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Theory of Transport in High Bootstrap Fraction H-modes with Internal 
Transport Barriers 

Gary M. Staebler, General Atomics, USA 

Abstract 

A review of the recent progress in understanding the transport in fully non-inductive, high bootstrap 
fraction H-mode discharges, developed on the DIII-D tokamak, is given in this paper. Experiments 
have demonstrated improved energy confinement due to the formation of an internal transport 
barrier in high bootstrap fraction H-mode discharges. Gyrokinetic analysis, and quasi-linear 
predictive modeling, demonstrates that the observed transport barrier is due to the suppression of 
turbulence, primarily due to the large Shafranov shift. ExB velocity shear does not play a significant 
role in the transport barrier due to the high safety factor. The ion energy transport is reduced to 
neoclassical for DIII-D discharges and electron energy and particle transport is reduced, but still 
turbulent, within the barrier. Deeper into the plasma, high levels of electron transport are observed. 
The electron energy transport in DIII-D is found to be due to electromagnetically enhanced electron 
scale modes. A contribution from fast ion driven instabilities is also possible. The kinetic 
ballooning mode plays a strong role in the region between the internal and H-mode edge transport 
barriers with two types of self-organized pedestal states observed.  

 

1. Introduction 

 This paper is the first of three 
presentations on the H-mode workshop 
session 1 topic: Transport Barriers In A 
Reactor: Accessibility Of Long-
Sustained Scenarios With Edge And 
Internal Transport Barriers. This paper 
reviews the theory of transport in fully 
non-inductive, high bootstrap fraction 
discharges developed on the DIII-D 
tokamak as prototype steady state 
discharges for the EAST tokamak 
through a joint collaboration. The 
transport results from a number of recent 
papers are collected here, presenting the 
progress that has been made in 
understanding this interesting and 
important regime. Maximizing the 
pressure gradient driven bootstrap current 
in a tokamak, so that it drives a high 
fraction of the total current, reduces the 
external power required to drive current 
by other means. Improved energy 
confinement, relative to empirical scaling 
laws, enables a reactor to more fully take 

advantage of the bootstrap driven 
tokamak. Hence, understanding the 
transport in this regime is of importance 
to the future efficiency of steady state 
tokamaks for fusion power reactors.  

 The considerable operational 
challenges that were overcome, such as 
stabilizing   external kink modes are 
presented in detail in a series of 
experimental papers [1-5]. Due to the 
neutral beam heating these discharges 
have a significant fast ion population [1]. 
Bursts of energetic particle instabilities 
are observed during the discharge 
formation and reduction of the induced 
fast ion losses through careful density 
control is critical to obtaining good 
performance. This review paper focuses 
on the transport theory and modeling 
aspect. It is important to understand that 
the goal of the DIII-D experiments was to 
achieve global magnetohydrodynamic 
(MHD) stability in fully non-inductive 
current discharges in a close 
approximation to the flux surface shape 
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of the EAST tokamak. DIII-D is a short 
pulse inertially cooled machine whereas 
EAST has long pulse capability and 
actively cooled divertor target plates. The 
large radius internal transport barrier 
(ITB) observed in the DIII-D discharges 
discussed in this paper has not yet been 
achieved on EAST. This is most likely 
due to the large fraction of off-axis 
bootstrap current on DIII-D that helps to 
weaken the magnetic shear in the deep 
core and reduce the pressure peaking on 
axis. Higher heating power to increase the 
bootstrap fraction is in development on 
EAST. A large radius ITB is desirable to 
maximize the region of reduced transport 
and to increase the global MHD stability 
limit [6]. A working definition of a 
"transport barrier" is that the ion energy 
transport within the ITB region has been 
reduced to the neoclassical level. The 
energy confinement time in the DIII-D 
discharges is longer than computed using 
the empirical ITERH-98(y,2) scaling 
formula [7]. This power law formula was 
fit to a large set of H-mode discharges 
from the world's tokamaks. However, the 
database is composed of only low 
bootstrap fraction discharges. The ratio of 
the energy confinement time to this 
scaling law increases as the bootstrap 
current fraction increases in the DIII-D 

discharges [2]. This is a very favorable 
trend for the viability of a high bootstrap 
fraction steady state tokamak fusion 
reactor. An example of one of the fully 
non-inductive discharges from DIII-D is 
shown in Fig. 1. The surface voltage is 
nearly zero (non-inductive) for more than 
3 seconds (Fig. 1a) while the pressure 
normalized to magnetic pressure (toroidal 
T and poloidal P) is steadily maintained 
(Fig. 1b) by feedback control of the 
neutral beam heating power. The ratio of 
the energy confinement time to the L-
mode scaling [7] H89p and H-mode 
scaling [7] H98y2 (Fig. 1c) is better than 
the empirical database of low bootstrap 
fraction H-modes with H98y2~1.5 
achieved. This discharge achieves and 
maintains ~ 3 with about 20% non-
thermal fraction of pressure and 
Greenwald density fraction fGW ~ 0.9, 
using a total heating and current drive 
power of ~11 MW. This power includes 
~3.5 MW of on-axis neutral beam 
injection (NBI), ~5 MW of off-axis NBI, 
centered at ~ 0.4 where  is the 
normalized square root of toroidal flux, 
and 2.5 MW of off-axis electron 
cyclotron current drive (ECCD), injected 
at  ~ 0.5. The various current 
components for discharge 154406 are 
calculated from experimental profiles by 
the TRANSP code [8]. The bootstrap 
current fraction reaches up to 80%-85%, 
the NBI-driven current fraction is 15%– 
20%, and only < 5% of the total current is 
driven by ECCD, since the efficiency of 
ECCD is low at large minor radius. The 
plasma profiles at time 5170ms are 
plotted in Fig. 2.  Three different 
transport regions are easily identified in 
the electron temperature (Fig. 2a) and 
density (Fig. 2b) profiles. The ITB region 
( ), a "foot" region with strong 
transport (flat gradients) ( ) 
and the edge transport barrier (ETB) of 
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Fig. 1 (Fig. 1 of [1]) Time traces for selected 
plasma parameters for DIII-D discharge 154406.  
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the H-mode ( ). These same 
transport regions are visible in the ion 
temperature (a) and carbon ion toroidal 
rotation  (Fig. 2b) profiles. The 
transport in this discharge, and in other 
similar discharges, has been investigated 
and the results reported in the papers 
reviewed in this article.  
 This paper is organized into four 
more sections. In section 2 the role of the 
kinetic ballooning modes (KBM) 
stability boundary is discussed. The 
KBM is the gyrokinetic version of the 
ideal MHD ballooning mode [9]. The 
KBM is computed in the one-dimensional 
ballooning representation that is valid if 
the radial wavelength of the modes is 
short compared to equilibrium gradient 
scales but long compared to the ion gyro-
radius. This assumption breaks down for 
low toroidal mode number MHD modes 
particularly in the very steep gradient 
region of the edge H-mode transport 
barrier. Because of the high safety factor 
in these high bootstrap fraction 
discharges the  threshold for the KBM 
is low. The avoidance of the KBM with 
weak or negative magnetic shear is 
essential to access the ITB [10] in these 
high safety factor discharges. In section 3 
the ion energy transport is discussed. The 
dominance of ion neoclassical energy 
transport is shown in the ITB region [11]. 
The contribution to the ion energy 
transport from turbulence is shown to be 
suppressed by Shafranov shift effects. In 
Section 3 the electron energy transport is 
discussed. The strong electron energy 
transport within the ITB region is likely 
due to a combination of ETG modes 
[10,11] and possibly a contribution from 
energetic ion instabilities [10]. A 
summary of the status of the present 
understanding and open questions is 
given in section 5.  

2. The Role of Kinetic Ballooning 
Modes 

 The magnetic shear is weak 
enough within the ITB so that the KBM 
is stable for all pressure gradients [10]. 
This is a necessary but not sufficient 
condition for the ITB to exist. The 
electron energy flux computed with 
TGLF for a scan of the pressure (and 
pressure gradient) at fixed gradient scale 
lengths about the experimental value at 
three locations in the plasma is shown in 
Fig 3. The electron temperature profile 
measured in discharge 154406 at 5170ms 
is plotted in a. At the top of the H-mode 
pedestal (Fig. 3b) the KBM is unstable 
and the electron energy flux in gyro-
Bohm units is very large. The electron 
energy flux computed including 
electromagnetic fluctuations (EM) is 
much larger than the flux in the 

ρ ≥ 0.9
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Fig. 2 (Fig. 3 of [1]) Radial profiles for DIII-D discharge 
154406 at 5170 ms, showing (a) ion (Ti) and electron (Te) 
temperature, (b) toroidal rotation angular frequency ( ) of 
carbon impurity ions and electron density (ne). Vertical dashed 
line across panels (a) and (b) marks the foot of the ITB in the 
rotation profile. 
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electrostatic approximation (ES) due 
primarily to the KMB contribution at ion 
scales. At later times in this discharge [1] 
the KBM becomes stable at the pedestal 
top due to weakening of the local 
magnetic shear caused by a build up of 
the H-mode edge transport barrier (ETB). 
The rising pedestal becomes unstable to 
an n=1 edge localized mode (ELM) 
returning the plasma to the low pedestal 
state seen in Fig. 3. In the foot region Fig. 
3d the pressure scan shows that the KBM 
is unstable just above the first stability 
boundary [10] at low pressure.  At the 
leading edge of the ITB Fig. 3c the 
pressure scan shows that lowering the 
pressure results in an unstable KBM so 
the experimental condition is on the 
second stability, high pressure, side of the 
KBM stability landscape [10]. Deeper 
within the ITB the pressure gradient is 
large and the KBM is stable due to the 
weak or negative magnetic shear. The 
drift-waves (ITG, TEM, ETG) are 
stabilized by large Shafranov shift for 
weak or negative shear so the reduction 
of the turbulence within the ITB is 
primarily due to this effect. The leading 
edge of the ITB is determined by the 
magnetic shear being strong enough for 

the KBM instability to exist. The KBM 
instability in the foot region [10] was not 
discovered in previously published 
results due to a coding error in Ampere's 
equation in TGLF that greatly increased 
the threshold for electromagnetic 
KBM instabilities for strongly shaped 
flux surfaces. All previous TGLF 
calculations before Ref. 10 for these DIII-
D high bootstrap fraction discharges were 
therefore equivalent to electrostatic runs. 

 The magnetic shear is strongly 
coupled to the bootstrap current that 
dominates the total current in the outer 
region of the plasma as shown in Fig. 4. 
The ITB is self-organizing through a 
positive feedback of the bootstrap current 
and the transport [10]. The ITB bootstrap 
current peak weakens the magnetic shear 
to the inside of the peak as can be 
deduced from the safety factor profile in 
Fig. 4, keeping the KBM stable and 
increasing the Shafranov shift reduction 
of the drift-wave transport. This transport 
reduction allows the ITB pressure 
gradient, and bootstrap current peak, to 
build further: a positive feedback loop. 
To the outside of the ITB bootstrap 
current peak, the magnetic shear is made 

β

 
Fig. 3 (Fig. 7 of [10]) Electron temperature profile (a) 
and the electron energy flux in gyro-Bohm units (GB) 
computed with TGLF for electromagnetic (EM, solid) 
and electrostatic (ES, dashed) settings at three locations 
(b) �=0.9, (c) � =0.68, (d)�� =0.74 as a function of the 
� /��exp  scale factor. 
	

	

Fig. 4 Total (black solid) and bootstrap (black dashed) 
current density profiles (left axis) and safety factor 
(grey, right axis) for the DIII-D discharge 154406 at 
5170 ms. The bootstrap current is calculated by NEO 
[12]. See also Fig. 3d of [1] for details of the non-
inductive current drive. 
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stronger until the KBM becomes unstable 
causing the increase in transport resulting 
in the flat foot region. If the bootstrap 
current peak due to the ITB is higher than 
the one due to the ETB, the KBM 
becomes unstable even at the pedestal top. 
This is the case for this discharge (Fig.3b) 
In some discharges [1], this low pedestal 
type regime, with small ELMs, last for 
the duration of the discharge. The 
pedestal state of this discharge is 
determined by a competition between the 
ITB and ETB bootstrap current peaks 
fighting for control of the magnetic shear 
at the top of the pedestal [10]. For the low 
pedestal state, the KBM instability in the 
foot and pedestal top region lowers the 
pedestal pressure and ETB bootstrap 
current peak. The reduction of ETB 
bootstrap current increases the magnetic 
shear in the pedestal top region 
reinforcing the unstable state of the KBM. 
If the bootstrap current peak due to the 
ETB wins the fight then the magnetic 
shear at the pedestal top is weakened as 
the pedestal pressure builds. When the 
magnetic shear is weak enough to 
stabilize the KBM the pedestal jumps to a 
higher state limited by low toroidal mode 
number MHD ELMs. This high pedestal 
state is therefore also self-organized by 
the interaction of the KBM with the ETB 
bootstrap current. These positive 
feedback loops are too weak to self-
organize the profiles at lower safety 
factor and lower bootstrap fraction which 
explains why the ITB is not observed for 
these conditions [1-5]. Note also that, for 
high safety factor, it does not require as 
large a pressure gradient to attain a given 
level of Shafraonv shift. The Shafranov 
shift's role in producing an ITB is 
empirically observed as a threshold in 
>1.8 [3]. This is equivalent to a threshold 
in the bootstrap fraction since .   

3. Ion Energy Transport 

  A ubiquitous property of the high 
bootstrap fraction fully non-inductive 
DIII-D discharges is that neoclassical ion 
energy transport (including the 
collisional energy exchange) accounts for 
essentially all of the power balance ion 
energy flux from the integrated sources 
over the ITB region [1-5].  This 
conclusion is not changed by including 
EM effects as shown in Fig. 5b (black 
dashed) for DIII-D discharge 154406 at 
5170ms. This has far reaching 
implications.  The ion scale turbulence 
must be weak in this ITB region so that 
its contribution to the ion energy flux is 
small compared to the neoclassical ion 
energy flux that is sufficient for power 
balance. This rules out ion-scale modes 
like ion temperature gradient modes 
(ITG) or electromagnetic (KBM). The 
trapped electron mode (TEM) is also 
unlikely since it can produce significant 
ion energy transport at ion scales. Since 
the power balance electron energy flux is 
much larger than the very small 
neoclassical electron energy flux, there 
must be strong turbulent electron energy 
transport. Consistency with the absence 
of ion-scale turbulence can be 
accomplished by electron temperature 
gradient modes (ETG) that are unstable at 
electron scales. Microtearing modes can 
also generate primarily electron energy 
transport but are not resolved by TGLF at 
standard resolution. The electron energy 
transport will be further discussed in 
Section 4. In this section we will 
investigate why the turbulent ion energy 
transport is so small in the ITB region.  

 Predicting the ion temperature 
profile that matches power balance fluxes 
with the sum of neoclassical computed 
with the NEO [12] code and gyrokinetic 
ion energy flux computed with the 

βP
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quasilinear model TGLF [13] allows the 
isolation of different effects. The 
predicted ion temperature profile, 
including electromagnetic fluctuations, is 
shown in Fig.5. The new electromagnetic 
(EM) prediction for the ion temperature 
profile in Fig. 5a (grey solid) differs from 
the electrostatic (ES) result (black 
dashed) [11] primarily outside of the ITB 
region (foot) where the KBM is unstable 
and the temperature profile is flatter, in 
better agreement with the data (black 
solid). Note that the boundary condition 
for the ion temperature was taken at r = 
0.9 in Fig. 5 but at r = 0.8 in Ref. 11. 
Inside the ITB the KBM is predicted to be 
stable by TGLF and the neoclassical ion 
energy transport computed with NEO is 
dominant in agreement with the power 
balance analysis of Fig. 5b. The impact of 
the ExB velocity shear is found to be 
weak as shown in Fig. 5(grey dashed). 
This is a consequence of the high safety 
factor in this discharge since the ExB 
velocity shear rate is 
reduced by the safety factor (q) for a 
given toroidal velocity ( ) shear 
assuming that the dominant contribution 
to the toroidal velocity is from the ExB 
drift.  Discharges with similar parameters 
but reduced torque have been achieved in 
DIII-D by using NBI injection both co 
and counter to the plasma current [3]. The 
lower torque discharges have weaker 
ExB velocity shear but nearly identical 
temperature profiles. This is consistent 
with the ion energy transport modeling 
results of Fig. 5.  

 The Shafranov shift has the 
opposite trend with safety factor to the 
ExB velocity shear. The circular large 
aspect ratio definition of the Shafranov 
shift parameter is 
where  is the total pressure gradient 

scale length and is the ratio of plasma 
pressure to magnetic pressure. A high 
safety factor (q) makes the Shafranov 
shift larger for a given pressure gradient. 
For drift waves, the Shafranov shift is 
stabilizing if the magnetic shear 

(circular definition) is weak. 
This is the case within the ITB region [10]. 
The ion-scale density fluctuations are 
found to be below the detection threshold 
for the BES diagnostic within the ITB [3], 
consistent with the TGLF results.  
  

A simple model of the Shafranov 
shift impact on ITG modes helps to 
understand how a bifurcation to an ITB 
can occur. The linear growth rate for ITG 
modes is driven by the ion temperature 
gradient. For large aspect ratio circular 
geometry the peak of the ITG linear 
growth rate is for . This 
can be modeled by taking the linear 
growth rate of ITG modes to be  
 
(1)
 

 

 
     
The ion energy flux is then modeled as a 
neoclassical part plus a contribution from 
ITG modes.  
 
 
(2)  
 

γExB = r q( )∂Ω ∂r

Vtor = RΩ

αMHD = Rq
2 β Lp

LP

β

ŝ = r q∂q ∂r

ŝ −αMHD = 0.5

γ =
γ Lp

1+ ŝ − 0.5−αMHD( )2( )
=

γ0αMHD

1+ ŝ − 0.5−αMHD( )2( )

Q = χ neo + χ ITGγ 2( ) βLp

= χ0
neo + χ0

ITGγ 2( )αMHD
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In this model the pressure gradient is 
assumed to come from the ion 
temperature gradient (zero density 
gradient) and has been replaced with the 
Shafranov shift . The 
off-set ion temperature gradient threshold 
for the ITG mode is neglected for 
simplicity. The factors have 

been absorbed into the coefficients 
. This model is plotted in 

for the parameters 
 for three values 

of magnetic shear  = (0.0, 1.5, 2.0). For 
large enough Shafranov shift the linear 
growth rate (Eq. 1) is reduced for all three 
magnetic shears but the flux (Eq. 2) is 
only multi-valued, indicating a transport 
bifurcation is possible, for a large enough 
magnetic shear (>1.5 in Fig. 6). For 
magnetic shear > 0.5, increasing the 
Shafranov shift from zero is at first 

destabilizing to the ITG modes. For fixed 
, the linear growth rate scales like 

~1/q2 and the ITG energy flux scales like 
~ 1/q6 so for low safety factor (q) the 
power threshold to reach sufficient 
Shafranov shift to suppress the ITG mode 
is very large. This simple model assumes 
the KBM is stable. The region at the 
leading edge of the ITB has sufficient 
magnetic shear to have a transport 
bifurcation due to Shafranov shift 
suppression of ITG modes. In fact, some 
high bootstrap fraction discharges on 
DIII-D spontaneously evolve to an ITB 
with improved global energy 
confinement [15]. Over the interior of the 
ITB, the magnetic shear is weak or 
negative and a reduction of the ITG 
transport without a bifurcation as the 
pressure builds is both predicted and 
observed.  
 

1 Lp =αMHD Rq2β

Rq2,β( )

γ0, χ0
ITG, χ0

neo( )

γ0 =1, χ0
ITG =1, χ0

neo =1( )
ŝ

αMHD

 

Fig. 5 (a) Ion temperature predicted with 
TGLF+NEO for EM (grey) and ES (black dashed) 
and EM without including ExB velocity shear (grey 
dashed) compared to a fit to data (black) and (b) Ion 
energy flux from the integrated source (black) and 
the NEO neoclassical flux (black dashed) including 
the integrated collisional energy exchange, TGLF 
ion energy flux (grey) for the EM case and (grey 
dashed) for the EM case without ExB velocity shear 
for DIII-D discharge 154406 at 5170ms.  
 
	

	

Fig. 6 Teaching model for the ion temperature 
gradient mode (ITG) linear growth rate (Eq. 1) (a) 
and ion energy flux (Eq. 2) due to neoclassical 
collisional and ITG turbulence transport (b) for 
three different magnetic shear values 

. 

	
ŝ = 0.0, 1.5, 2.0( )



	 8	

4. Electron Energy Transport 

 Predicting both the electron and 
ion temperature profiles with 
TGLF+NEO for the DIII-D discharge 
154406 at 5170 for the first time showed 
how different the transport in these high 
bootstrap discharges is compared to other 
H-mode regimes [2]. Using the standard 
temperature was predicted to far exceed 
the experiment with a prediction error 
much larger than has been found for 
inductive H-modes [16] and hybrid 
discharges [17]. The predicted 
temperature profiles for both electrostatic 
(ES) and (corrected) electromagnetic 
(EM) simulations are shown in Fig. 7. 
The ES case is close to the result found 
before the fix to the Ampere's equation in 
TGLF [2,11]. Clearly the EM effects 
have a strong impact on the transport 
bringing down the temperatures. In the 

foot region the KBM is unstable and 
accounts for the flattened temperature 
profiles of the EM case. The steep 
electron gradient region of the ITB is also 
well predicted by the EM case in Fig. 7a. 
There must be an increase in the electron 
energy flux from TGLF in this region to 
balance the large off-axis ECH heating 
flux. It was shown in section 3 that the ion 
scale turbulent ion energy transport must 
be small to be consistent with power 
balance within the ITB so the additional 
EM transport must be from electron 
scales. The linear growth rate spectrum at 
r=0.52 for the EM case profiles of Fig. 7 
with and without EM effects turned on is 
shown in Fig. 8. The EM effects reduce 
the linear growth rate at ion scales (ky < 
1) but increase the linear growth rate at 
electron scales (ky > 1). The normalized 
poloidal wavenumber is defined to be 

 
Fig. 7 (Fig. 11a,b of [10]) Data fits (solid) of the (a) electron temperature and (b) ion temperature for DIII-
D discharge 154406 at 5170ms and TGLF+NEO predicted temperatures for electrostatic (ES, dashed) and 
electromagnetic (EM, dot-dashed) settings.  
	

	
Fig. 8 (Fig. 12 of [10]) computed linear growth rate spectrum (in cs/a units) for 154406@5170 at �=0.52 for 
electromagnetic (EM, solid) and electrostatic (ES, dashed) settings comparing TGLF (a) with CGYRO (b). 
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where is the 
reference gyroradius [13]. The TGLF 
linear growth rates [Fig. 7a] qualitatively 
agree with the linear growth rate 
spectrum computed with the CGYRO 
[18] gyrokinetic code [Fig. 7b]. The 
intermediate scale (ky ~ 2) growth rate 
increase is most impactful on the electron 
energy flux. The enhancement of electron 
scale growth rates due to EM effects at 
high has been reported for spherical 
tori conditions [19]. The parallel 
magnetic field fluctuations were shown to 
play an important role in this effect. 
Exploring the physics causing this effect 
is left to future investigation.  

 The electromagnetic effects are 
much weaker in discharges with the same 
shape and pressure that have been 
inductively ramped up to higher current 
(1MA) [20]. In Fig. 9 are shown the 
TGLF+NEO predictions for the electron 
density, electron temperature, and ion 
temperature compared to a fit to the data 
(black). The difference between EM 
(grey, solid) and ES (black dashed) cases 
is much smaller than it was for the 
(0.6MA) case in Fig. 7. This discharge 
was modeled without ExB shear (ES) in 
Ref. 20 finding a better agreement with 
the ion temperature near the axis for this 
case. The main impact of the EM effects 
is a reduction of the predicted electron 
temperature near the axis. For this higher 
current discharge there is no large radius 
ITB and the neoclassical ion energy flux 
does not become dominant until much 
further into the profile .  

 The original TGLF saturation 
model (SAT0) [16] was fit to ion-scale 
only non-linear gyrokinetic turbulence 
simulations with the GYRO code [21]. 
The model for the electron scale 
saturation was fit to a single heroic multi-

scale GYRO simulation with increased 
electron mass. For this reference case 
there was strong ion-scale turbulence. 
Recent realistic, electron mass, multi-
scale simulations [22] have shown that 
the electron scale transport is highly 
dependent on the ion scale turbulence. 
When the ion scale turbulence is strong it 
suppresses the electron scale contribution 
by reducing the intensity of the electric 
potential fluctuations. When the ion 
temperature gradient is reduced, to 
reduced the ion scale turbulence, the 
electron energy flux goes up due to an 
increase in the potential fluctuations at 
electron scales. This multi-scale 
interaction was shown to be due to zonal 
flow mixing (not shearing) [23]. A new 
saturation model (SAT1) [23] was 
deduced from the multi-scale simulations 

k y = kθρs ρs = ρi Te Ti

β

ρ < 0.35( )

	

Fig. 9 Electron density (a) electron temperature (b) and 
ion temperature (c) fully electromagnetic (EM) and 
electrostatic (ES) TGLF+NEO predictions for a higher 
current (1MA) DIII-D discharge 164510 at 5000ms 
(see Ref. 15 Fig. 4 q95 = 6.2 case for ES without ExB 
shear predictions).  
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[22] that incorporate the zonal flow 
mixing paradigm. The low ion scale 
turbulence in the ITB of the high 
bootstrap fraction DIII-D discharges is 
the right condition for the multi-scale 
effects to produce large ETG transport. 
Comparing the temperature predictions 
for the SAT1 and SAT0 saturation 
models for TGLF [10,11] does show 
some improvement in the temperature 
predictions with EM effects included but 
the predicted electron temperature 
gradient in the deep core is still too steep. 
The SAT1 model was fit to a very small 
number of multi-scale GYRO 
simulations for plasma conditions far 
different than this discharge so it is 
necessary to perform multi-scale 
turbulence simulations for this type of 
discharge in order to determine if the 
ETG modes are indeed able to produce 
the required energy transport.  

 One of the greatest uncertainties 
in processing the data for these 
discharges is determining the fast ion 
content from the NBI injection. The time 
history of these discharges had both 
continuous saturated fast ion instabilities 
and burst of more intense modes [1]. The 
discharge we have focused on in this 
paper (154406) has a spectrum of 
saturated toroidal Alfven eigenmodes 
(TAE) fast ion modes at the time of our 
study (5170ms) [10]. Ad-hoc particle 
diffusion, adjusted to match the measured 
neutron flux from the plasma, is used to 
model the spreading of the fast ion 
distribution due to these instabilities in 
the time dependent source calculations of 
the TRANSP code [8]. However, the 
accuracy of the fast ion pressure and 
density that results from this approach is 
unknown. It has recently been shown [24] 
that TGLF, with a higher parallel 
resolution, is able to reproduce the fast 
ion linear instabilities found with the 

GYRO code [25]. The temperature 
profile predictions shown for TGLF + 
NEO in this paper have all been run with 
the fast ions only included as a non-
responsive species that contribute to 
thermal ion dilution and equilibrium 
pressure. Running the TGLF-SAT1 
+NEO temperature predictions with the 
fast ion kinetic response included gives a 
better agreement with the electron 
temperature data [10]. However, the 
thermal particle transport due to the fast 
ion instabilities is computed using the 
same saturation model as other 
instabilities but this is most likely not 
correct. The saturation of fast ion modes 
is an active area of research and will 
require more investigation.  

5. Status of Present Understanding 

 The high bootstrap fraction 
regime is new territory for tokamak 
transport modeling in several ways. It is 
strongly electromagnetic, it has a multi-
scale character and it has fast ion 
instabilities. These features are held in 
common with NBI heated spherical tori 
but without the low aspect ratio geometry 
effects.  

 The transport modeling with 
TGLF+NEO has pointed to interesting 
physics that needs to be verified at all 
levels with linear and non-linear 
gyrokinetic studies. The electromagnetic 
enhancement of electron scale linear 
growth rates, the non-linear transport due 
to multi-scale turbulence, the zonal flow 
mixing under these conditions, the 
transport due to energetic particle 
instabilities, all need verification.  

 There are also important 
experimental validation studies that are 
needed. It has been demonstrated with 
modeling that the observed good energy 
confinement at high bootstrap fraction 
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with a large radius ITB can be explained 
by Shafranov shift stabilization of 
gyrokinetic turbulence. Further 
experimental study of the proposed 
feedback mechanism that self-organizes 
the ITB is needed. Measurement of the 
density and electron temperature 
fluctuations in the ITB at electron and 
intermediate scales would validate the 
model predictions of EM enhanced 
transport. The modeling predicts the 
presence of KBMs in the foot and 
sometimes pedestal top regions that 
should be good targets for magnetic 
fluctuation measurements. The role of the 
fast ion instabilities could be sorted out 
by comparing discharges from different 
tokamaks with different heating and 
current drive schemes.  

 The DIII-D discharge (154406) 
that was the focus of this paper is 
representative of a new type of small 
ELM H-mode regime with an ITB. The 
modeling shows that suppressing the 
ETB bootstrap current leads to the KBM 
being unstable at the pedestal top due to 
stronger magnetic shear [10]. This may 
provide a viable regime for high 
confinement compatible with the strongly 
radiating mantle needed to reduce 
divertor heat loads. Theoretical and 
experimental study of this promising 
regime will continue.  
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