic ballooning mode (KBM) mountain (Staebler 
et al. 2018). The modeling study uses TGLF to calculate the linear growth rate of a 
standard case, which has the following parameters: k� = 0.2 , Te = Ti , ne = ni , q = 2 , 
a∕Ln = 1 , a∕LT = 3 , r∕a = 0.6 and R∕a = 3 . Here, Ln and LT are scale lengths of 
density and temperature, respectively. By scanning magnetic shear and �MHD , a 
landscape of KBM instability mountain is revealed as shown in Fig. 9. A high linear 
growth rate region is located at high magnetic shear and mid-�MHD area. Two regions 
of low linear growth rate, implying low turbulence transport, can be found next to 
the instability mountain. The 1st stability regime is a low transport regime with low 
pressure gradient, in terms of �MHD . The 2nd stability regime on the other side of 
the instability mountain enables high-pressure gradient together with low transport. 
This is where an ITB state can exist. A stable pass, making a “low shear detour” 
from 1st to 2nd stability regime is sketched out in Fig. 9. Similar instability moun-
tain results were also reported in Bourdelle et al. (2005) using a linear local gyroki-
netic code, with JET-like and ITER-like parameters. Due to the electrostatic nature 
of the modeling, this study reported unstable ITG–TEM instead of KBM at low-k. 
Nevertheless, these independent studies both suggest a low transport regime with 

(b)

(c)

Fig. 10   Pressure and electron temperature profiles and waveform of n = 1 magnetic field perturbation 
from DIII-D #164538. a Pressure profiles at three time slices; b magnetic field perturbation during an 
ELM event. Vertical dashed lines show the time slices for electron temperature profiles in c; c electron 
temperature profiles. Profile before ELM crash shown in black, during ELM in red. Reproduced from 
McClenaghan et al. (2019), with the permission of IAEA Publishing
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high-pressure gradient in the high-�P scenario. Now, the question is if the transition 
from low pressure gradient, non-ITB state to high-pressure gradient, ITB state, i.e. 
from 1st stability regime to 2nd stability regime, can be identified in experiment.

Two confinement states in DIII-D high-�P experiments were identified and ana-
lyzed (Ding et  al. 2017c; Staebler et  al. 2018; Staebler 2018; McClenaghan et  al. 
2019). One is an H-mode confinement state with a high edge pedestal. The other 
is an enhanced confinement state with a low pedestal and an ITB. One example of 
the two states is summarized in Fig. 10a. A physics picture of two self-organized 
states was proposed (Staebler et al. 2018; Staebler 2018). The two current density 
peaks are driven by (i) the ITB at large radius and (ii) the pedestal fight for con-
trol of the magnetic shear in the pedestal region ( � ∼ 0.9 ). In the strong-ITB state, 
the ITB current peak dominants and results in a positive magnetic shear in the ped-
estal, which destabilizes the KBM there. The pedestal pressure gradient is limited 
by the KBM-induced transport. The lowered pedestal pressure keeps the pedestal 
bootstrap current peak lower than the ITB peak. This is a self-organized loop that 
enhances the strong-ITB state. On the other hand, if the pedestal current peak is 
strongest, it weakens the magnetic shear in the pedestal, opening up access to the 
KBM stable pass. The consequence is the low transport in pedestal due to the drift-
wave transport suppression by the large Shafranov shift in pedestal. Low transport 
facilitates higher pedestal pressure. Therefore, this is also a positive feedback loop 

Fig. 11   An example of slow transition from high-pedestal state to strong-ITB weak-pedestal state by gas 
puffing. a Waveform of D 2 puffing rate; b time histories of pedestal pressure (blue) and pressure gradi-
ent at � = 0.6 (green); c Time histories of plasma current density at the pedestal (blue) and at � = 0.6 
(green); d 2D scans of linear growth rate of instability versus �MHD and magnetic shear. Red dots show 
the experimental measurements. Black arrow indicates the first time slice in the series of experimental 
data points. Red arrows show the evolution of plasma state. Yellow star indicates the experimental equi-
librium ( t ∼ 2.75 s) for the modeling
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that enhances the high-pedestal state. But this state is limited by ELMs in DIII-D 
discharges. A connection between these two states—a fast transition by ELMs, was 
reported (McClenaghan et al. 2019). Figure 10b shows the waveform of n = 1 mag-
netic field perturbation during an ELM. Before the ELM crash, Te is about 0.55 keV 
in the pedestal as shown in Fig.  10c. The Te gradient at � = 0.6 is low. However, 
the ELM reduces Te by a factor of three at � = 0.8 and increases the Te gradient at 
mid-radius, 0.5 < 𝜌 < 0.75 . This event pushes the plasma into the positive feedback, 
self-organized state of strong ITB and low pedestal as discussed above. The experi-
mental observation was that the plasma developed a sustained strong ITB at large 
radius since then, as shown in yellow and green profiles in Fig. 10a.

Another slow transition by gas puffing was recently discovered in DIII-D high-
�P experiments (Wang et  al. 2021a, b). The slow process enables multiple profile 
measurements during the transition in the experiment, and thus gives a great oppor-
tunity to understand the physics in detail. One example is shown in Fig.  11. The 
experiment uses D 2 gas puffing to study detachment. As expected, pedestal pressure 
decreases during strong gas puffing (Fig. 11b). Consequently, the pedestal current 
density decreases. Due to current redistribution, the current density at large radius, 
e.g., � = 0.6 , is increasing (Fig. 11c), resulting in reduced magnetic shear at large 
radius. Sometime later, pressure gradient at � = 0.6 starts to increase, indicating a 
developing ITB (Fig. 11b). The experimental trajectory of magnetic shear and �MHD 
at � = 0.6 is shown in red dots in Fig. 11d. The color contours of this figure show 
the 2D scan of linear growth rate versus magnetic shear and �MHD based on experi-
mental equilibrium and profiles at 2.75 s (shown in yellow star) using the CGYRO 
code (Candy et al. 2016). A KBM instability mountain, which is similar to the pre-
vious finding (Staebler et al. 2018), is found in the simulations using experimental 
parameters. A high growth rate region is located at high magnetic shear and medium 
�MHD . Evolution of experimental data is shown by the red dots and the red arrows. 
Before ITB formation, experimental data are all clustered on the low-pressure gra-
dient side of the KBM mountain, i.e., the 1st stability regime. As time goes by, the 
decreasing magnetic shear brings the plasma to a “low shear detour” around the high 
growth rate region of KBM mountain. Then the plasma can access the other side 
of the KBM mountain with high-pressure gradient and low transport, i.e., the 2nd 
stability regime, without climbing up the mountain. This observation suggests that 
the fundamental reason of ITB formation in this scenario is the access of 2nd stabil-
ity regime, while a “low shear detour” is what triggers the access. The “low shear 
detour” identified in this experiment is an example of the so-called “stable pass” 
illustrated in Fig. 9. Furthermore, this physics picture also supports the experimental 
observations described in Fig. 7. Lower magnetic shear deflects the boundary of the 
2nd stability regime from high �MHD . This implies sustained low transport at lower 
�P , i.e., the lower �P threshold discussed in the previous subsection.

From the physics picture of bypassing KBM instability mountain, one can 
see high enough �MHD is a key parameter that leads to the 2nd stability regime. 
�MHD ∼ q2dp∕dr , which means high local safety factor and high pressure (and its 
gradient) are essential to high �MHD . Another key of bypassing KBM mountain is 
the reduced magnetic shear. Therefore, the physics creates a few constraints when 
developing this sceanrio. (1) Low q95 will generally lower the whole q-profile 
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at large radius. This reduces �MHD , unless higher pressure (or � ) can compensate 
the decrease in �MHD . This is the major difficulty of operating this scenario at high 
plasma current at certain toroidal field. Besides, operating very high � (or �N ) at 
high plasma current is always challenging in present tokamaks. (2) High qmin is very 
important for reducing magnetic shear at large radius. To achieve high qmin , pre-
sent tokamaks either use operational techniques, such as early strong central heat-
ing, early H-mode, to facilitate transient off-axis Ohmic current, or employ auxil-
iary systems for external-driven off-axis current. Too high initial density may limit 
the capability of creating sufficient off-axis current, either transient Ohmic current 
or external-driven current. Careful planning in experimental gas puffing (or density 
feedback target) waveforms is required to access high-density regime.

In summary, the strong turbulence suppression and the high-energy confinement 
quality in high-�P scenario mainly come from the �-stabilization physics at large 
Shafranov shift. This is a separate physics from the E × B shear turbulence suppres-
sion. Therefore, such physics and the high-confinement quality regime is able to be 
extended to a reactor-relevant low toroidal rotation condition, expecting very limited 
contribution of toroidal rotation shear in the E ×  B shear turbulence suppression 
physics. When entering the 2nd stability low transport regime, it should be noticed 
that it is not very magnetic shear sensitive, unless the plasma state is too close to the 
instability mountain. The benefit is that one does not need to carefully control the 
current profile to maintain a favorable magnetic shear for low transport. The ITB 
state is robust with a wide range of magnetic shear as demonstrated in Fig. 7. Nev-
ertheless, other turbulence suppression mechanisms, such as E × B shear, etc., are 
always helpful in the turbulence suppression in the high-�P scenario. On the other 
hand, �-stabilization effect is weakened in a lower q plasma (other than high-�P 
regime) assuming similar pressure profile. It needs to compete with the destabiliza-
tion effect of pressure-driven modes as pressure gradient increases. A well-docu-
mented analysis on this topic can be found in Na et al. (2020).

2.2 � Edge solution: detached divertor and small/no ELMs

Tokamak reactors will have hundreds of MW of power flowing from plasma core 
to edge. The state-of-the-art material choice for a tokamak first wall is tungsten. It 
is reported that the upper limit of heat loads could be 10–15 MW/m2 (Pitts et  al. 
2019). No first wall material will be able to withstand such high power flux in long 
pulse operation without dissipation. In H-mode discharges, ELMs could cause sud-
den edge collapse. As a result, transient very high energy flux towards the wall could 
happen in a very short time, e.g., 1 ms. Therefore, how to deal with the station-
ary and the transient heat loads becomes a critical task when designing a tokamak 
reactor. Scientists developed particle (either fueling or impurity) injection technique 
to achieve a so-called ‘detachment’ state, which enables low temperature (below a 
few eV) and low particle flux on divertor plates (Stangeby 2000). In most present 
experiments, it is commonly found that divertor detachment significantly reduces 
the plasma performance, as the detachment front cools the core plasma through a 
degrading of the H-mode pedestal (Asakura et  al. 2009; Kallenbach et  al. 2015; 
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Leonard et al. 2015). An experimental approach for a promising edge solution and 
with high-core performance compatibility is highly desired.

The high-�P approach shows great potential in this research topic. As shown in 
Fig. 11, a slow transition from the no-ITB high-pedestal state to the ITB weak-ped-
estal state was identified in a strong D 2 gas puffing high-�P experiment on DIII-D. 
The purpose of this experiment was to study divertor detachment in the high-�P sce-
nario. With detached divertor, enhanced atomic processes, such as radiation, neutral 
ionization, charge-exchange and recombination, move the plasma boundary inter-
action off the divertor target. The benefit of low divertor temperature ( Te < 5–10 
eV) is the suppression of physical erosion on the divertor plates. When particle flux 
is also limited to a low level, chemical erosion on the material is reduced as well. 
This is called full detachment. Indeed, very good recent progress was achieved in 
the series of investigations on high-�P scenarios.

In the experiments, excellent integration of full divertor detachment with 
improved confinement was observed for the first time in a tokamak (Wang et  al. 
2021a, b). Figure 12 shows details of one example. With active feedback control of 
Isat∕Iroll via N 2 seeding from a main chamber valve (Fig. 12b), the plasma success-
fully enters a full divertor detachment state. Here, Isat is the ion saturation current 
around the outer strike point. This quantity can be measured by divertor Langmuir 
probes. The maximum Isat at its rollover is called Iroll . As shown in Fig. 12d, both 
divertor temperature and Js are sustained at very low level in the shaded area, indi-
cating a full detachment state. When starting N 2 puffing via feedback control, pedes-
tal pressure decreases as expected. However, the on-axis pressure does not decrease 
at all. Instead, some increase can be observed from 3000 to 5000 ms in Fig. 12a. As 
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discussed in Sect. 2.1.2, this is due to the development of the ITB at large radius. 
It greatly elevates the core profiles and compensates the loss in pedestal. There-
fore, high globe performance ( �N , �P and H98y2 ) is maintained during detachment 
(Fig. 12b).

Sustained excellent confinement quality during detachment is a unique feature 
of the high-�P scenario. In Fig.  13, comparisons between several operational sce-
narios reveal many other scenarios, including open divertor H-mode, close diver-
tor H-mode, and super H-mode-like, have reduced H98y2 associated with increased 
degree of detachment ( DoD = Is,roll∕Isat ) and decreased normalized electron � at 
pedestal top ( �N,ped,e = �ped,e∕(Ip∕aBT) ). Note that the peak Isat in the profile across 
outer divertor and the peak value before the rollover ( Is,roll ) is used for the calcula-
tion of DoD. Since pedestal degradation seems to be inevitable during detachment 
(including high �P scenario), the key approach to maintain core performance is 
breaking core stiffness and developing ITBs, if possible. The observed self-organ-
ized regime with ITB and weak pedestal (as discussed in Sect.  2.1.2) in high �P 
scenario exhibits advantages on core-edge integration compared to other H-mode 
scenarios.

Further investigations along this line suggest a greater demonstration on core-
edge integration with simultaneous full divertor detachment, ELM mitigation/sup-
pression, and an ITB core (Wang et al. 2021d). Neon impurity gas puffing is applied 
in the experiment. Similar to the discussion above, the experimental observation 
during neon injection is Te,div < 5 eV and very low Js level, indicating full detach-
ment (Fig. 14c). Pedestal pressure decreases, while on-axis pressure increases, due 
to the development of the ITB (Fig.  14b). Global parameters, such as �N , �P and 

Fig. 13   Confinement quality 
versus divertor detachment 
and pedestal parameters across 
several operational scenarios 
on DIII-D. a H98y2 versus 
degree of detachment; b H98y2 
versus normalized electron � 
at pedestal top. Open divertor 
standard H-mode is shown in 
red and brown, closed divertor 
standard H-mode in green, super 
H-mode-like in blue and high �P 
in purple. Different shapes with 
similar color represent differ-
ent power and plasma current 
(labeled) for each group of data
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�E , slightly increase or remain unchanged (Fig. 14a). Different from the discharge 
shown in Fig.  12, which is still ELMy, this example shows very clear and steady 
ELM mitigation or suppression, depending on the definition (Fig. 14d shaded area). 
The physics behind the observation is under investigation. In addition, this discharge 
is operated with ITER-like true single null configuration similar to the blue case in 
Fig. 1. In summary, high-�P scenario shows great advantages in coping with core-
edge integration, realizing a hot and dense core plasma surrounded by a radiation 
mantle and a cool edge.

It is worth pointing out that studies of the grassy ELM regime in DIII-D and 
EAST plasmas have identified similar operational spaces for this regime (Wang 
et al. 2021c; Yang et al. 2020). DIII-D results suggest that grassy ELMs are obtained 
with q95 ≥ 5.9 and �P ≥ 1.7 , while EAST results indicate q95 ≥ 5.2 and �P ≥ 1.2 . 
Therefore, the high-�P scenario is compatible with grassy ELM operation based on 
these two important parameters, although future studies are required to investigate 
the potential of integration between these two attractive operating modes.

2.3 � High density

Thermonuclear power density p = n2⟨��⟩E∕4 , where n is the total ion density with 
equal parts deuterium and tritium, ⟨��⟩ is the normalized reaction rate, and E is the 

Fig. 14   Time histories of DIII-D 
high-�P discharge #186027. a �N 
in red, �P in black, �E in blue; b 
electron pressure at pedestal top 
in black, on-axis electron pres-
sure in red; c electron tempera-
ture on divertor plates in red, 
ion saturation current density in 
red; d neon injection waveform 
in blue, D� in black. Shaded area 
shows a period with simultane-
ous full divertor detachment and 
ELM mitigation/suppression 0
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energy released per reaction (Wesson 2004). Since ⟨��⟩ is mainly a function of tem-
perature, high fuel density is desired for high thermonuclear power density.

There are attractive fusion pilot plant (FPP) designs around the world that use 
high density for high fusion power (Yeom et al. 2013; Federici et al. 2018; Kessel 
et al. 2015; Wade and Leuer 2021; Buttery et al. 2021). However, for H-mode plas-
mas, there is a hard limit for pedestal (electron) density, i.e., an empirical “Green-
wald density limit” defined as nGr [ 1020 m −3] =  Ip [MA]/�(a [m])2 (Kamada et al. 
1991; Greenwald 2002). Note that all the FPP designs mentioned above require the 
averaged density to be above the Greenwald limit. To access high density, espe-
cially when exceeding the Greenwald limit, one needs to develop a peaked density 
profile. In a fusion reactor, large machine size and high density make it difficult to 
have effective fueling in the deep core region. It is realized that low collisionality 
is beneficial to a peaked density profile (Angioni et  al. 2009). At ITER relevant 
�eff , a peaking factor of 1.4–1.6 is expected as stated in Angioni et al. (2009). Here, 
�eff = 0.1 × Zeff⟨ne⟩R∕⟨Te⟩2 , where symbol ⟨… ⟩ stands for volume average. Te is in 
keV, ne in 1019 m −3 and R in m. The peaking factor is defined as ne(�Ψ = 0.2)∕⟨ne⟩ . 
However, it is unclear if the natural peaking effect by low collisionality is sufficient 
for the desired high density in a reactor. Using this approach, one may need to maxi-
mize pedestal density as close to the Greenwald limit as possible. A degradation in 
energy confinement quality, i.e., a ‘roll-over’, happens when the density approaches 
the Greenwald limit (Zohm et  al. 2013). Work on ASDEX Upgrade (Lang et  al. 
2012) describes the reduced confinement quality, in terms of H98y2 , at line-averaged 
Greenwald fraction between 0.75 and 1.5. H98y2 above 1.0 is not observed in these 
high-density plasmas by pellet core fueling. As discussed, H98y2 is the highest lever-
age parameter of fusion pilot plant capital cost (Wade and Leuer 2021). This is a 
dilemma and an obvious gap between present experiments and the attractive FPP 
designs. The high-�P scenario offers an effective and robust approach to address this 
important issue.

Fig. 15   DIII-D high-�P 
discharge #180264 shows the 
achievement of fGr > 1.0 with 
large radius ITB. a Neon injec-
tion waveform; dashed lines 
indicate the time slices for the ne 
profiles shown in b; b electron 
density profiles. The Greenwald 
density is indicated by the black 
arrow
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The approach is to develop a density ITB at large radius. A strong ITB can greatly 
elevate the plasma density in the core region, while leaving pedestal density below 
the Greenwald limit. The averaged (either line-averaged or volume-averaged) den-
sity benefits even more from an ITB at large radius, because high density exists in 
a greater volume than in plasmas with a small-radius ITB or peaked density profile, 
assuming similar densities on-axis. One example from DIII-D is shown in Fig. 15. 
The experimental approach for high density used in this case is impurity gas puff-
ing. Note that impurity injection is not required for developing a density ITB in the 
high-�P scenario. Line-averaged fGr about 1.0 is observed without impurity injection 
on DIII-D. However, neon injection facilitates a strong density ITB with even higher 
fGr , e.g., line-averaged fGr ∼ 1.3 as shown in Fig. 15. This figure shows the devel-
oping ITB during neon injection phase. It also shows the sustained ITB for almost 
one second after turning off the injection (red and cyan lines). Note that this high 
fGr plasma does not require high pedestal density. The case shown in Fig. 15 has 
almost constant pedestal density below 70% of its Greenwald limit in both no-ITB 
and strong-ITB states. The physics of strong-density ITB with neon injection is not 
very clear so far. Detailed analysis has not been launched. One working hypothesis 
is that partially ionized neon penetrates deeper and releases electrons at large radius, 
i.e., near the potential location of the ITB foot. When turbulent transport is sup-
pressed by the physics described in the previous subsection, such electron sources at 
large radius can easily fuel the ITB. A higher fGr target may require stronger fueling. 
It is not clear if higher Zeff induced by impurities also plays a role in this process as 
discussed in Staebler et al. (1999).

Fig. 16   Time histories of 
experimental parameters in 
DIII-D high-�P discharges 
#180264 (blue) and #180303 
(green). a Line-averaged density 
(left Y-axis) and its correspond-
ing Greenwald fraction (right 
Y-axis). Dashed line shows 
fGr = 1.0 ; b H98y2 . Dashed 
line shows H98y2 = 1.0 ; c q95 . 
Dashed line shows q95 = 8.0 ; 
d �N ; e, f D� for the two dis-
charges, respectively. �E is about 
100 ms in these discharges as 
shown in purple. Note that zero 
in Y-axis is suppressed in some 
sub-figures to show more details 
of the data
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The high-density phase with fGr above unity is not transient in DIII-D high-�P 
discharges. Figure  16 shows the time histories of two examples. One of them is 
#180264, the same discharge discussed in Fig. 15. fGr above unity is observed for 
1–2 s in the experiments. Specifically, fGr ∼ 1.3 is sustained up to 8�E in 180264 
and fGr > 1.0 for up to 21�E in 180303. The absolute density is also high ( > 7 × 1019 
m −3 ), reaching the expected level for future devices, such as ITER. q95 is about 
8.0. �N is around 3.0 and up to 3.5. The energy confinement quality stays above 
unity. The lower density case shows a well-sustained H98y2 ∼ 1.4 , while the higher 
density case shows H98y2 reduction. It is believed to be related to the experimen-
tal approach used in these experiments, i.e., impurity gas puffing as mentioned in 
the previous paragraph. High puffing rate of impurity gas indeed increases Zeff and 
the core radiated power. This jeopardizes the energy confinement quality. Different 
fueling approaches—pellet injection, super-sonic molecular beam injection and high 
field side gas puffing, may be able to alleviate or solve this problem. Even with high 
impurity content, on-axis impurity peaking is not observed. This is discussed further 
in a later subsection. Figure  16e, f also show D� data for the two discharges dis-
cussed here. As density increases, low ELM amplitude is observed. This phenom-
enon is being analyzed and will be reported separately in the future. Note that this 
particular discharge #180264 has a radiative collapse, i.e., radiated power exceeding 
injected power. It happens at 5.06 s in the plasma shut-down phase, which started at 
5 sec, while NBI power steps down at 5.05 s. If NBI power can be maintained at a 
high level, such collapse can be avoided.

In addition to case-by-case analysis, statistical results show how the high-�P sce-
nario extends operational parameter space toward high fGr and high H98y2 . Figure 17 
shows the highest H98y2 and fGr in each discharge in the 2019 DIII-D campaign. 
For each discharge, data pairs of ( fGr , H98y2 ) from two time slices are recorded: 
(1) highest H98y2 and the corresponding fGr at the same time, (2) highest fGr and 
the corresponding H98y2 at the same time, unless the two time slices are the same. 
The following filters are applied to all discharges: Ip ≥ 0.55 MA, Ptot ≥ 5 MW and 

Fig. 17   Statistical results of 
H98y2 versus line-averaged 
fGr using DIII-D data in 2019 
experimental campaign. More 
than 1300 discharges are 
included. Red dots show high 
�P experiments, while blue dots 
represent all other experiments. 
Shaded area in green indicates 
the parameter space for attrac-
tive FPP designs. Vertical and 
horizontal dashed lines show 
fGr = 1.0 and H98y2 = 1.0 , 
respectively
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(dW∕dt)∕Ptot ≤ 0.1 . Data are also smoothed in a time window of 40 ms and trun-
cated at H98y2 = 0.5 . There are more than 1300 discharges in Fig. 17. Only high-�P 
discharges show data in a regime with simultaneous fGr above unity and H98y2 above 
unity. Unlike the experimental observations of reduced H98y2 at high density from 
the other experiments as discussed above, it is important to recall the theory/mod-
eling results in Sect. 2.1.2, showing high-density gradient (a consequence of high 
density) amplifies the effect of �-stabilization and inherently leads to high-energy 
confinement quality in the high �P scenario. Although there is still a gap between 
what has been achieved in experiment and the attractive FPP design, one would 
see the potential of extending the parameter space of the high �P scenario to a high 
fGr and high H98y2 regime via improved physics understanding and experimental 
techniques. More dedicated research efforts including experiments on DIII-D are 
planned to close this gap.

2.4 � Low disruptivity and operation near ˇ
N

 limit

Disruptions and their consequences pose significant design and plasma operation 
challenges for reactor-regime tokamaks (Hender et al. 2007). A scenario with low 
disruptivity is needed. Disruptivity is observed to decrease with increasing q95 (Ger-
hardt et  al. 2013; Garofalo et  al. 2014; de Vries et  al. 2014). Figure  18 presents 
analysis of the flattop disruptivity database from DIII-D (Garofalo et al. 2014). Only 
disruptions not caused by operator error or power supply failures are counted as dis-
ruptions in this database of about 6000 cases. In the parameter range with a lot of 
data (un-shaded area in Fig.  18), there is a decreasing trend of disruptivity when 
q95 is increasing. This paper also shows that disruptivity does not increase with 
achieved maximum �N value. Statistical results from a spherical tokamak (NSTX) 
show similar trends (Gerhardt et al. 2013). It is worth pointing out that JET metal 
wall results also support the trend of higher q95 having lower “likelihood of disrup-
tion” as described in Fig. 8b of de Vries et al. (2014).

Since q95 ∼ ��P∕�N , higher �P would have higher q95 for a given � and �N , so the 
high-�P scenario is advantageous for disruptivity. Disruption damage is known to be 
proportional to I2

p
 (Wesson 2004). That means that the high-�P scenario, which usu-

Fig. 18   The per-shot disruptivity as a function of q95 measured at the time of maximum �N based on 
DIII-D database. The yellow band around the solid lines is the 90% confidence interval. The gray shaded 
areas cover parameter ranges where the discharge population drops below 20 per bin. Reproduced from 
Garofalo et al. (2014), with the permission of Elsevier
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ally runs at reduced plasma current at a given toroidal field, also has an advantage of 
relatively lower disruption damage, in addition to the low disruptivity.

The scenario requires sufficient �P to enable strong �-stabilization to suppress 
turbulence, and therefore increase confinement quality. For a given plasma current, 
this requires a certain value of �N , especially when the target q95 is lower. Since 
�P ∼ �Nq95 , high �N is the key to maintain sufficient �P for high confinement quality 
when q95 is lowered to an FPP-relevant range (4–9). Therefore, the high-�P scenario 
inherently requires high �N . Naturally, the challenge of MHD issue at high �N is una-
voidable in this scenario. The n = 1 kink mode and its stabilization by a resistive 
wall in the presence of slow plasma rotation are an outstanding issue.

Efforts have been made to understand requirements for achieving high �N 
and understanding stability limits in this scenario. As summarized in Ren et al. 
(2016), it is observed that maintaining a controlled smaller outer gap maximizes 
achievable �N . Outer gap is the distance between the plasma surface and the low-
field-side limiter surface at the midplane. The plasma shape is kept similar when 
the outer gap is changed between discharges. In these experiments, plasmas dis-
rupt at a certain value of �N , as �N is ramped up. Note that they are minor dis-
ruptions with �N collapses instead of dangerous full current disruptions. The �N 
threshold varies as the outer gap changes. As shown in Fig. 19a, the trend is con-
sistent with the increased ideal wall n = 1 kink �N limit when the plasma is closer 
to the wall. The prediction of the ideal wall limit is done by the GATO code (Ber-
nard et al. 1981). The experimental cases show pressure peaking factor ( P0∕⟨P⟩
)∼ 2.4–2.5. Two sets of calculations have been performed using pressure peaking 
factors of 2.4 and 2.6. The experimental observations of maximum �N agree well 

Fig. 19   a �N measurements in DIII-D high-�P experiments and their predictions versus outer gap. The 
measured maximum �N data are shown in color dots with error bars. The error bars represent variation 
in �N the averaged time period. Labels indicate the discharges and their corresponding pressure peaking 
factors. The black solid line shows the predictions of ideal wall limit based on a kinetic equilibrium with 
the pressure peaking factor P0∕⟨P⟩ = 2.4 . The black dashed line shows the corresponding predictions 
based on a kinetic equilibrium with the pressure peaking factor P0∕⟨P⟩ = 2.6 . Reproduced from Ren 
et al. (2016), with the permission of AIP Publishing. Time histories of DIII-D #176440: b �N in green; 
li × 6 in red; c H98y2 . Dashed line shows H98y2 = 1.5
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with the predictions using similar pressure peaking factors. These plasmas not 
only have passed the no-wall limit, but also are approaching the ideal wall limit. 
It is important to note that broader pressure profiles, i.e., lower peaking factors, 
are observed at higher �N . The physics reason can be concluded that ITB foot 
tends to be at higher radius at higher �N as shown in Ren et al. (2016). As pointed 
out in Turnbull et  al. (1998), broader pressure profiles have a higher ideal wall 
limit. Indeed, the decrease of pressure peaking increases the predicted ideal wall 
limit at small outer gap as shown in Fig. 19a. However, it is also worth pointing 
out that higher peaking factor is favorable to high fusion reactivity, which is pro-
portional to n2

i
T2
i
 , in near-axis region of an FPP.

Although the analysis above is based on transient experimental observations, 
there is also evidence to show the sustainability of high-�P discharges with high 
�N . Figure 19b shows an example for a few seconds (few �R ) with �N ∼ 6li , which 

Fig. 20   Time histories of total 
plasma current (blue) and 
its components for DIII-D 
#154406: bootstrap (green), 
beam driven (brown), EC 
driven (light blue), and Ohmic 
(red). Dashed black line is the 
exponential fit of the Ohmic 
component. Reproduced from 
Garofalo et al. (2015), with the 
permission of IAEA Publishing

Fig. 21   Profiles from DIII-D #154406 5.17 s. a Pressure profile in blue, safety factor profile in red; b 
total current density in blue; bootstrap current density in red (by Sauter model) and orange (by Neo 
model); NBCD density in green; ECCD density in pink; dashed line shows zero; reproduced from Garo-
falo et al. (2015), with the permission of IAEA Publishing. Time histories from DIII-D #154372. c �N 
in red; �P in blue; H98y2 in green; d ITB foot location in red; ITB symmetry point in black; dotted lines 
show their averaged value. Reproduced from Ding et al. (2017b), with the permission of AIP Publishing
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far exceeds 4li , the empirical estimation of no-wall limit (Howl et al. 1992; Strait 
1994). This plasma maintained H98y2 ∼ 1.5 during the high-�N phase (Fig. 19c). 
The termination of this high-�N phase is due to the limit of NBI operation in this 
particular discharge.

As shown in Figs. 2h, 7b and 21a, the high-�P plasmas have high qmin above 2.0. 
Therefore, this feature avoids many deleterious MHD modes, such as the m∕n = 1∕1 
sawteeth and the 2/1 neoclassical tearing mode (NTM). Instead, high-order modes, 
such as m∕n = 5∕1 and 6/1, may still occur in the experiments. Nevertheless, they may 
produce less confinement degradation than lower-order NTMs. Observations of n = 1 
mode in DIII-D high �P plasmas have been documented in Garofalo et al. (2015) and 
Ren et al. (2016), showing a feature of ideal kink mode that can be stabilized by a wall 
close to the plasma.

2.5 � Fully non‑inductive operation

It is straightforward that the high-�P scenario is beneficial for 100% non-induc-
tive current fraction for the purpose of steady-state operation. This is because 
fOh = 1 − fbs − fCD and fbs ∼ �0.5�P , where fOh is the Ohmic current fraction, fbs is the 
bootstrap current fraction, fCD is the external current drive fraction. High-�P regime nat-
urally has high fbs for a given � . On one hand, a high fbs will help reduce fOh to access 
fully non-inductive operation when fOh is zero. On the other hand, a high enough fbs 
will further reduce the requirement of fCD and the corresponding external power that is 
required to maintain the fCD . This is an important and effective approach toward a high 
Q ( = Pfus∕Paux ) solution for steady-state FPP by reducing the required auxiliary power. 
This approach is particularly suitable for a small/medium-size compact FPP (CFPP) 
that does not pursue very high fusion power output.

DIII-D has demonstrated fully non-inductive operation with fbs up to 85% in high-
q95 ( > 10 ), high-�P discharges (Garofalo et al. 2015). This discharge, DIII-D #154406, 
has constant current in the transformer coils after 1.6 s, when the plasma current 
reaches its flattop. The current components shown in Fig.  20 are calculated by the 
TRANSP code, showing fbs ∼ 80–85%, fNBI ∼ 15–20% and fEC < 5 %, where fNBI 
and fEC are the current fraction driven by neutral beam injection and electron cyclotron 
wave, respectively. Although surface voltage has reached zero at 2.6 s, there is residual 
Ohmic current decaying over time. An exponential fit to the calculated Ohmic current 
yields a time constant of ∼ 1.06 s. This is consistent with the estimated current profile 
relaxation time 1–2 s based on experimental data between 2–6 s. This evidence show-
cases the non-inductive sustainment of such high- fbs scenario. It may also be worth 
mentioning that this plasma has maintained �N ∼ �P ≥ 3 , fGr ≥ 0.9 and H98y2 ∼ 1.5 . 
Recent progress on high-�P scenario development on DIII-D shows fbs up to 80% at 
medium q95 ∼ 7 –8 (Wang et al. 2021d). Note that fbs is expected to be higher at lower 
collisionality expected in a reactor.
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3 � Other features of the high‑ˇ
P
 scenario

This section introduces several aspects of the high-�P scenario based on DIII-D 
experimental and modeling studies, including ITB sustainment, dominant turbu-
lence, impurity accumulation, pedestal features, �N limit, and fast ion instabilities.

3.1 � Current alignment in ITB

ITB shrinkage, i.e., when the foot location of an ITB moves radially inwards over 
time, is an issue for some ITB plasmas (Sarazin et al. 2002; Hogeweij et al. 2002; 
Houlberg et  al. 2005). The physics can be described as following: “the bootstrap 
current naturally peaks where the pressure gradient is maximum, i.e., at the ITB, 
which in turn is due to a current that peaks outside the ITB itself” (García et  al. 
2008). This is the current alignment problem. ITBs with this problem are usually 
associated with negative magnetic shear ŝ , which is an important physics mecha-
nism of turbulence suppression that can be applied in reactor-relevant conditions. In 
this case, external control of current profile becomes essential to sustain such ITBs 
for long pulse operation.

However, experimental evidence of sustained ITBs exist in multiple devices. 
JT-60U experiments indicate that the shrinkage of the reversed shear region can be 
suppressed, and a large radius ITB sustained, by having a sufficiently large boot-
strap current peak at the ITB peak gradient region (Fujita et al. 2001). Later, JT-60U 
extended the duration of the sustained ITB to 7.4 s, which is about 16�E and 2.7�R 
(Sakamoto et al. 2005). Analysis using JT-60U data (Litaudon et al. 2011) discussed 
the self-sustained reversed magnetic shear by bootstrap current and broader NBCD. 
ITBs can be also sustained with LHCD in JET as discussed in Baranov et al. (2005) 
and in Tore Supra for up to 2 min as shown in Litaudon (1996). These results reveal 
an important fact that the high local bootstrap current density can develop its own 
minimum q and can suppress the shrinkage of the ITB. This effect is recognized in 
multiple review papers (Gormezano et al. 2007; Ida and Fujita 2018).

It is clear that the ITB shrinkage phenomenon or the current alignment problem is 
not something universal in ITB plasmas. It strongly depends on the governing phys-
ics of ITB formation and only happens in a specific category of ITBs, i.e., reversed 
magnetic shear (RS)-driven ITB. The reference (Litaudon 2006) summarizes several 
approaches or physical mechanisms that could be responsible for ITB formation. In 
addition to that, recent studies from both modeling and experiment indicate that fast 
ions can also play an important role in turbulence suppression and ITB development 
(Citrin et al. 2013; Di Siena et al. 2021; Han et al. 2022).

The high-�P scenario large-radius ITB belongs to the �-stabilization category, 
which is different from the RS-driven ITB category in Litaudon (2006). It states 
in Litaudon (2006): “ITBs could be self-sustained in certain conditions thanks to a 
positive feedback loop between pressure and the �-stabilizing parameters.” Indeed, 
the high-�P experiments on DIII-D do show stable ITBs at large radius for a few 
seconds, i.e., a few �R . Figure 21a, b shows the profiles for DIII-D #154406 at 5.17 
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s. A striking feature is the dominant bootstrap current density in the total current 
density in the ITB region. Therefore, a local minimum in q-profile is within the ITB 
and aligns with peak bootstrap current. Consequently, such alignment leads to stable 
ITB in experiments as shown in Fig. 21c, d. �N and �P stay around 3 from 1.7 to 5.7 
s and H98y2 sustains above 1.5. The ITB foot location remains at � ∼ 0.75 during the 
high performance phase. As discussed in Sect. 2.1.2, the physics of ITB formation 
in the high-�P scenario gives some flexibility in magnetic shear compatible with the 
ITB. This is an important factor that ensures ITB robustness against transient events, 
such as minor � collapses due to MHD instability.

3.2 � Dominant residual turbulence in high confinement state with ITB

The presence of an ITB in high-�P plasmas greatly suppresses micro-turbulence at 
large radius and elevates temperature and density in the core and global confinement 
quality. Analysis has been performed to understand the residual turbulence in the 
high confinement state with an ITB. The dominant remaining turbulence is a slab-
like micro tearing mode (slab-MTM) at high q95 , and ballooning modes at lower q95 
(Jian et al. 2019, 2021a; Ding et al. 2020a).

Gyrokinetic analysis based on DIII-D high-�P experimental data using CGYRO 
code shows that all ballooning modes can be fully suppressed when the �-stabili-
zation effect is strong, leaving an �-destabilized slab-MTM as the dominant and 
unique micro-instability in the ITB region (Jian et al. 2019, 2021a). It is likely to 

(a)

(b)

(c)

(d)

||

on

on

Fig. 22   Eigenfuncions of slab-MTM in ballooning space based on the gyrokinetic analysis of DIII-D 
high �P discharge #176125 at 2.6 s. a Electrostatic potential � ; b electromagnetic potential A|| . Eigenfun-
cions of � in R-Z space: c ballooning mode; d slab-MTM. � is ballooning angle and Er is radial electric 
field. Reproduced from Jian et al. (2021a), with the permission of AIP Publishing
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happen with high q since � ∼ q2dp∕dr . The structure of the eigenfunction is shown 
in Fig. 22. Unlike ballooning modes, the slab-MTM has narrow, peaked, and bal-
looning extended eigenfunctions. The difference can be better visualized when the 
eigenfunctions are plotted in R-Z space as shown in Fig. 22c, d. While a balloon-
ing mode has a dominant peak � at low field side with a large radial width (Jian 
et al. 2020), the peak eigenfunctions of a slab-MTM are located at the high field side 
and the radial extent is relatively small. Such eigenfunctions are difficult for reduced 

Fig. 23   The linear growth rate 
of dominant mode in artifi-
cial q scans based on DIII-D 
high-�P discharge #176125 
at 2.6 s. CGYRO results are 
in red; TGLF results in blue. 
Purple diamond shows the 
linear growth rate calculated by 
CGYRO using the experimental 
q value. Reproduced from Jian 
et al. (2021a), with the permis-
sion of AIP Publishing

Fig. 24   2D contour of the linear growth rate of the most unstable micro-instability versus radial position 
( � ) and wavenumber ( k��s ). X-axis uses a logarithmic scale. Color coding shows the amplitude of the 
calculated growth rate for each instability and its propagation direction. Electron mode is shown in red, 
ion mode in blue, and white is for the stable case. Reproduced from Ding et al. (2020a), with the permis-
sion of IAEA Publishing
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transport models like TGLF to capture. As Fig. 23 shows, TGLF can reproduce the �
-stabilization of the TEM but fails to find the MTM solutions at higher q. This could 
be a fundamental reason for the systematic overprediction of electron temperature in 
the high-q95 high-�P plasmas on DIII-D (Pan et al. 2017; McClenaghan et al. 2017). 
Comparisons between TGLF results on low-q95 and high-q95 can be found in Pan 
et al. (2017) and McClenaghan et al. (2017) as well.

Figure 23 reveals an important q dependence of the dominant mode in high-�P 
plasmas. As q decreases, a branch of the ballooning mode is identified as the domi-
nant mode, e.g., TEM in this particular case, by CGYRO. This is within the capabil-
ity of TGLF, although TGLF may have quantitative differences when calculating the 
linear growth rate compared with CGYRO in this particular case. This explains the 
much better temperature and density prediction results compared to experimental 
data at lower q95 (McClenaghan et  al. 2017). Gyrokinetic modeling using GYRO 
code based on lower q95 DIII-D high-�P discharge data confirms that the residual tur-
bulence is all ballooning modes from the ITB shoulder to the ITB foot (Ding et al. 
2020a). Figure 24 shows a 2D contour of linear growth rate of the most unstable 
micro-instability from ITB shoulder to ITB foot, i.e. 0.3 ≤ � ≤ 0.7 and from low-k 
to high-k, i.e., 0.1 ≤ k��s ≤ 100 . Three kinds of dominant instabilities are identi-
fied in this parameter region. They are collisional TEM (CTEM), ITG, and electron 
temperature gradient (ETG) mode as shown in Fig. 24. This finding strengthens the 
confidence of predictive application of the TGLF model in high-�P regime based on 
the fact that TGLF behaves very well in capturing the ballooning-type drift-wave 
instability. Ding et  al. (2020a) gives a test case using the same set of parameters 
used in Fig. 24, except the q-profile. By doubling the q-profile, the test case indi-
cates slab-MTM as the most unstable mode, confirming the existence of dominant 
mode conversion and its q dependence.

3.3 � Impurity transport in an ITB core

Excessive impurity concentration in an FPP core will dilute the fuel and reduce 
fusion power output. Since the existence of an ITB increases energy and particle 
confinement in the core, two questions naturally arise: (1) does impurity confine-
ment also increase? (2) If so, is the impurity density peaked on-axis?

The primary impurity in DIII-D high-�P plasmas is carbon, since DIII-D has a 
carbon wall. The carbon density profile in a typical high-�P ITB plasma is shown in 

Fig. 25   Experimental carbon 
impurity density profile (black) 
from DIII-D #154366 at 4.2 s, 
compared to prediction (blue) 
from NEO code
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Fig. 25. As expected, the presence of an ITB at large radius indeed increase carbon 
confinement. A clear carbon density ITB developed at large radius. However, the 
carbon density profile is very flat inside the ITB. The peaking factor is far less than 
the NEO prediction based on the neoclassical transport theory. Therefore, Zeff ∼ 2.0 
for most of the DIII-D high-�P discharges without impurity injection (Wang et al. 
2021d). In this case, the ratio of core radiated power to total injected power is usu-
ally 15–20%. For strong impurity gas puffing high-�P discharges, e.g., the case 
discussed in Sect.  2.3, the line-averaged Zeff can reach 4 or higher. However, the 
profiles of impurity density, e.g., neon, are still similar to the electron density pro-
files shown in Fig. 15b. That means although neon density builds up an ITB at large 
radius, it is still pretty flat inside the ITB. The peaking factor is actually not high. A 
working hypothesis is that the dominant turbulence inside the ITB, e.g., CTEM in 
Fig. 24, plays a role in regulating impurity transport in the near-axis region. More 
analysis and experiments of impurity transport are planned in the near future.

3.4 � Features of the pedestal

As discussed in Sect. 2.1.2, there are two types of self-organized states in DIII-
D high-�P plasmas. One is the high-pedestal weak/no-ITB state. The other is the 
low-pedestal strong-ITB state. Analysis has been performed of the pedestal and 
ELM behaviors in these two states (Li et al. 2017; McClenaghan et al. 2020).

Fig. 26   Pedestal instability 
growth rate predicted by the 
ELITE code. a High-pedestal 
state; b low-pedestal state. 
The color coding shows the 
predicted growth rate of the 
instability. The red crosshair 
represents the experimental 
value and uncertainty of the 
pedestal. Reproduced from 
McClenaghan et al. (2020), 
with the permission of IAEA 
Publishing
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The EPED model (Snyder et al. 2011) is employed to predict the pedestal pres-
sure height for both states and in both high q95 ( ∼ 12 ) and lower q95 ( ∼ 6 ) cases 
(Li et al. 2017). The results show that the pedestal heights agree well with EPED 
predictions when the pedestal is high. However, the low-pedestal cases have much 
lower pedestal pressure values than their EPED predictions. The phenomena are the 
same for both q95 cases. In the transition from a high-pedestal state to a low-pedestal 
state, the pedestal width does not change. ELMs with high frequency and low ampli-
tude are observed in the low-pedestal state, while type-I or compound ELMs are 
observed in the high-pedestal state.

Further pedestal analysis on the two states are performed using the ELITE code 
(Snyder et al. 2002) to understand the different heights (McClenaghan et al. 2020). 
Figure 26 shows the stability analysis of the two states. In the high-pedestal case 
(Fig.  26a), the pink–red region on the top represents the current gradient peeling 
stability limit. The pink region on the right shows the pressure gradient ideal bal-
looning mode limit. The experimental data are located in the gap between these two 
limits, but near the peeling stability limit. This result suggests that the high-pedestal 
state is limited by the peeling mode, while the low-pedestal state shows a different 
situation. The low-pedestal state has a lower value in both pressure gradient and cur-
rent gradient. Thus, it is far from the peeling-ballooning stability limit as shown in 
Fig. 26b. When interpreting this modeling result, a caveat is that the ELITE model 
uses a derived criteria in the limit of constant diamagnetic frequency ( �∗ ) to con-
sider the diamagnetic stabilization. However, �∗ actually varies significantly over 
the pedestal. The plasma may shift closer to the ballooning stability limit, if a more 
realistic diamagnetic stability model is used and the uncertainty in the experimental 
edge current and pressure gradient are considered.

Transport analysis by TGLF near the pedestal top ( � = 0.9 ) shown in Staebler 
et  al. (2018) gives a possible explanation to the lower pedestal pressure in the 
strong-ITB state. The analysis applied on both states indicates that the low-pedestal 
case has large turbulent transport as it appears on top of the KBM mountain, while 
the high-pedestal case is in the stable pass. It is believed that the very different mag-
netic shear, positive for low-pedestal case and negative for high-pedestal case, plays 
important role in this picture. Magnetic shear is determined by the local bootstrap 
current density, which is affected by the pressure profile. Again, this is related to 
the state self-organization described in Sect. 2.1.2. Another recent analysis in Jian 
et al. (2021b) supports a similar picture. In this study, a boundary of KBM insta-
bility, defined by the linear growth rate, is calculated by the CGYRO code using 
high �P experimental data in the strong-ITB low-pedestal state. The result indicates 
that the ITB region is in the 2nd stability regime and is far away from the KBM 
mountain, while moving towards the pedestal top makes it closer to the instability. 
This gyrokinetic analysis is qualitatively consistent with the TGLF results in Stae-
bler et al. (2018). Furthermore, in this dedicated work using CGYRO, the general 
conclusion is that the whole pedestal stays in a regime with higher ballooning drive 
due to the high magnetic shear, suggesting that not only KBM, but actually all the 
ballooning-type drift-wave instabilities have higher growth rate (Jian et al. 2021b). 
There is ongoing work along this line that will be published separately. Therefore, 
the latest understanding of the low-pedestal state is that it could be induced by the 
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enhancement of turbulent transport across the whole pedestal. Enhanced pedestal 
transport may open an avenue for ELM mitigation in the high-�P scenario. DIII-D 
experiments along this line are planned, including turbulence mode verification and 
effects on ELM mitigation.

3.5 � Alfvén eigenmode instabilities

Investigations on DIII-D show that Alfvén eigenmode (AE) activity degrades fast-
ion confinement in many high �N , high qmin , steady-state scenario discharges (Hei-
dbrink et  al. 2014). The increased fast-ion transport in discharges with strong AE 
activity accounts for most of the observed reduction in global confinement with 
increasing qmin . In scenarios with qmin above 2, AEs usually cause greater fast-ion 
transport than classical models predict (Holcomb et al. 2015).

As mentioned in Sect.  2.4, high-�P scenario has qmin above 2 due to the broad 
current density profile dominated by the large-radius bootstrap current and ITB. 
The AE activities have been compared in a standard high-qmin case and a high-�P 

(c)

(d)

Fig. 27   Cross power spectra profiles of electron temperature fluctuations measured by the electron cyclo-
tron emission diagnostic: a a standard high-qmin case (#156711); b a high �P case (#158564). Same color 
coding. NOVA calculations of the TAE gap profiles: c a standard high-qmin case (#153072); d a high-�P 
case (#158564). Reproduced from Holcomb et al. (2015), with the permission of AIP Publishing
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case, both of which have qmin > 2.0 (Holcomb et al. 2015). The high-�P case actually 
has qmin ∼ 5.0 . Here, the “standard high qmin ” regime has qmin ∼ 2–2.5, q95 ∼ 5–7, 
Ip ∼ 0.8 –1 MA, line-averaged density ∼ 3.5–4.5 × 1019 m −3 and density Greenwald 
fraction near 0.5. These conditions were chosen to target fully non-inductive opera-
tion with a significant fraction of externally driven current. This is a regime aimed at 
the same steady-state goal but using a different approach, i.e., low density, compared 
to high density in the high-�P scenario. Figure 27a, b compares the frequency spec-
trum of the electron temperature fluctuations measured by the electron cyclotron 
emission diagnostic. The standard high-qmin plasma has many more coherent modes 
inside of � ∼ 0.5 , while the high-�P case has strong modes around 60 and 70 kHz 
only outside of � ∼ 0.6 , which is the location of the ITB. Both cases have a fast-ion 
profile peaked on-axis. However, the high-�P case has much shorter slowing-down 
time, and therefore a lower classically predicted ∇�fast on axis, due to the very high 
density and the relatively low temperature. This may be consistent with the “critical 
∇�fast ” picture described in Heidbrink et al. (2013), which suggests a rapid increase 
of fast-ion transport when ∇�fast exceeds a critical value. AEs near the magnetic axis 
are more likely to cause enhanced fast-ion transport than AEs at large radius. Indeed, 
TRANSP analysis on the high-qmin discharge indicates a ∼  15% stored energy over-
estimate, which means higher calculated stored energy assuming classical fast ions 
compared to the observed stored energy. This implies a necessary anomalous fast-
ion diffusivity in the calculation. On the other hand, the same analysis on the high-�P 
plasma shows a stored energy overestimate of ∼  3%, which means a near classical 
fast-ion transport level. Modeling analysis on the toroidal Alfvén eigenmode (TAE) 
gap using NOVA code (Cheng and Chance 1987; Gorelenkov et  al. 1999) shows 
a wide TAE gap near axis in the high-qmin case, while the gap only widens at the 
large radius in the high-�P case (Fig. 27c, d). This is qualitatively consistent with the 
experimental observations discussed above.

A recent independent study gives an alternative mechanism on beta-induced 
Alfvén eigenmode (BAE) in regulating the mode location. The new analysis is 
performed based on another representative high-�P shot with lower q95 (Jian et al. 
2022a, b). The mode peaks at large radius, ( � ∼ 0.75 ), which is consistent with the 
observation above. Density fluctuation measurements from BES and CO2 interfer-
ometer show that the mode has a dispersion relation consistent with BAE theory. 
The free energy for BAE excitation consists of two parts, the background thermal 
plasma drive ( �Wth ) and the kinetic drive from fast ions ( �Wk ) (Chen and Zonca 
2016). Since BAE shares the same thermal drive with KBM (Zonca et  al. 1999), 
which is closest to the stability boundary near the edge (Sect. 3.4), this suggests that 
the free energy of thermal drive is highest there. Although the fast-ion population 
(and the kinetic drive) is low near the edge, it is sufficient to destabilize BAE on top 
of the high �Wth there. Moving toward the plasma core or the ITB, the plasma is get-
ting father away from the BAE instability due to the increased �-stabilization effect. 
For the high-qmin case, the edge region is not close to the KBM boundary. Such low 
�Wth and low �Wk are not able to excite BAE. Therefore, the plasma is stable to BAE 
at large radius as observed experimentally. Unlike the high-�P case, the high qmin 
inner plasma does not have an ITB and high � . Therefore, �-stabilization is weak in 
the inner core and the BAE will be excited when �Wk is high enough, which can be 
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satisfied in the inner core region. This picture is also a candidate explanation on the 
observed localized AEs in the outer core region in high-�P experiments and the AEs 
in the inner core region in high-qmin experiments (Jian et al. 2022a, b). Additionally, 
nonlinear gyrokinetic modeling of high-�P plasma suggests that BAE is responsible 
for almost all of the electron particle transport and one third to one half of electron 
energy transport in the outer core region. Neoclassical transport accounts for most 
ion energy transport, while ETG provides the residual electron thermal transport. 
Therefore, BAE plays an important role in recovering the missing transport in addi-
tion to drift-wave modeling in gyrokinetic simulations at the outer core region in 
high-�P plasmas.

4 � Efforts on operational space expansion in the high‑ˇ
P
 regime

In the past decade, significant effort has been spent by the Joint DIII-D/EAST team 
to extend the operational space of the high-�P scenario toward higher normalized 
performance. As discussed in Sect.  2, an attractive FPP design requires: (1) high 
H98y2 for high fusion gain and low capital cost; (2) high density for high fusion 
power. These are also the key physics that the joint research team would like to 
address. Another focus in the research is to reduce q95 . Historically, high-�P plasmas 
were usually operated at low plasma current, i.e., very high q95 ( ∼ 10 ), on DIII-D 
(Politzer et al. 2005). This was also the starting point of the research by the Joint 

Fig. 28   Development of 
achieved best parameters in 
DIII-D high-�P expeirments in 
the past decade. a q95 in black; 
�T × H98y2 in red; b fGr in black; 
line-averaged density in red
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DIII-D/EAST team. However, this range of q95 may be too high for an FPP. It limits 
the normalized performance, such as �T . Here, �T is the toroidal beta defined by the 
ratio of averaged plasma pressure to toroidal magnetic field pressure. This is because 
for a given �N ∼ �T∕Ip , lower Ip means lower �T and lower fusion reactivity in FPP. 
A trade-off between �P and �T at constant �N exists. Therefore, development of high-
�P scenario toward lower q95 (higher Ip ) on DIII-D is also a major task for the joint 
team. It is worth noting that the key to achieving high �P and high �T at lower q95 is 
high enough �N.

Figure 28 shows the development of parameters in the high-�P scenario over years 
following the major tasks described above (Wang et al. 2021d). The best �T × H98y2 
value in each year and the corresponding q95 at the same time in the same discharge 
are summarized in Fig. 28a, while the highest line-averaged fGr in each year and the 
corresponding density are shown in Fig. 28b. Note that data in Fig. 28a and data in 
Fig. 28b in the same year may come from different discharge/time slice. Same filter 
is applied to these data as described in Sect. 2.3 when introducing Fig. 17. There-
fore, these data are not transient due to the 40 ms averaging time window and the 
constraint of (dW∕dt)∕Ptot ≤ 0.1 . However, some of them may keep evolving in a 
longer period. As one can see, q95 has been reduced to 6–8, which is a suitable range 
for an FPP design. The normalized parameter �T × H98y2 , which is proportional to 
the triple product ni × Ti × �E , increases steadily and is approaching a value of 6. 
Those cases all have H98y2 ≥ 1.5 . Note that the prediction of ITER steady-state has 
�T × H98y2 ∼ 3.7 (Poli et  al. 2014) and the value for the predicted high-�P version 
of ITER steady-state scenario is about 3.97 (McClenaghan et  al. 2020). Although 
high-�P plasmas on DIII-D are usually operated at line-averaged fGr ∼ 1.0 or slightly 
below 1.0, the best cases for each year actually exceed unity. As lower q95 and higher 
plasma current are reached, the achieved absolute density is gradually increasing 
to maintain or improve Greenwald fraction. In 2019, the record fGr is up to 1.4 and 
line-averaged ne up to 9.5 × 1019 m −3 . It is important to note that high density is 
not achieved by elevating the pedestal. Instead, pedestal densities are usually under 
feedback control at a moderate level, e.g., fGr,ped ∼ 0.6 . The substantial increase 
of density comes from the development of a density ITB with or without impurity 
injection. Figure 15b in Sect. 2.3 shows such an example with impurity injection. 
This development towards high normalized parameters enables the potential of oper-
ational point demonstration for FPP designs. Recent work on a CFPP design, which 
is also called compact advanced tokamak (CAT) DEMO, proposes several target 
scenarios for an output electric power of 200 MW with a BT = 6 –7 T, R ∼ 4 m com-
pact device (Buttery et al. 2021). One of the candidates, case D in table 2 of this 
reference, shows features achievable by the high-�P scenario: q95 = 6.5 , �N = 3.6 , 
H98y2 = 1.51 . The modeling was performed by 1.5D FASTRAN code (Park et  al. 
2017, 2018) using TGLF as the transport model. As pointed out in the reference, “...
Indeed, recent work on DIII-D has already shown similar normalized performance 
( H98 ∼ 1.5 , q95 ∼ 6 , �N ∼ 3.5 ) at Greenwald density fractions approaching those 
used here (line average value ∼ 1 vs. 1.3 in the f ped

GW
= 1 cases of table 2)...”.

The latest “parameter pushing” experiments with the DIII-D high-�P scenario 
achieved �N ∼ 4.2 , �T ∼ 3.3 %, H98y2 ∼ 1.8 , fGr ∼ 1 (Fig.  29). This is correspond-
ing to the highest �T × H98y2 data point in Fig. 28a. The bootstrap current fraction 
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is up to 80%. q95 is about 7–8 and qmin is about 3. This discharge sustained the high-
performance phase for about one �R , then evolved to an MHD-unstable state, which 
is believed to be due to the Ohmic current penetration induced by a slow current 
ramp up started at 2 s. Further optimizations, including applying extra non-inductive 
current drive, are being considered for future DIII-D experiments. Specifically, the 
planned additions of ECCD, helicon, and high field side lower hybrid wave may 
allow elimination of all Ohmic current and Ip ramps to sustain the high-performance 
phase with qmin > 2 , limited only by available NBI capability or coil limits. This 
high-performance state, in terms of the normalized parameters shown in Fig. 30, is 
actually within the parameter range of a FPP design called A-SSTR [KIKUCHI00]. 
Such an experimental basis would be very helpful in predictive model validation and 
build better confidence on further FPP designs.
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The ultimate goal of scenario research is to develop a fully integrated scenario 
that can be used in the future. Although it still needs time to reach such goal, this 
paper provides latest partially integrated experimental results on high �P scenario on 
DIII-D. At present, there are two main research topics in the joint research team: (1) 
fully non-inductive operation with high �T ; (2) detached divertor with ELM mitiga-
tion. One good example of partially integrated results on high non-inductive cur-
rent fraction and high �T is #185959 (Fig. 29) as shown earlier in this section. In 
the high-performance phase of this discharge, features like high �T , high H98y2 , high 
fGr , medium q95 , and high fbs , have been integrated together. Although bootstrap 
current fraction is high (up to 80%), this discharge is still not fully non-inductive 
due to limited external current drive capability on DIII-D. However, it is important 
to note that such scenario on FPP will have lower collisionality because of much 
higher plasma temperature. Hence, fully non-inductive operation is anticipated on 
FPP with similar dimensionless parameters, such as H98y2 , fGr , �T , �P , etc. For future 
demonstration on DIII-D, more external-driven current is required. Prediction shows 
additional ∼ 100 kA from helicon current drive or LHCD would be able to meet 
the experiment goal of non-inductive operation. Recent DIII-D upgrade on helicon 
wave and high field side lower hybrid wave project provides excellent opportunity 
for this development. Impurity injection is also considered in the experiment seek-
ing possible core-edge integration in the very high-performance phase. Related high 
�P experiment has been scheduled in 2023. The other type of partially integrated 
scenario focuses on edge solution and core-edge integration. One typical example 
is #186027 (Fig. 14) discussed in Sect. 2.2, which shows good confinement quality, 

Fig. 30   Tokamak operational diagram: �T

(1+�2)∕2
 for fusion performance versus �P for self-driven current 

capability. �N for stability is shown in solid line with different colors. q95 is shown in dashed lines, except 
q95 = 2 (solid black line marked as current limit). Several tokamak designs, including ITER (Green 
2003), various versions of ARIES (Kessel et al. 2015), A-SSTR (Kikuchi et al. 2000) and ARC (Sorbom 
et al. 2015) and CAT-DEMO (Buttery et al. 2021), are marked. Yellow stars indicate the plasma opera-
tional points by (1) DIII-D #176440 as discussed in Buttery et al. (2021) and (2) the high-performance 
phase of DIII-D #185959 as shown in Fig. 29
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fully detached divertor, and simultaneously suppressed ELM. What are not men-
tioned in that subsection include medium q95 ∼ 7.5 and high fGr > 0.9 in this dis-
charge. This result has been achieved in an ITER-like shape (Fig. 1), which is new 
to the high �P scenario development on DIII-D and has not been well explored. The 
future direction on developing high �P scenario along this path will be improving 
�N and non-inductive current fraction, studying effect of divertor closure on perfor-
mance of divertor and core plasma using the unique SAS divertor on DIII-D and 
investigating tungsten transport from divertor to plasma core taking advantage of the 
tungsten ring in SAS divertor. Related experiments will be performed in 2022 and 
2023.

5 � Projections to present and future devices

This section briefly introduces high-�P scenario development efforts for present 
and future devices mainly by 1.5D self-consistent modeling.

The goals of the Joint DIII-D/EAST research team are: (1) to develop an FPP 
scenario and understand its physics, taking advantage of the well-equipped diag-
nostics and sophisticated plasma control on DIII-D; and (2) adapt the prototype 
scenario to EAST and demonstrate truly long-pulse operation with a metal wall. 
Since the team has many accomplishments in DIII-D on scenario development 
and physics understanding as discussed in the paper, the experimental and mod-
eling explorations have been actively launched on EAST to realize high-�P sce-
nario with large-radius ITB. However, the high-�P plasmas on EAST always have 
electron temperature profiles very peaked near the axis (Gong et al. 2022) instead 
of a broadened profile with ITB at large radius, even if �P exceeds DIII-D’s 
empirical threshold around 2.0. Using the same physics picture for large-radius 
ITB development described in Sect. 2.1.2, gyrokinetic modeling based on EAST 
high �P experimental data provides a possible explanation for the observations 
(Ding et al. 2021c). The analysis shows that on EAST, plasma at large radius is 
trapped on an “ITG mountain”. In other words, the gradients of profiles are lim-
ited by the ITG mode. The modeling work also provides insight into the potential 
approaches for breakthrough: (1) apply strong external off-axis current drive or 
use strong early heating to reduce magnetic shear at large radius; (2) pause Ip 
ramp-up at higher q95 to obtain stronger �-stabilization before proceeding to the 
main Ip flattop; (3) increase ion heating at large radius or increase pedestal ion 
temperature for higher Ti∕Te ; (4) inject impurity at large radius for higher density 
gradient. Both high Ti∕Te and high-density gradient are beneficial to ITG suppres-
sion. In addition to the single-mode linear gyrokinetic analysis, TGLF modeling 
on heat fluxes across a wide spectrum of k��s (from 0.1 to 25) confirms such a 
physics picture. Further profile predictions by TGYRO indicate that more central 
heating power (up to 3× ) is not able to significantly increase pressure gradient 
at large radius, e.g., � = 0.55 , when q-profile is monotonic as shown in EAST 
experimental data. Adding an artificial reversed q-profile in the simulation gives a 
boost of predicted pressure gradient at large radius. At high power, the result sug-
gests a threefold increase in the pressure gradient. Further applying Gaussian-like 
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particle source (e.g., pellet) at � = 0.6 will increase the pressure gradient to 4–5 
times its experimental value. These modeling results clearly point out important 
strategies that need to be considered in future EAST experiments: (1) create and 
maintain high qmin with low or reversed magnetic shear at large radius; (2) fuel 
the large radius region effectively.

As summarized in Marinoni et al. (2021), DIII-D has made good experimental 
progress in the negative triangularity (NT) configuration since 2016. A dedicated 
NT mini-campaign is planned on DIII-D in 2022 with a new armor installed in 
the low field side vacuum vessel. With the new armor, it is possible to develop an 
NT plasma with strong shaping in the core and high-power handling capability at 
the edge. Many important physics as well as advanced scenario development will 
be explored in the coming campaign. It has been decided that developing high 
�P scenario in NT configuration is a part of the experimental goals. Preliminary 
modeling work using STEP code (Meneghini et al. 2021) and TGLF as transport 
model shows the possibility of developing a large-radius ITB within current heat-
ing capability of DIII-D at reduced plasma current. A reduced plasma current at 
relatively high q95 is important to high-�P scenario development, especially for the 
initial attempt. This is to ensure sufficient �-stabilization effect at large Shafranov 
shift. From scenario development point of view, development of an ITB core in 
NT configuration is a great advance in core-edge integration, where ITB further 
enhances the global confinement quality [previous no-ITB cases show H98y2 ∼ 1.0

–1.2 (Austin et al. 2019; Marinoni et al. 2019)] and the L-mode edge resolves the 
ELM challenge in H-mode. It may also provide a new path for future FPPs.

At present, ITER uses a standard H-mode approach for its Q = 10 goal. This 
approach requires very high plasma current ∼ 15 MA, which is corresponding to 
q95 ∼ 3.0 (ITER Organization 2018). The high plasma current leads to several chal-
lenges, such as high disruption risk and high transient heat load on divertor plates 
induced by Type-I ELMs. As shown in Fig. 18, statistical analysis shows a per-shot 
disruptivity of 20–50% at q95 around 3.0 (Garofalo et al. 2014). Regarding the tran-
sient heat load issue, research shows that mitigation of Type-I ELMs by several fac-
tors is still required if melting of the monoblock surface is to be avoided in the 15 
MA ITER baseline scenario (Pitts et al. 2019; Eich et al. 2017). These are strong 
motivations for an investigation of a scenario solution at lower plasma current, i.e., 
higher q95 . The DIII-D database shows a per-shot disruptivity close to zero at q95 ∼ 6 
or higher (Garofalo et al. 2014). Although the other two references (Gerhardt et al. 
2013; de Vries et al. 2014) mentioned in Sect. 2.4 do not show exact percentage of 
disruptivity, there is little doubt that higher q95 , e.g., ∼ 6–8, would have much lower 
disruption risk than q95 ∼ 3.0 , according to trends shown in the references. Further-
more, ITER may not require ELM mitigation if the plasma current is maintained 
below 10 MA (Pitts et al. 2019).

The Joint DIII-D/EAST research team explored the possibility of developing a 
high-�P scenario for ITER’s Q = 5 steady-state mission (McClenaghan et al. 2020). 
Using 1.5D self-consistent STEP modeling, Q = 5.5 is predicted at Ip = 8.25 MA 
with only the day-one heating and current drive with a modification to the upper 
EC launcher. Some other parameters are fGr,ped = 0.97 , fGr = 1.3 , �N=3.0, Paux = 73 
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MW with PNBI = 33 MW, PEC = 20 MW, PIC = 20 MW, and a fast-ion fraction con-
tribution to pressure of 5%. The q-profile has reversed shear at large radius and is 
flatter near the axis, similar to that of DIII-D experiments. The magnetic shear rever-
sal is driven almost entirely by the ITB, and not by the injected off-axis current drive 
sources. This is consistent with the requirements for sustaining an ITB described in 
Gormezano et al. (2007), Litaudon et al. (2011) and Ida and Fujita (2018). Based 
on the Q = 5 result, the team explored a high-�P solution to ITER’s Q = 10 goal 
(Ding et al. 2021a). The philosophy is that since Q = Pfus∕Paux , there exists two path 
toward higher Q. One is greatly pushing Pfus at constant or further increased Paux . 
This is what ITER chooses in the present plan. The other path is to reduce Paux in the 
denominator, while maintaining a moderate Pfus . Due to the high-energy confine-
ment quality in the high-�P scenario, it is an excellent candidate to follow this sec-
ond path, a path with better fusion economy. Indeed, the 0D study using the ITER 
Q = 5 high-�P solution as a starting point shows an increasing trend of Q at reduced 
Paux. The key is to maintain a similar H98y2 . 1.5D simulations are performed to 
evaluate the confinement quality at reduced Paux and provide more detailed plasma 
performance in that condition. A similar modeling approach using STEP confirms 
the results. ITER Q ∼ 10 is predicted at Ip ∼ 7.5 –9 MA with �N ∼ 2.8 and fGr up 
to 1.5. H98y2 is predicted between 1.6 and 1.8. Although Pfus is about 300 MW at 
Ip ∼ 7.5 MA and �N ∼ 2.8 , another ITER goal of Pfus ∼ 500 MW can still be met 
at higher �N , e.g. 3.2–3.4. Q exceeds 10 at higher �N . Increase of toroidal field is 
another effective approach to enhance both Q and Pfus . Although ITER may not con-
sider operation at higher toroidal field, this exercise would still shed light on the 
application of high-�P scenario to future high field devices. Experiments on DIII-
D that support the ITB development at such high density, or vice versa, develop-
ing high fGr using an ITB approach are also reported in Ding et al. (2021a). Such 
experimental results are described in Sect. 2.3 in this paper. It is worth pointing out 
that compared with some ITER Q = 10 high �P modeling cases, the experimental 
electron density profiles not only share the same density value in the core, but also 
have similar profile shape with large-radius ITB. Experimental electron temperature 
profiles also have similar profile shape. Yet, the core temperature is much lower than 
the ITER prediction, due to the very different toroidal field, heating power, etc.

There are more published and ongoing modeling studies based on the high-�P 
scenario. One example is the CAT-DEMO design (Buttery et al. 2021) discussed in 
Sect. 4. In China, a next-generation machine named Burning Experimental Super-
conducting Tokamak (BEST) is being designed. This new device will be slightly 
larger than JET with high field and D-T capability. There will be two main scenarios 
aiming at different missions. One is Q > 1 steady-state operation. The other is Q > 5 
pulsed operation. The design of the Q > 1 steady-state scenario is considering using 
the high-�P concept. It is also important to mention the aggressive tokamak design, 
ARIES-AT, showing the “ultimate potential” of a tokamak (Jardin et  al. 2006). 
Some parameters are �T ∼ 9.1 %, �N ∼ 5.4 , H98y2 ∼ 2 , Q ∼ 40 . The work on ARIES-
AT shows that an equilibrium with self-consistent profiles exists and is stable, at 
very high � and confinement quality. It has been pointed out that “the Shafranov 
shift is the main cause of the improved transport in this case” and “the high beta-
poloidal regime is the most similar to ARIES-AT” (Jardin et al. 2006). The reference 



1 3

Reviews of Modern Plasma Physics             (2023) 7:4 	 Page 41 of 47      4 

also expects “experiments on the physics of the Shafranov shift effect on turbulence 
in tokamaks are needed to test the theory” (Jardin et al. 2006). The series of experi-
mental and modeling results from the Joint DIII-D/EAST research team in the past 
decade address this issue.

6 � Summary

Since the proposal of the high-�P regime as a high bootstrap current scenario in the 
1990s, there have been many theoretical, modeling, and experimental research activ-
ities in this field. Based on the results and the experience of previous research from 
around the world, the Joint DIII-D/EAST research team started the exploration in 
this regime in 2013. This paper summarizes the highlights of the research results on 
DIII-D by the joint team in the past decade.

Due to the high bootstrap current, the high-�P scenario is envisioned to serve the 
FPP as a candidate for steady-state operation. Therefore, the joint research is focus-
ing on addressing the needs of an attractive FPP design by taking advantage of the 
well-equipped diagnostics and sophisticated plasma control on DIII-D and the well-
developed integrated modeling capability at General Atomics. The ultimate goal is 
to demonstrate this scenario on EAST with truly long pulse and metal wall compat-
ibility. In the past decade, high-�P scenario on DIII-D has been developed from high 
q95 ( > 10 ) to medium q95 (6–8), from high rotation to low rotation, from fGr around 
1.0 to above 1.0 (e.g. 1.3), from attached plasma to fully detached and ELM miti-
gated/suppressed plasma. During this journey, many modeling validation and appli-
cation studies have been done. In some trophy discharges, the normalized param-
eters, e.g., �N , �P , �T , H98y2 , fGr , etc., already support operational points in some 
FPP designs. Beyond the key parameter values, several important and FPP-relevant 
issues and physics are addressed in the research: 

1.	 The high-energy confinement quality in the high-�P regime is experimentally 
confirmed at low toroidal rotation. The underlying physics is understood to be �
-stabilization at high Shafranov shift, independent of E × B shear stabilization 
provided by plasma rotation. Detailed physics of how plasma evolves from a 
weak/no-ITB state to a strong-ITB state is also illustrated based on experimen-
tal observation and gyrokinetic modeling. This confirms the physics picture of 
bypassing the KBM instability mountain and entering the 2nd stability regime 
for low transport. Two self-organized core-edge states, i.e., weak/no-ITB high-
pedestal state and strong-ITB low-pedestal state, are identified in experiment.

2.	 Leveraging the physics of interplay between pedestal and ITB at large radius in 
the high-�P regime, full divertor detachment with excellent global energy confine-
ment quality ( H98y2 ∼ 1.5 ) is achieved in a tokamak for the first time. Detachment 
indeed degrades pedestal pressure. The growing ITB compensates the loss by 
the lowered pedestal and maintains the overall stored energy or � , resulting in 
an unchanged or slightly improved global confinement. Later experiment shows 
an integration of full divertor detachment, ELM mitigation/suppression, and un-
degraded global energy confinement quality.
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3.	 An experimental approach aiming at achieving high line-average density above 
the Greenwald limit is developed in the high-�P scenario. Experimentally, sus-
tained fGr ∼ 1.3 and fGr > 1.0 with H98y2 > 1.0 are achieved by developing strong 
density ITB for 8�E and 21�E , respectively. Sufficient particle source near the ITB 
foot is believed to be the key to such achievement. High-�P scenario expands the 
operational space toward high confinement quality ( H98y2 > 1.0 ) and high density 
( fGr > 1.0 ) in a statistical analysis based on more than 1300 DIII-D discharges in 
2019.

4.	 Disruptivity analysis on multiple machines suggests that higher q95 reduces the 
risk of disruption in tokamak operation. DIII-D results show that the disruptivity 
is approaching zero when q95 is 6 or higher, i.e, the typical high-�P scenario oper-
ating space. Dedicated high-�P experiments on DIII-D demonstrate that a reduced 
outer gap, i.e., moving plasma closer to the low field side wall, increases the ideal 
wall �N limit, which is actually reached in experiments. These experiments also 
show stable operation at 6li for a few seconds.

5.	 DIII-D high-�P experiments show fbs up to 80% at medium q95 ∼ 7–8. The value 
of fbs is expected to be higher at the same �P in a reactor with lower collisionality.

Several other features of the high-�P plasmas on DIII-D are also summarized in 
this paper: 

1.	 Current alignment is not an issue in high-�P ITB plasmas. The primary turbulence 
suppression mechanism is �-stabilization instead of negative magnetic shear by 
external current drive. In ITB region, the bootstrap current component is much 
larger than external current component. The bootstrap current density maximum 
is aligned with �qmin inside the ITB. DIII-D experiments have demonstrated stable 
ITB operation for a few seconds, limited only by NBI duration limits.

2.	 In high-�P plasmas with an ITB, the dominant micro-instability varies and 
depends strongly on the local q value. Gyrokinetic modeling shows that a slab-
MTM dominates at high q, while the dominant modes become ballooning modes 
at lower q. Although the local q value depends on the detailed structure of the 
q-profile, q95 plays an important role in determining the overall q value when the 
shape of q-profile is similar, assuming similar pressure profile in the same type 
of scenario. Therefore, high q95 , e.g., ∼ 10 , high-�P plasmas on DIII-D could be 
slab-MTM dominant in general and lower q95 , e.g., 6–7, discharges could be bal-
looning mode dominant. This explains why TGLF results match experimental 
data much better at lower q95 , while it overpredicts experimental electron tem-
perature at high q95 . This is because the current version of TGLF cannot capture 
the narrow, peaked and ballooning extended eigenfunctions of slab-MTMs.

3.	 It is observed that low-Z impurity density develops a similar ITB at large radius 
in DIII-D high-�P plasmas. However, the overall impurity content is in a well-
controlled condition with Zeff ∼ 2 , assuming no strong impurity injection. The 
impurity density profile inside the ITB is flat rather than peaked. Its value near the 
magnetic axis is much lower than the neoclassical prediction. More experiments 
with high-Z impurity are planned soon.
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4.	 Comparisons between experimental pedestal pressure and EPED show that the 
strong-ITB low-pedestal state has lower pedestal pressure than EPED predicts, 
while the weak/no-ITB high-pedestal state matches the prediction. The high-
pedestal state may be limited by peeling modes. The low-pedestal state could be 
induced by the enhancement of turbulent transport across the whole pedestal. 
This also may be consistent with the experimental observation of reduced ELM 
amplitude in the low-pedestal state.

5.	 With similar q95 and high qmin , high-�P plasmas and high-qmin steady-state plasmas 
have very different AEs and AE-induced fast-ion transport. Most experimental 
observed AEs are near the magnetic axis in the high-qmin steady-state plasmas, 
while they are in the outer half of plasma (outside the ITB) in the high-�P cases. 
Multiple explanations are proposed. One is related to the TAE gap opening. The 
high qmin steady-state case has a wide gap near the axis, while the gap only widens 
at large radius in the high-�P case. Another explanation is that high-�P plasma has 
lower ∇�fast , due to a shorter slowing-down time in the core. AE activities would 
be quiet, if ∇�fast does not exceed the critical value. A latest analysis suggests 
that the AE activities in high-�P plasmas could be BAE. Since the high-�P plasma 
outside ITB is in the 1st stability regime, it is vulnerable to the BAE instability. 
The plasma in the ITB region stays in the 2nd stability regime and it also stays 
away from the BAE instability. The same analysis applied on the high qmin state-
state case shows the plasma near axis is also close to the 1st stability regime, and 
therefore is vulnerable to the BAE instability.

DIII-D is not designed as a long pulse machine, compared with current diffusion 
time. At high q95 , i.e., low Ip , DIII-D high �P plasmas usually have 4–5 s with 
sustained ITB. One example has been shown in Fig. 21c, d. This is corresponding 
to 4–5�R s. However, at lower q95 , DIII-D high �P plasmas have shorter available 
Ip flattop, due to a second Ip ramp-up phase. Indeed, the experiments only show 
sustained ITB and the related q-profile about 1–2 �R s in this condition. Therefore, 
sustained ITB and stationary q-profile in high �P scenario have not been fully 
demonstrated in the present DIII-D experiments. Although the underlying phys-
ics on the ITB sustainment is encouraging, it still needs to be demonstrated in 
a long pulse experiment. This is also one of the main goals of the international 
collaboration between DIII-D and EAST. Development of such scenario has been 
discussed and becomes one of the main tasks in EAST experiment.

It is important to point out that there are other dimensionless parameters, 
such as normalized collisionality and Larmor radius, that cannot be varied in a 
wide range in DIII-D high �P experiments, due to the limits of machine opera-
tion. Hence, their roles on the energy confinement quality and stability in high �P 
scenario have not been fully demonstrated in experiment. Future machines with 
higher magnetic fields and better external current drive capability will be perfect 
for the investigations. Besides, modeling research on the applications of high �P 
scenario on future devices may also provide insight on this topic.

There are also intensive 1.5D self-consistent modeling studies on the high-�P 
scenario. The goal has been to project this scenario to a different configuration, 
e.g., negative triangularity, or a different present machine, e.g., EAST, or future 



	 Reviews of Modern Plasma Physics             (2023) 7:4 

1 3

    4   Page 44 of 47

devices, e.g., BEST, ITER. Although the high-�P scenario has been robustly 
reproduced on DIII-D, JT-60U, etc., it is still very important to understand its 
performance in long pulses, i.e., 100 s or longer, and its compatibility with metal 
walls. The successful adaption of the scenario to EAST is vital for this step. Mod-
eling studies of future devices suggest a high-energy confinement quality (in 
terms of H98y2 ) and low plasma current approach toward high fusion gain. This is 
a different approach than what ITER is currently pursuing for its Q = 10 mission. 
However, it is a safer approach with better fusion economy towards an FPP and 
commercial fusion energy, which requires fusion gain far greater than 10. Mod-
eling shows that higher magnetic field will be able to amplify the fusion power 
output and further enhance fusion gain.

In conclusion, joint DIII-D/EAST research in the past decade has advanced the 
physics understanding of the high-�P scenario and shown it to be an excellent candi-
date for supporting an attractive FPP and commercial fusion energy. Experiment and 
modeling show that the high-�P scenario has great advantages in addressing several 
key needs: high-energy confinement quality at low rotation above the Greenwald 
density limit for high fusion gain, excellent core-edge integration, high bootstrap 
current fraction for steady-state operation, and low disruption risk for improved 
machine safety. There are ongoing and future studies to further understand the phys-
ics and further develop this scenario.
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