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Abstract

®

CrossMark

We show that the degradation of fast-ion confinement in steady-state DIII-D discharges is
quantitatively consistent with predictions based on the effects of multiple unstable Alfvén
eigenmodes on beam-ion transport. Simulation and experiment show that increasing the

radius where the magnetic safety factor has its minimum is effective in minimizing beam-ion
transport. This is favorable for achieving high performance steady-state operation in DIII-D
and future reactors. A comparison between the experiments and a critical gradient model, in
which only equilibrium profiles were used to predict the most unstable modes, show that in a

number of cases this model reproduces the measured neutron rate well.

Keywords: fast-ion transport, Alfvén eigenmodes, high-performance plasmas

(Some figures may appear in colour only in the online journal)

1. Introduction

Anomalous fast-ion transport has been problematic in DIII-D
for reaching a steady-state regime in some types of discharges
which are characterized by high values of the normalized pres-
sure, Oy and low-shear ¢ profiles with g, near two [1]. Fast-ion
redistribution reduces the neutral-beam current drive (NBCD)
and limits the 3 that can be obtained at fixed beam power. This
can make it difficult to drive a sufficient bootstrap current to
reach steady state those discharges. Reducing the fast-ion trans-
port down to classical levels will help to achieve non-inductive
current-dominated discharges with g, near two.

During the steady-state phase of neutral beam heated
DIII-D discharges with high ¢,,;,( > 2) and high poloidal 3
larger than two [1] a rich spectrum of Alfvén eigenmodes
(AEs) is observed on multiple diagnostics such as the CO,
interferometer as can be seen in figures 1(a) and 2(a). The

1741-4326/17/056024+7$33.00

AEs appear in the Doppler-shifted toroidicity and ellipticity
induced frequency gaps and therefore identified as TAEs and
EAEs. When the AEs are present the measured neutron rate
can be up to 40% lower than the classically expected neutron
rate [2]. The classical neutron rate is based on fast-ion trans-
port due to slowing-down and pitch angle scattering processes
and is usually obtained from the TRANSP code [3]. Earlier
work has shown that there is a strong correlation between
the observed neutron deficit and the integrated mode ampl-
itude in the TAE and EAE frequency range [2] although no
causal relation was established. AE-driven fast-ion transport
has been modeled with ad-hoc fast-ion diffusion coefficients
[4] which were adjusted in the simulations to yield the meas-
ured neutron deficits. Although the deduced diffusion coef-
ficients correlated with the observed AE activity, there was
no physics-based causal relation between the diffusion coef-
ficients and the AEs in this model.

© 2017 IAEA, Vienna Printed in the UK


mailto:gkramer@pppl.gov
http://crossmark.crossref.org/dialog/?doi=10.1088/1741-4326/aa6456&domain=pdf&date_stamp=2017-03-28
publisher-id
doi
https://doi.org/10.1088/1741-4326/aa6456

Nucl. Fusion 57 (2017) 056024

G.J. Kramer et al

DIII-D pulse 153071 at 3.3 s
M|

350 T

(c) density fluctuations 30
300} e ) 4Q0 _
7 3
e (3\ 00 2
250 1€ g
—=-oni 8 g
g g :
200} g e =
3 B ! 5.5
g pal _10E '
5150- e ] ;w 3 (b) §
b — o/ | classical neutron rate 1z
100F -3 —-— { = g
=7 I 2 3
n-6 © 2
50F n=4 4 S
2 £ 'measured neutron rate TRANSP-AE neutron rate]
n=
21
3.1 3.3 3.5 3.7
© time [s]
§10

magnetic safety factor, q
&
N

fast ion pressure, B [%]

0 " . . 0
00 025 050 075 1.0

normalized radius, p

Figure 1. A normal shear high-performance steady-state target discharge (DIII-D pulse 153071). (a) Observed density fluctuations

(b) measured (black), classical (green) neutron rate and the neutron in which the effects of AEs are included (red). (c) NOVA spectrum
of TAEs (below 180kHz) and EAEs (above 180kHz) used in the calculations. (d) Obtained (green) and critical (red) normalized pressure
gradients. (e) Fast-ion pressure profile (red) and magnetic safety factor profile (black).

We show that the observed neutron deficit in the afore
mentioned DIII-D discharges can be fully attributed to the
observed AEs (section 2) by comparing the experiments with
results from a kick model [5] that takes into account the reso-
nant effects between the AEs and the fast ions via correlated
kicks in energy and canonical angular momentum, and there-
fore, a causal relation can be established between the observed
AE activity and the neutron deficit.

Once it is established that the fast-ion transport is driven by AE
activity, theoretical models on how to suppress the AE activity
by modifying the magnetic safety factor profile are discussed
(section 3), and it is investigated experimentally whether the pro-
posed solutions to suppress AE activity can restore the plasma
performance as determined from the observed neutron rate.

Because the observed AEs can explain the observed neutron
deficit, these discharges were used to test a critical gradient
model [6] showing that the measured neutron rates can be repro-
duced when only equilibrium profiles are given and no measure-
ments of AE activity are avaliable (section 4). A summary and
conclusions are presented in the final section (section 5).

2. Fast-ion transport modeling

The kick model which is described in detail in [5] uses the
wave-particle resonances in phase space to model the fast-ion
transport. The kicks are obtained from correlated changes in
energy and canonical angular momentum as calculated by the

ORBIT code [7] in which an ensemble of fast-ion test par-
ticles is followed using the guiding center approximation. The
experimental toroidal geometry and fields are used together
with the the mode structures that are obtained from the ideal
MHD NOVA code [8, 9]. The kicks are then added to the
NUBEAM code [10] which simulates the slowing-down and
pitch angle scattering for the fast ions in TRANSP. In the
NUBEAM code the fast ions are propagated in phase space
between the time steps that are used in the TRANSP code so
that the effects of both classical slowing-down and the AEs are
included. The mode spectra and amplitudes which are needed
as input in this case are all obtained from the experiments
and therefore, the kick model is a descriptive model and well
suited to investigate whether the observed neutron deficit is
solely due to AE-induced fast-ion transport.

When the effects of the AEs on the fast-ion population are
included in TRANSP by using the kick model, the calculated
neutron rate decreases to the measured one as is shown in
figure 1(b) for a normal shear high performance steady-state
discharge with a modest neutron deficit of 10%. The main
plasma parameters for this discharge (number 153071) were:
I,=091 MA, Br=18 T, By =26, qo=1.0, go5s =6.5,
n0) = 5710 m~3, T,(0) = 3.4keV, and T(0) = 5.9keV.

Similarly, the observed much larger neutron deficit in the
reversed shear high performance steady-state discharge as shown
in figure 2(b) is also reproduced accurately by the kick model
despite the presence of a neo-classical tearing mode (NTM). The
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Figure 2. A reversed shear high-performance steady-state target discharge (DIII-D pulse 152932). (a) Observed density fluctuations
(b) measured (black), classical (green) neutron rate and the neutron in which the effects of AEs are included (red) while the dots (yellow)
show the results of a critical gradient model analysis. (c) NOVA spectrum of RSAEs and TAEs used in the calculations. (d) Obtained
(green) and critical (red) normalized pressure gradients. (e) Fast-ion pressure profile (red) and magnetic safety factor profile (black). The

yellow bands in (¢) and (e) indicate the low shear region near gp;y.

NTM was not included in the kick model analysis because the
NTM amplitude was below the threshold for field-line stochasticity
and therefore, the fast-ion transport is hardly affected by NTM
activity as was shown in [11]. At much larger NTM amplitudes
than observed in this experiment, however, NTMs can induce sig-
nificant fast-ion transport [12]. The main plasma parameters for
this discharge (number 152932) were: I, = 0.95MA, Br = 2.0T,
By = 2.6, g0 =3.0, i, = 2.4, q95 =5.6, n,(0) = 4.5 10" m—3,
T,(0)=3.7keV, and T(0) = 6.2keV.

This agreement between the measurements and the kick
model results indicates that the observed neutron deficiency
can fully be attributed to AE-driven fast-ion transport. With this
finding we will investigate two important topics: (1) how to sup-
press the AE activity as much as possible and improve the plasma
performance in steady-state target plasmas and (2) benchmark a
critical gradient model so that it can be used for fast-ion transport
predictions from equilibrium profiles only without the exper-
imental knowledge of the Alfvén eigenmode spectrum. After a
successful benchmark, the critical gradient may then be applied
to fast-ion transport and plasma performance studies for ITER.

3. Alfvén eigenmode suppression techniques

Two conditions have to be met for the excitation of AEs
in plasmas: first, the eigenmode has to exist in the plasma
and, second, the mode has to be driven unstable, usually via

wave-particle interactions between the Alfvén eigenmodes and
the fast ions. This leads to two methods for suppressing AEs
in fusion plasmas: (1) the eigenmodes can be pushed out of
their gaps and into the Alfvén continuum by manipulating the
equilibrium profiles, (2) the fast-ion drive can be changed by
moving the fast-ion drive away from the mode location.

The condition under which AEs can exist has been investi-
gated theoretically for modes in the TAE gap [13] and it was
found that when the normalized pressure gradient:

o~ _oRoa(r)? dP(r)

B? dr
which is proportional to the product of the plasma pressure
gradient and the magnetic curvature (R, the major radius, B
the magnetic field strength, g(r) the magnetic safety factor,
and P(r) the plasma pressure profile) exceeds a critical value,
Qerits the TAE disappears into the Alfvén continuum. The
critical «v is given for normally observed TAEs with both
poloidal components in phase at the low-field side (a.k.a.
even TAES) as aei; &~ 3¢ + 25 with € the inverse aspect ratio
and s = r/q dg/dr the magnetic shear. It was found that the
existence and suppression of TAEs agreed well with observed
TAE behavior as was shown in [14] for even TAEs and for odd
TAEs in [15]. (Odd TAE have a 180 deg. phase shift between
the poloidal harmonics at the low-field side). Therefore, by
increasing «, the core TAEs can be suppressed as illustrated

e))
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Figure 3. The n = 4 TAE (inset) disappears into the Alfvén
continuum when the normalized pressure gradient passes a
threshold. Solid line: NOVA simulation, o, high-n ballooning
prediction, aexp the experimentally obtained value. The frequency
separation is the difference between the TAE frequency and the top
of the Alfvén continuum at the mode location.

in figure 3. When « is increased in NOVA simulations the fre-
quency separation between the TAE frequency and the fre-
quency at the top of the Alfvén continuum where the mode
is located decreases until the TAE frequency reaches the
continum frequency and the TAE disappears into the con-
tinuum. In the NOVA simulations the TAE disappears into
the Alfvén continuum at a slightly lower value of « than the
Qeri¢ predicted by analytical theory which can be attributed
to approximations that were made in the analytic calculation
[13]. In high-performance discharges the critical « value is
routinely exceeded in the plasma center and core-localized
TAEs are suppressed.

A good example of TAE suppression via this mechanism is
shown in figure 1(c) for the normal shear discharge. No TAEs
were found inside p < 0.5 which coincides with the region
where o > aie as shown in figure 1(d) despite that the fast
ion pressure (figure 1(e)) has a steep gradient in that region
which can potentially drive strong AE activity as was found in
the plasma core for the reversed shear case (figures 2(c)—(e)).

Increasing « can be achieved by increasing the pressure
gradient but increasing the pressure gradient will destabilize
MHD activity such as tearing modes [16] and hence degrade
the plasma performance. A better way to increase « is by
raising go and elevating the ¢ profile in the plasma center. Note
that « is proportional to ¢, so raising g is an effective way to
increase o while a depends on the shear and is independent
of qo.

Although TAE activity can be suppressed by moving «
above the critical value for suppression, Reversed Shear
Alfvén Eigenmodes (RSAEs) behave in the opposite way:
they emerge from the Alfvén continuum when « increases and
establish themselves in the AE gaps virtually undamped as
was found theoretically [17] and experimentally [18]. When
« increases, the RSAEs associated with the TAE gap move

NOVA simulation for DIII-D pulse 152932
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Figure 4. The n = 2 RSAE associated with the EAE gap (inset)
emerges from the Alfvén continuum when the normalized pressure
gradient passes a threshold. Solid line: NOVA simulation, au, high-n
ballooning prediction, creyp the experimentally obtained value. The
frequency separation is the difference between the TAE frequency
and the top of the Alfvén continuum at the mode location.

away from the Alfvén continuum into the TAE gap as was
studied experimentally in [19] while the RSAEs associated
with the EAE, NAE (Noncircular triangularity-induced AE),
and higher order gaps emerge from the Alfvén continuum as
is shown in figure 4 for an EAE-RSAE.

An analytic criterion for the existence of RSAEs associated
with the TAE gap near the shear reversal point was derived in
[20] where a ‘Schrodinger potential well’, Q, was used in the
RSAE wave equation. It was found that when Q was larger
than 1/4, RSAE solutions do exist and an explicit expression
for Q was given in [20] that depends on local geometry and
plasma parameters near gmi,. In later work Q has been cal-
culated with additional assumptions for the plasma and/or
contributions from the fast-ions [21, 22]. In [17] Q was calcu-
lated for RSAEs associated with the EAE, NAE, and higher
order gaps and it was found that Q is positive for TAE-RSAEs
while for the EAE-, NAE-, and higher order RSAEs there is
a threshold in « which is given in the high poloidal mode
number limit as:

Qe = (b + > +3)e 2)

with b =1+ 2(1 — ¢, )(2knGpin) >~ 1) above which the
RSAEs come into existence (gmin value of ¢ at the shear
reversal point and k,, = n — m/q,,;,). For finite poloidal mode
numbers equation (2) is modified slightly and oy, is depen-
dent on the major radius and the shear rate near gmi, as was
shown in [17].

Therefore, increasing o, which was favorable to suppress
TAE activity, is destabilizing for RSAE activity and some
other way has to be devised to reduce the RSAE activity for
better plasma performance. An obvious way to eliminate the
RSAEs is to operate the plasma with a monotonic g profile
and eliminate the shear reversal point where the RSAEs are
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Figure 5. A high (3, reversed shear discharge (DIII-D pulse 158 564). (a) Observed density fluctuations (b) measured (black), classical
(green) neutron rate and the neutron in which the effects of AEs are included (red) while the dots (yellow) show the results of a critical
gradient model analysis. (¢) NOVA spectrum of modes used in the calculations overlayed on the radially resolved ECE spectrum measured
outside p = 0.55. (d) Obtained (green) and critical (red) normalized pressure gradients. (e) Fast-ion pressure profile (red) and magnetic
safety factor profile (black). The yellow band in (c) indicates the low shear region near gpj,.

located as was done for discharge 153071 shown in figure 1.
This, however, might not be the best option for steady state
plasma operation, in which a broad pressure profile is used to
induce a significant bootstrap current to help sustain the non-
inductive plasma current.

A better way to suppress RSAEs is to reduce the fast-ion
drive as much as possible at the location of gp;,. This was
achieved in DIII-D by moving g, outward and away from
the steep fast-ion pressure gradient region as was done in dis-
charge 158 564 and shown in figure 5(e). In this discharge the
following plasma parameters were obtained: I, = 0.69 MA,
Br=20 T, By=34 ¢go=82, qu,=38 qos=1109,
n(0), = 6.510" m~3, T,(0) = 2.5keV, Ti(0) = 3.5keV.

The position of gmin Was located at p = 0.65 (figure 5(¢))
and was established there by using all the available off-axis
current drive in DIII-D and reducing the plasma current from
1 MA in normal high-performance steady state discharges to
0.7 MA thereby creating a high 3, discharge. For this type of
discharge, the non-inductive current drive (ECCD and NBI)
was sufficient to sustain an off-axis current profile with a large
gmin radius. The strongest AE activity is measured between
50 and 100kHz and is located near g, and NOVA simula-
tions show that these modes are RSAEs. Above 100kHz some
mode activity is sometimes (around 5.26s) visible in the den-
sity fluctuation spectrum (figure 5(a)) that does not appear
outside p = 0.55 in the ECE spectra (figure 5(c)). The plasma

was overdense inside p = 0.55 because of an internal transport
barrier just inside gnin. Although not conclusive, these high
frequency modes were found to be compatible with EAEs
near the top of the EAE gap as found in NOVA simulations.

Despite the appearance of possible weak EAE activity,
this g profile is good for suppressing the normal shear Alfvén
activity in the core because o well above o (figure 5(d)) so
that the TAE activity is strongly suppressed.

In this discharge the measured neutron rate matches the
classically expected one (figure 5(b)) within the error bars
while the inclusion of the AEs in the TRANSP simulation does
not change the simulated neutron rate because the fast-ion
drive for the RSAEs is much weaker at this large radius com-
pared to the case where g, is located around p = 0.3 as was
the case in pulse 152932 (figure 2(e)). The uncertainty in the
calculated neutron rates was estimated to be ten percent due to
uncertainties in the experimental inputs used in TRANSP but
the difference between the classical and TRANSP-AE neutron
rates was not affected by these uncertainties. The remaining
benign RSAE activity is very useful to accurately diagnose the
location and value of g, which are key parameters for reli-
able reversed shear equilibrium reconstructions. Information
on the g profile from AE spectroscopic techniques are can
very valuable [23] especially when other g profile diagnostics
such as the motional Stark effect (MSE) diagnostic are not
available.
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Achieving a similar g profile in high-performance steady
state discharges with a 1 MA plasma current requires a
stronger off-axis current drive than is currently possible on
DIII-D.

4. Critical gradient model analysis

In the DIII-D discharges studied in this paper the fast-ion
transport was found to be driven mainly by the observed
AEs. Therefore, these discharges are good subjects for bench-
marking critical gradient models so that these models can be
applied to study and predict the plasma performance in ITER.

Experimentally, fast-ion transport by AEs in DIII-D
increases rapidly when the fast-ion gradient exceeds a critical
threshold [24-26]. The experimental threshold for appreci-
able transport occurs when overlapping resonances cause
stochastic fast-ion orbits [25]. In simulations where the back-
ground plasma is described with a resistive MHD model
and the fast ions are treated kinetically, the observed plasma
behavior is successfully reproduced [27] but these simulations
are computationally intensive. A much simpler theoretical
model utilizes a high-n model [28] to calculate local linear AE
stability. When the used fast-ion pressure gradient exceeds the
calculated threshold, the fast ions are redistributed to match
the critical gradient, assuming infinitely stiff transport [29,
30]. In another critical gradient model [31], the threshold
occurs when the growth rate of the AEs exceeds the growth
rate associated with microturbulence.

The critical gradient model that uses the linear stability
threshold [30] was applied to the two reversed shear dis-
charges (figures 2 and 5) with eigenmodes that were obtained
from the high-n stability HINST code [32]. In the HINST
code a Fourier-ballooning formalism is used to calculate AEs
while non-ideal effects are included in a non-perturbative way
[28]. The critical gradient model analysis was performed at
a number of time points and the neutron rate was calculated
from the relaxed fast-ion pressure profiles. The predictions are
consistent with the measured neutron rates for half of the cal-
culated time points but underpredict the measured rates for the
other times (figures 2(b) and 5(b)). Since appreciable fast-ion
transport does not occur until the drive significantly exceeds
the linear stability threshold, the tendency to underpredict the
neutron rate is expected. Nevertheless, this relatively simple
model is useful in providing a pessimistic prediction based
solely on equilibrium profiles without any free parameters.

5. Discussion and conclusion

In this paper we have shown that the observed neutron rate
deficiency in steady-state target discharges in DIII-D can be
attributed to the observed sea of Alfvén eigenmodes as was
suggested by a correlation between AE amplitudes and neu-
tron rate deficiencies [2, 4]. This result was obtained from a
detailed transport analysis with the TRANSP code in which
the effects of the AEs on the fast ions were taken into account
via resonant kicks in energy and toroidal canonical momentum
[5]. The experimental data were also used to test a critical

gradient model that utilizes the linear stability threshold. The
model’s predictions successfully track the measured neutron
rate but tend to underpredict the actual value.

AE-induced fast-ion transport reduces the plasma perfor-
mance in the steady-state target discharges so suppressing the
AE activity and mitigating their adverse effects on the fast-
ion confinement is paramount to improve the plasma perfor-
mance. In this paper, a model that was developed to explain
observed core-localized TAEs, was used to guide the experi-
ments to suppress TAE activity in the plasma core by raising
the normalized pressure gradient above a critical value where
the TAESs are driven into the Alfvén continuum. The most effi-
cient way to increase the normalized pressure gradient is to
raise the magnetic safety factor at the magnetic axis.

Although increasing the normalized pressure gradient is
very efficient to suppress TAEs, the reversed shear Alfvén
eigenmodes become more unstable and RSAEs in higher
order gaps come into existence. In this paper it was shown that
the RSAEs can be suppressed effectively by moving the shear
reversal point away from the steep fast-ion pressure gradient
region so that the fast-ion drive for the modes is reduced.

Experimental evidence was presented that when the radius
of gmin Was moved outward the AE activity was strongly
reduced and the classical neutron rates were recovered albeit
in a discharge with reduced plasma current.

While conditions for AE suppression have been demon-
strated at high gmin, a challenge remains to create and sustain
high-performance high-current reversed shear discharges in
which g,y 1S located at a sufficiently large minor radius so
that the AEs are suppressed. Upgrades to DIII-D are planned
with additional off-axis beams and increased electron cyclo-
tron current drive that are expected to increase the radius of
gmin and test steady-state solutions for future fusion reactors.
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