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Abstract. Transport analysis of a fully non-inductive high performance ASDEX
Upgrade (AUG) hybrid mode discharge (A. Bock, Nuclear Fusion, 2017) is
performed using a gyro-fluid transport code and a gyro-kinetic stability code. It is
shown that the confluence of several mechanisms is essential for the improvement in
core confinement. In addition to rotation shear, low magnetic shear, which is a
common characteristic near the magnetic axis of a hybrid scenario, is found to be
favorable for both electromagnetic and o stabilization. Together they facilitate the
conditions for fast ions to establish a strong local ITB by providing additional dilution
effect and enhancement of a stabilization. This study provides a complete picture
and demonstrates that a quasilinear turbulent model is capable of quantitatively
matching the experimental temperature profiles across the entire core of a hybrid

mode discharge.

1. Introduction
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High-performance H-mode is favorable for future fusion steady-state tokamak
operation as it can increase the bootstrap current fraction f,s, which leads to a
reduction in the auxiliary power required for driving current (CD). It increases the
recirculating gain (=Pss/Pcp), which is crucially important for the economic
operation of a fusion reactor. The hybrid and reversed shear scenarios are shown to be
promising candidates for the desired high performance operation[1]. The reversed

shear scenario normally employs high q (safety factor) operation, which is favorable

for the increase of fys ( f,, ~qp, where g, isthe normalized ) and thus makes it

a preferred option for fully non-inductive operation[2]. The hybrid scenario is
initially proposed to maximize the neutron fluence for the purpose of testing the
design of reactor components[1, 3] due to its characteristics of stationary current
density profile and long duration. However, recent encouraging results from DIII-D[4]
and AUG[5] have shown that fully non-inductive state can also be obtained using the
hybrid scenario with the current roughly equally coming from external current drive
and self-driven bootstrap current. For many current drive schemes, central deposition,
which is employed in hybrid scenario, is found to be most efficient since trapped
particle effect is minimized and the temperature profile is more peaked than the
density profile[4]. Due to the higher current drive efficiency, extrapolation of the
DII1-D fully non-inductive hybrid scenario to ITER can similarly obtain fusion gain Q
~ 5[4]. More recently, such a scenario is also proven to be compatible with ELM

suppression which makes it more reactor relevant[6].

In practice, robustness of entry and easy sustainment[1] are two attractive
features for the hybrid scenario. The hybrid scenario is characterized by a flat current
density profile and thus a broad region of weak magnetic shear in the deep core region.
However, the experimental core current profile does not always agree well with the
modelled one. Specifically, the modelled current is likely to be more peaked and Qmin
< 1is expected, while gmin > 1 is kept in experiments. Anomalous current broadening,
also referred to as ‘flux pumping’[7, 8] , has been proposed to explain such a

discrepancy. It’s a robust self-organizing behavior which can ‘anomalously’ flatten the



current density profile in the deep core region and keeps Qmin > 1, thus preventing the
deleterious sawteeth from seeding and destabilizing the disruptive neoclassical tearing
mode (NTM). Tokamak operation can benefit from such a mechanism since the
current profile, including the ohmic and bootstrap current as well as the current driven
by external systems, do not have to be carefully aligned to sustain the desired q profile.
Many experiments have demonstrated that the entire current profile can be kept
stationary and qmin > 1 is robustly maintained over a wide range of both deposition

location and external current drive power due to the existence of “flux pumping’ [4].

Good core confinement, i.e. a steep gradient in the ion temperature channel (T;),
is frequently observed in the hybrid scenario[9]. Since the value of a/Lyi (= aVTi/T;)
exceeds by more than 50% that of a standard H-mode profile, we call this region an
internal transport barrier (ITB) in the following discussion. Such a T; ITB is expected
to beneficially enhance fusion power in future burning plasma device. However, the
transport mechanism behind the ITB is still not well understood, which creates large
uncertainties when extrapolating the hybrid scenario to ITER and DEMO reactors.
Various mechanisms responsible for the ITB creation have been proposed, e.g. low
magnetic shear and strong rotation have been identified as necessary conditions in
experiments[10]; and nonlinear turbulence stabilization by fast ions leading to
improved confinement has been found by nonlinear gyrokinetic simulation[11, 12].
Although these findings are suggestive of the mechanisms behind the hybrid mode,
they do not in isolation describe a complete picture of how different physical
mechanisms work in concert to create the improved confinement in a hybrid mode
discharge. In our work, we will show by quantitative analysis (i) the dominant factors
in confinement enhancement in different radial regions, and (ii) how they work
integrally to form the distinctive transport profiles observed in experiments. Our
analysis across the core plasma is critical in quantitatively reproducing the measured

temperature profiles.

This paper will be organized as follows. The main characteristics of the AUG

hybrid scenario that this paper focuses on is described in section 2. Simulation setup



is introduced in section 3 and section 4 will present the simulation results and detailed

analysis. The paper is summarized in section 5.
2. AUG hybrid scenario

The hybrid scenario has been extensively studied on AUG[13], which lays a firm
foundation for its extrapolation to ITER[1, 14]. The elaborated transport analysis
reported here is based on a recent representative high performance AUG hybrid shot
(#32305)[5] from the 2016 campaign, which is also fully non-inductive. AUG has
been converted into a fully-tungsten machine, thus making the hybrid scenario in
AUG more reactor-relevant. Unlike some hybrid shots that need early heating in the
plasma ramp-up phase, this shot does not strongly rely on the precise time-scheme
control of early heating, which eases the access of hybrid scenario in practice. For this
shot, both the electron cyclotron (EC) wave and neutral beam injection (NBI) are
applied only after the plasma current I, has achieved flat top (t = 1s, fig 1 (a)). Both
current driven by EC wave (ECCD) and NB (NBCD) are used to tailor the current

profile, while additional NB power is used to improve the g value. The target g,

(~2.7) is achieved at t ~ 3.5s by gradually increasing the NB power and is maintained
via feedback control of the NBI power from then on till t ~ 5s, at which time the
plasma starts to ramp down. During flat-top (t ~ [3.5s , 5s]), the surface loop voltage
Vioop approaches 0 (fig 1(c)) , which can be seen in fig 1(e) showing the external
driven current and bootstrap current components work in concert to eliminate the
ohmic current to achieve a fully non-inductive state. We also call attention that the

central ion temperature (T;) deviates strongly from the electron temperature (T¢) (fig

1(b)).
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Figure 1. (a) Heating trajectories; (b) Evolution of central temperature and line-averaged electron density; (c)
Evolution of ,BN (black) and plasma surface voltage Voo, (blue); (d) Evolution of Hgg; (€) Composition of

toroidal plasma current; total current I, bootstrap current Iy as calculated by IDE, lgccp from TORBEAM, Iygcp

from TRANSP/NUBEAM. Reprinted from figure 5 of Ref[5].

In the flat-top regime of plasma performance (e.g., t ~ 4.0s), the plasma current I,

= 800KA and B¢ = 2.5T so that ggs = 5.3 and poloidal g (3,) reaches 2.0. Both the

dos and 3, values are highly relevant for high performance, steady-state operation.

The line averaged density <ne> ~ 6-10™°m™( ~ 0.5new), which is low compared to the
typical hybrid scenario[1](~0.85ngw). The relatively low density is favorable for the
increase of both the bootstrap current fraction due to the lower collisionality and high
current drive efficiency in order to achieve the fully non-inductive state. EC waves
launched from low field side deposit their powers near axis to efficiently drive the
current there, while both on-axis and off-axis NB are used. The corresponding current
profiles are shown in figure 2(a), with the ohmic current approaching 0 as a whole,

indicating a nearly fully non-inductive state, which is consistent with fig 1(c) and (e).



The resultant q profile for p < 0.4 is quite flat with gmin ~ 1.2 (fig 2(b)), where p is
the normalized toroidal flux. The total pressure and fast ion pressure are over-plotted
in fig 2(b). It is noted that significant fast ion pressure induced by strong neutral beam
heating exists over a broad core region. The only impurity ion is tungsten (W) with its

concentration n,/ne ~ 10°°.

We refer those readers who are interested in more details about this shot to
Ref[5]. We further note that there could be some inconsequential differences of
profile details between Ref[5] and this paper since we reconstructed the equilibrium
using the AUG experimental data with EFIT[15, 16] while the equilibrium
information in Ref[5] is given by IDE[17]. In addition, based on the EFIT
equilibrium and AUG auxiliary heating setup information, the power deposition and
current drive is also calculated independently using the ray tracing code TORAY [18]
and the Monte-Carlo code NUBEAM [19] for ECH and NBH, respectively (ECCD
and NBCD profiles are shown in fig 2(a)). By using different tools by different groups
to reproduce the equilibrium, current drive and power deposition shown in this paper,

we have checked that satisfactory consistency has been met.
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FIG. 2. (a) Profiles of difference current component,’tot’,’ohmic’,’BS’,’rf’and *beam’ denotes the total, ohmic,
bootstrap, ECCD and NBCD, respectively; (b) Experimental q profile, total pressure and fast ion pressure profile

are represented by black, blue and blue dashed line, respectively

3. Simulation Setup



In order to understand the transport mechanism for such a hybrid scenario,
especially for the formation of T; ITB, which is frequently observed in the core region,
the TGYRO[18] code is employed for the transport simulation of core temperature
profiles. It calls the theory-based quasi-linear transport model TGLF-SAT0[19] and
first-principle drift kinetic code NEO[20] for turbulent and neoclassical transport flux
calculations, respectively. NEO is a first-principles code that directly solves the
drift-kinetic equation to ensure a high accuracy in neoclassical transport. It has been
extensively benchmarked with analytical theories and codes like NCLASS[21].
TGLF is a widely used gyro Landau fluid (GLF) quasi-linear transport model with
improved comprehensive physics compared to its predecessor, GLF23[22]and has
been systematically verified against the GKS[23] gyrokinetic code in linear
calculation. The turbulence saturation intensity is fitted to a database of nonlinear
GYRO[24, 25] gyrokinetic simulations with Miller geometry[26] , which is a local
equilibrium model characterized by nine parameters, including magnetic shear, local
pressure gradient etc, and is used throughout this paper. The local equilibrium is
always self-consistently satisfied when one or more of the nine parameters is changed.

TGLF has been validated against a database of over 100 discharges[19].

TGYRO iteratively finds a set of kinetic gradients that drive the transport flux
that can match the target flux, so that transport timescale steady state profile, which
should always be satisfied in a stationary discharge state, can be obtained. The target
flux is determined by the volume integral of the sum of external heating and radiation

power. The simulated profiles can therefore be obtained by integrating the kinetic
gradients over radius. We fix the boundary at p,,, = 0.7, outside which location the
temperatures are fixed to experiment and not evolved, i.e. no attempt is made to

model the edge pedestal. The bremsstrahlung, cyclotron, and line radiation

calculations are based on models in Ref[27].

Our approach is to systematically introduce relevant physics in the theoretical

models to produce a temperature profile that best matches the measurement inside the



boundary. From the results we ascertain the dominant mechanisms.

4. Simulation results and analysis

4.1 Simulation results

Simulations of T; and T, profiles are simultaneously performed and the results are
shown in fig 3. Electromagnetic physics (EM) is turned on in TGLF for these

simulations. The simulation profiles obtained by treating fast ions to be ‘thermal’
(corresponds to the ‘Thermal’ case shown in fig. 3) show clear underestimation for p
< 0.4 while profile match is qualitatively improved (the ITB feature can be nicely
reproduced) with beam ions treated as ‘fast’ ions (corresponds to the ‘Fast’ case
shown in fig. 3). ‘Thermal’ ions share the temperature with main ions while ‘fast’ ions

have their own temperature which is calculated by NUBEAM and is typically far

larger.

To better understand the differences between the simulated profiles of ‘thermal’
and 'fast' cases, the temperature gradients, a/Ly ( = aVT./T,) and a/Ly ( = aVT/T;), for

both cases are plotted in fig 3(c) and 3(d), respectively across the plasma volume. It

can be seen that the predicted a/L; for both cases are nearly the same for p > 0.4.
For p < 0.28, the black and magenta lines are closely aligned, suggesting that ‘fast’

ions do not play a major role. As o approaches ~ 0.33, the black and magenta lines

diverge violently, with only the latter showing the strong ITB observed in experiment.
Clearly ‘fast’ ions are important for the ITB, but are they a necessary and sufficient

condition? To answer this question, it is necessary to divide the inner region into two

parts, namely inner core region (p < 0.28) and mid-core region (p ~ 0.33), for

separate discussion.
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FIG 3. Profile comparison of (a)Te, (b)T;, (c)a/Ly and (d)a/Ly;, 'Exp' denotes the experimental profile. Simulation

profiles with and without fast ions are denoted by "Thermal' and 'Fast', respectively.
4.2 EM and «a effect

Before moving on to detailed analysis, it is necessary to clarify what we mean by

EMand « (stabilization) effects, which will be heavily used in this paper.

The EM effect is also called finite . (zm, where Byt is the effective

unit
field strength[28]) effect. It couples the ITG to KBM[29], which is a drift Alfvén
mode, so that KBM can siphon some of the free energy from ITG and act to stabilize

the ITG.
The a effect is essentially a geometric effect, it changes the particle magnetic
drift velocity (v, , shown in Eq.(1)) to change the drift resonance and affect the mode

stability[30].

\/”2+,uB~ 47rV“2
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The magnetic drift velocity v, in the gyrokinetic equation is composed of two

terms[31], namely the drift induced by the inhomogeneity of toroidal magnetic field



(Vq.vs) @nd the pressure gradient (v, y, ), with the later essentially coming from the

equilibrium magnetic field which is adjusted to balance the pressure gradient. The
Vyy, IS proportional to a, which can be expressed as

8z dp
B2 dr

unit

a=-0°R (2)

in a circular plasma, where g, R and p are the safety factor, major radius and

pressure, respectively. Therefore, o can affect the mode stability via v,,, by

changing the drift direction, thus detuning the drift resonance and reduces the
turbulent growth rate. In addition to ITG, « effect can also stabilize the TEM and
ETG as well as KBM. Please refer to the work of Beer et al[30] for more details on

the physics mechanism of the « stabilization.

The term ¢« is linearly proportional to g, , which can be explicitly derived

from Eq.(2),
o= _qzﬂEg[ki(a/LTi + a/Lni) + (a/LTe + a/Lne) + kf(a/LTf + a/Lnf)]v (3)

where k; = %, ke = Z—f and pi, pe and ps are the pressure of thermal ions, electrons
e e

and fast ions, respectively. Therefore, increase of g. is favorable for both EM and «a
stabilization but their impacts are not the same. We note here that GYRO allows the

evaluation of the EM and « effects separately by independently scaling the . in

the Ampere equation and the pressure-gradient drift velocity v in the gyrokinetic

d,vp

equation, respectively in simulation, though g and « are related by Eq.(3) in

principle. It is noted that when we talk about the scaling of ¢, essentially only v, ,

is scaled and no attempt is made to change g, via Eq.(3), i.e. a stabilization can

occur in the electrostatic (ES) limit.



4.3 Inner core region (o <0.28)

For p <0.28, the predicted a/Lt is quite high for both the ‘thermal’ and ‘fast’

case. Neoclassical transport dominates inside p =0.28 as shown in fig 4(a) since

turbulence is heavily suppressed by the combination of rotation shear and
electromagnetic (EM) stabilization [29]. The growth rate of ITG is significantly
reduced by EM stabilization and is comparable to the E; shearing rate as shown in
figure 4(b). The “fast’ case has higher T, which results in lower gyroBohm normalized
target flux and therefore the predicted a/Lt of thermal species for the ‘fast’ case is

slightly lower, as shown in fig.3(c) and (d).

EM stabilization is important in turbulence suppression, as evidenced from

comparing the growth rates at p ~ 0.28 [fig 4(b)]. To explore the conditions under

which EM has the strongest effect, we take the ratio of the maximum growth rates of
electrostatic and electromagnetic runs as an indicator of EM stabilization strength.
The ratio increase with decrease of magnetic shear (figure 4(c)), indicating that lower

magnetic shear is more favorable for EM stabilization.

S acts to sophon the free energy from ITG to KBM, therefore increase of A,

is favorable for ITG suppression. However, on the other hand, KBM may thus be

destabilized. This tendency can be clearly seen especially when the « effect is
turned off (which means v, g, = 0), the KBM is predicted to be strongly unstable
under experimental g. (~0.011) (Fig 5(a)). In order to verify both modes, the

eigenfunction of parallel magnetic potential (A) of both ITG and KBM are shown in

fig 5(b), KBM clearly have A of ballooning parity, which is not observed for ITG.

However, KBM can be strongly suppressed by a (V,y,), which is intrinsically

accompanied with the g. as shown in Eq. (1). Fortunately, the KBM is fully

stabilized for experimental « (ascae =1, fig 5(b)). From the ballooning mode theory,



the KBM is likely entering the second stability region in the presence of high o and
low magnetic shear in the experiment[32, 33] as shown in fig 5(c). A positive
feedback loop emerges for the formation and sustainment of high performance plasma

in the deep core. High S5 can suppress the ITG by coupling to the KBM, leading to

high a/Lt. The consequently large a (induced by high g. and a/Ly) in concert with

low magnetic shear stabilizes the KBM by pushing it into the second-stable region to
avoid the confinement degradation induced by KBM. Low magnetic shear is
favorable for both the EM stabilization of ITG and « stabilization of KBM, and
crucially important for the sustainment of such a loop. We note that the analysis above
is based on a local gyrokinetic ballooning formulation. The conclusion that the KBM
enters into the 2" stability region is, therefore, in the local sense. On the other hand,

the low magnetic shear in the deep core region can make the mode radially extended
(like to ~ 10% of plasma radius for k o, =0.2at p =0.33), which may indicate
that global effect needs to be considered. To accurately quantify the effect, one may

need to run the global version of GYRO, which is extremely computationally

intensive and will be left for a future study.
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FIG 4 (a) Comparison of transport flux between neoclassical (blue) and turbulent (red) contribution for the
‘thermal’ case; (b) The linear growth rate at p = 0.28 for electrostatic (ES, black line) and electromagnetic (EM,
red line) TGLF run. The blue dashed line is the E, shearing rate; (c) the ratio of maximum growth rate of ES and

EM run for different magnetic shear for TGLF run
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Fig 5 (a) The growth rate (k, = 0.2) of ITG and KBM versus By in the absence of ¢ effect; (b) The
eigenfunction of A of both ITG and KBM shown in (a), real and imaginary part are shown in solid and
dashed line, respectively. (c)The KBM growth rate versus scaling factor of experimental «; (d) The KBM

growth rate versus magnetic shear in the presence of asce= 0.9; GYRO eigenvalue solver is used

throughout this analysis

4.4 mid-core region (p ~0.33)

The largest difference between the 'fast' and 'thermal’ case occurs near p = 0.33,
as covered by the red rectangular strip shown in fig 3; the 'fast' case has (a/Lr;,
alLte)tast = (4.9, 3.8) while 'thermal’ case has (a/Lri, a/Lte)thermat = (0.3, -0.7). Since the
simulated T;jand T, profiles come from the integral of a/Ly; and a/L+ over radius from
the boundary towards the core, the higher a/Ly and a/Lt. at p = 0.33 for the 'fast' case
allow the simulated profiles to match the experiment inside of p = 0.33 and show the

ITB feature, as opposed to the 'thermal' case .

To understand the huge discrepancies, the ion transport flux Q; versus a/Ly; (a/Lte
is fixed to be 0.77 a/Ly) at p= 0.33 is shown in fig 6 with the other background

parameters coming from experiment. The experimental flux is given by the blue



dashed line, which intersects one point (P; in the figure) with the ‘thermal’ curve and
three points (only the right one P, is shown) with the ‘fast’ curve. P; and P, roughly
correspond to the solution of 'thermal’ and 'fast' case shown in fig 3, respectively. This
explains the huge difference of the predicted a/Lt between the ‘fast’ and ‘thermal’
cases. Another consequent two questions need to be understood for further
interpretation, namely, (i) why the ‘fast’ case has lower flux so that it can intersect
with the experimental flux at high a/L+? This can be partly explained by the dilution
effect induced by the fast ions, which has a fraction of ngn., ~14% which is
significantly high; (ii) why the transport flux versus a/Ly shows a non-monotonic

behavior?
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FIG 6. The predicted ion energy flux Q; versus a/Ly; for the ‘thermal’ (black curve) and 'fast' (pink curve)
case, allr is set to be 0.77 a/Ly;, calculated by TGLF-SATO. Experimental flux is shown in blue dashed
line

To answer question (ii), the Q; spectrum is plotted and shown to peak at ky ~ 0.1
(fig 7(a)). Linear electrostatic analysis of the k, = 0.1 ITG mode using GYRO[24]
with the a effect turned off and on (for the case ‘on’, a changes consistently with
alLq), is shown in fig 7(b). The growth rate with a ‘on’ shows a non-monotonic
behavior with increasing a/L+, which is similar to the non-monotonic variation of the
transport flux as depicted in fig 6. Such a characteristic does not exist with a ‘off’.
This strongly indicates that the non-monotonic behavior of the growth rate for the ‘on’
case, and consequently the flux, comes from the competing effects of the driving

source (a/Ly and a/Ly) and « stabilization. Motivated by this, one would also expect



that the higher a for the ‘fast’ case, which is ~10% larger than the ‘thermal’ case,

should also contribute to the lower flux for question (i).
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FIG 7. () Q; spectrum (TGLF-SATO result) for a/L+~ 2 in Fig 6 . (b) The linear growth rate versus
a/Ly; with a effect on (blue) and off (green), a/L is fixed to be 0.77 a/Ly; (GYRO results).

The effectiveness of a stabilization can also be influenced by magnetic shear.
Linear growth rates of ITG versus a/Ly for different magnetic shears s are shown in
fig 8. We define the point of a/Ly;, beyond which o stabilization starts to ‘win’ over
the driving term a/Ly; and the growth rate starts to decrease, as the turning point. Both
the growth rate and turning point decrease with s. In combination, they help to reduce
the a/Ly; threshold for a stabilization to affect confinement enhancement in low s
condition. However, to quantitatively reproduce the experimental ITB, fast ion

contribution has to be added as a third crucial element as highlighted in fig 6.
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FIG 8. Growth rate y versus a/Ly; with a effect on for different magnetic shears s, legend is s. a/L is



fixed to be 0.77 a/Ly; (GYRO results).

5. Summary and Conclusion

To summarize, we have identified several dominant factors that work
synergistically to produce confinement enhancement in the core region of hybrid

mode experiments.

1. For p <~0.28, the combination of EM stabilization and rotation shear can
heavily suppress turbulent transport. Lower magnetic shear in this region is
favorable for EM stabilization of ITG and pushes the KBM to the second
stability region. Both aspects contribute to the formation and sustainment of

peak temperature profile.

2. For p ~0.33, without fast ions, we cannot reproduce the ITB observed in
experiment. The dilution effect induced by fast ions and the enhancement of «
stabilization, which is more efficient with the low magnetic shear
condition in the hybrid scenario, are crucially important for explaining the

formation of ITB.

In conclusion, we demonstrate that a quasi-linear transport model is capable of
quantitatively capturing the rich physics responsible for improved confinement in the
core region of a hybrid discharge, identifiable by a broad flat g profile region in the
center. Low magnetic shear is favorable for a stabilization of both ITG and KBM as
well as EM stabilization of ITG. Fast ions, which effectively suppress the turbulence
by dilution effect and enhancement of « stabilization when a/Ly; is high, provide the

final element in ITB formation and the excellent profile match.

We note that previous simulations® of this discharge using ASTRA-TGLF did not
reach the large central ion temperatures. In these simulations, both the equilibrium
and the T; profile were allowed to evolve, while the T, profile was fixed, unlike in the
study presented here, where both temperature profiles are allowed to evolve, but the

equilibrium is fixed. Applying the same boundary conditions to ASTRA-TGLF will



reproduce the results shown here. Finally, we note that the rotation profile used in Ref
[8] was also lower due to a misinterpretation of experimental data, but this alone

cannot explain the difference.
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