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Intrinsic torque, which can be generated by turbulent stresses, can induce toroidal rotation in a
tokamak plasma at rest without direct momentum injection. Reversals in intrinsic torque have been
inferred from the observation of toroidal velocity changes in recent lower hybrid current drive
(LHCD) experiments. This work focuses on understanding the cause of LHCD-induced intrinsic
torque reversal using gyrokinetic simulations and theoretical analyses. A new mechanism for the
intrinsic torque reversal linked to magnetic shear (§) effects on the turbulence spectrum is identi-
fied. This reversal is a consequence of the ballooning structure at weak §. Based on realistic profiles
from the Alcator C-Mod LHCD experiments, simulations demonstrate that the intrinsic torque
reverses for weak § discharges and that the value of §.,;, is consistent with the experimental results
§¢7 ~ 0.2 ~ 0.3 [Rice et al., Phys. Rev. Lett. 111, 125003 (2013)]. The consideration of this intrin-
sic torque feature in our work is important for the understanding of rotation profile generation at
weak § and its consequent impact on macro-instability stabilization and micro-turbulence reduc-
tion, which is crucial for ITER. It is also relevant to internal transport barrier formation at negative

or weakly positive §. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919395]

I. BACKGROUND AND MOTIVATION

Intrinsic or spontaneous flows have been widely studied
in many contexts since they are ubiquitous in physics. They
are a key factor in understanding various phenomena such as
solar differential rotation,' formation of the tachocline,” and
atmospheric jet stream.” Intrinsic torque, which can be gen-
erated by turbulent stresses, is associated with the self-
organization of flow patterns.* In the presence of eddies or
wave turbulence, intrinsic flow is related to the classic turbu-
lent magnetic dynamo problem.” In tokamak plasmas, toroi-
dal rotation can develop due to intrinsic torque density t,
i.e., the divergence of residual stress H%, without direct
external momentum injection.®’ Generally, the Reynolds
stress, whose divergence gives the related momentum trans-
port, can be decomposed into diffusive, pinch, and residual
parts.® Unlike the momentum diffusion and momentum
pinch, which depend on the equilibrium toroidal velocity
(V) or its radial derivative (dVy/dr), the residual stress
relies on the underlying turbulence properties rather than V,
or dVy/dr and thus can accelerate the tokamak plasma from
rest. One evidence of the existence of the intrinsic torque is
the “cancellation” experiment on DIIID, where the rotation-
free plasma is obtained through the cancellation between the

intrinsic torque and the external torque applied by neutral
9

instability'® and regulate microscopic instability, thus reduc-
ing turbulent transport. In addition, intrinsic rotation is par-
ticularly important for the International Thermonuclear
Experimental Reactor (ITER), since neutral beam injection
(NBI) is not sufficient to drive the requisite rotation on large
tokamaks.

Rotation reversal experiments present a compelling
challenge to our understanding of intrinsic torque, especially
of its direction. Toroidal rotation reversal during Ohmic
phase has been observed, particularly in response to the
change in electron density.'"'? In rotation experiments with
lower hybrid current drive (LHCD), changes in V, (toroidal
velocity) during LHCD with both co- and counter-current
directions have been observed in different devices.'*'* In
recent studies of rotation in experiments with LHCD on
Alcator C-Mod, AV, reversed from high LH power (P)
discharges to low P, discharges, where AV is the change
in the core rotation velocity in toroidal direction from pre-
LHCD phase to the end of LHCD.'” For these discharges,
high P, corresponds to high plasma current 7,,, low ¢ in the
whole radial range, normal (or relatively high) § in the core
(r/a < 0.5), and counter-current directed AV, and vice
versa for low P . In addition, for high /, discharges, the to-
roidal velocity in the core changes direction. This observa-
tion suggests that these profiles are not the results of a

beams.” Intrinsic rotation can mitigate macroscopic ) . ) )
momentum pinch or momentum diffusion, which would only
change the profile shape but not reverse the direction.
“Paper NI2 4, Bull. Am. Phys. Soc. 59, 195 (2014). Motivated by8 experimental evidence®'” and theoretical
Pnvited speaker. understanding,” it is hypothesized that the observed reversal
1070-664X/2015/22(5)/055705/10/$30.00 22, 055705-1 © 2015 AIP Publishing LLC
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of AV is due to the reversal in the underlying intrinsic tor-
que. In the plasma core, the intrinsic torque during LHCD is
in the counter-current direction when § is normal and
reverses when § is lower than a critical value §..;. In these
discharges, § is above zero in the whole radial range,
increases monotonically with r, and rotation changes mainly
for r/a < 0.5. Experimental results show that torque reversal
occurs for § < §07 ~ 0.2 ~ 0.3, where §;,> is estimated at
r/a~0.3. To understand the experimental results, the
effects of § on the intrinsic torque reversal need to be stud-
ied. Since both ¢ and § change among different discharges in
the LHCD rotation reversal experiments, a critical value of
on-axis safety factor g, for AV, reversal has also been
observed, corresponding to the critical magnetic shear §,;.
As a result, the effect of ¢ should also be clarified.

Understanding the effect of the g-profile structure on the
intrinsic torque is also an issue of interest in the context of
internal transport barrier (ITB) formation and profile “de-
stiffening,” which occur not only in negative magnetic shear
but also in regimes of weak but non-negative magnetic
shear.'® ITB formation is believed to be related to the micro-
turbulence suppression and the consequent transport reduc-
tion by E x B shear flows and thus is related to the toroidal
rotation via the radial force balance equation, i.e.,
E. = (1/en;)dp;/dr — VyBy + V4B, where E, is radial elec-
tric field, p; is ion pressure, n; is ion density, Vy and V, are
poloidal and toroidal velocities, and By, By are magnetic
fields in poloidal and toroidal directions.'” While NBI is the
main toroidal momentum source in some ITB experi-
ments,'®!'? the contribution of intrinsic torque can be impor-
tant for toroidal rotation profile formation, particularly in
balanced-injection cases (with negligible net NBI momen-
tum),20 and for large-size devices such as ITER or DEMO
where the NBI is not a sufficient momentum source. As a
result, it is important to understand the effect of § on intrinsic
torque, which is closely linked to how the toroidal rotation
profile evolves for weakly positive or reversed §, and affects
the E x B shear flows and thus ITB generation.

This work focuses on understanding the cause of the
LHCD-induced intrinsic torque reversal related to the g pro-
file structure. Based on our simulations and analyses, a new
symmetry breaking mechanism in residual stress generation
is identified, which becomes dominant at weak § and leads to
the intrinsic torque reversal. Intrinsic torque t; reversal for
weak magnetic shear § is found in our simulations compared
to normal §; t; reverses when § < 0.3 for collisionless
trapped electron mode (CTEM) and when § < 1.3 for ion
temperature gradient (ITG) mode. Negative § is not required
for the intrinsic torque reversal. Analyses show that this
mechanism is due to the effect of weak shear on the balloon-
ing structure modes and its impact on the spectral intensity
gradient induced residual stress. At weak §, the synergy of
toroidal coupling and the intensity gradient effects induces
significant radial eigenfunction shift and inverts the sign of
spectrum averaged parallel wave vector (k) and thus the
sign of the parallel residual stress. The critical value of §..
is set by the competition between magnetic drift and ion fi-
nite Larmor radius (FLR) effects. Most of previous work on
residual stress is for normal § regimes,ﬂ’22 so the mechanism
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proposed in this letter has no antecedent. Based on realistic
parameters of C-Mod LHCD experiments, simulation results
show that the intrinsic torque changes from counter- to co-
current direction as the core § change from normal to weak
and ITG changes to CTEM, which is consistent with the ex-
perimental observation. The critical value of § for reversal as
calculated by our simulations, i.e., §.; =~ 0.3, is also consist-
ent with that indicated by experiments.

The remainder of this paper is organized as follows. In
Sec. I, we introduce the GTS code, the parameter setup, and
the basic simulation results, in particular, the intrinsic torque
reversal when the magnetic shear § is lower than a critical,
positive value. In Sec. II, the correlation and sensitivity stud-
ies are performed to identify the dominance of the intensity
gradient symmetry breaking mechanism and the effect of §
on intrinsic torque reversal. In Sec. III, the mode structure is
analyzed based on the simulation results and eigenvalue
approach to identify the new symmetry breaking for the
intrinsic torque reversal related to weak §, i.e., the radial
eigenfunction shift due to the synergy of toroidal coupling
and intensity gradient effects. In Sec. IV, we discuss the rele-
vance to Alcator C-Mod LHCD experimental results and
draw conclusions.

Il. INTRINSIC TORQUE REVERSAL FOR WEAK AND
NEGATIVE s COMPARED TO THAT FOR NORMAL s

The gyrokinetic, particle-in-cell, Jf code GTS*** is
used in our study. GTS is capable of capturing the key
physics, e.g., global effects, in weak § regime, which are par-
ticularly relevant to this work. Typical tokamak parameters
are adopted in our simulation study.*> Equilibria with differ-
ent g profiles are generated using the ESC code,*® with pres-
sure profile fixed. The equilibria are characterized by on-axis
magnetic field value B,;; ~ 2.55 and outer boundary elonga-
tion E=1.45 and triangularity k = 0.144. Two types of ¢
profiles are adopted, as shown in Fig. 1. The on-axis ¢,
profile has monotonic ¢(r) and positive § in the whole radial
range, while the off-axis g,,;, profile has g,,;, at r,,;, and neg-
ative § for r < r,;,. The values of ¢ and § at the reference ra-
dius r. are chosen as ¢(r.) ~ 1-2, § < 0.6 in the following
parametric studies, which is relevant to the rotation reversal
experiments.'® Profiles of temperature and density gradient
are given by RO/Ln,Ti,Te = Kne,Ti,Te €XP {—[(}’ - r()/02]2}
The temperature and density profiles are calculated accord-
ing to their gradient profiles and the reference values at r,

—— Normal
- - -Reversed

— Normal 2
4~ - - -Reversed

-

0 025 05 075 1 0 025 05 075 1
r r

FIG. 1. Safety factor ¢ and magnetic shear § profiles of two model equili-
bria, denoted as normal (black line) and reversed (red broken line).
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T; =T, =3.5keV and n; = n, = 1.6 x 10'*/cm>. The tur-
bulence is destabilized by the temperature and density gradi-
ent and propagates/spreads towards the inner and outer
boundaries where a damping region is set as the sink. The
magnetic shear at the drive location r, has different values for
different cases. The turbulence develops around r., where §|,
has a specific value; thus the effects of § on Hfd, can be stud-
ied. Here a/p; ~ 160, where a is the minor radius and p; is
the gyro-radius. Collisions between electrons and ions are
simplified by neglecting the mass of electron, and thus the
Lorentz operator is adopted to describe electron-ion collisions.
The like-species collision operator is implemented by keeping
the test particle drag and diffusion terms.”” The equilibrium
radial electric field E,q is obtained from the radial force bal-
ance equation consistent with the toroidal rotation profile,”®
and the E x B flow effects are included by taking into account
E,¢ in the particle’s equation of motion. Collisions and equi-
librium E x B flow are included in the simulations for self-
consistency. We set the background toroidal velocity to be
zero to focus on the study of residual stress, since the momen-
tum pinch and diffusion are less relevant to intrinsic torque re-
versal as mentioned in Sec. I. For nonlinear cases, the
simulations are performed until the turbulence reaches a well
saturated state, during which the toroidal momentum flux is
calculated. Since the simulation is carried out on the turbu-
lence time scale, which is much shorter than the transport
time scale, as adopted by most of global gyro-kinetic PIC sim-
ulations, the background toroidal velocity change is negligible
and the calculated toroidal momentum flux is thus due to re-
sidual stress. In addition, the relaxation of the temperature and
density profiles is subdominant to the background drive, and
thus the turbulence is maintained at a relatively steady level
during the simulation time scale.

We first examine the intrinsic torque driven by turbu-
lence for negative § and compare to that for normal §. Since
the divergence of residual stress gives the intrinsic torque,
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Le.,y=—-V- H§¢, the orientation change of the Hfd, radial
profile indicates the intrinsic torque reversal. In this work,
we calculate residual stress to infer the direction of the
intrinsic torque. Here, “normal §” refers to the base case with
on-axis g, profile and §(r.) ~ 0.6 at the drive location r,
while “negative §” refers to the case with an off-axis ¢,
profile and §(r.) = —0.3. To isolate the dependence of the
residual stress on the mode type, we choose x1; = 0 to elimi-
nate ITG instability and focus on CTEM turbulence. We
choose 1, = K7, /Kne = 2, Kkpe = 2.25 for normal shear and
Kne = 3 for negative shear to compensate the stabilizing
effect of the negative §. The ITG case is discussed later. The
spatio-temporal structure of the residual stress is shown in
Fig. 2. Compared with the normal § case (Fig. 2(a)), for the
negative § case, the orientation of the residual stress changes
and thus the intrinsic torque reverses, as shown in Fig. 2(b).
By comparing the radial structure of Hf¢ in the linear and
nonlinear stage, we found that the radial profile of Hf¢ main-
tains a similar structure, as shown in Figs. 2(c) and 2(d). As
a result, parametric scans, which are computationally inten-
sive, can be performed based on the simulation in linear
stage. A parametric scan is performed in negative § region
by varying r. and thus with §(r.) ranging from —0.4 to 0.
The intrinsic torque reversal is found if §(r.) < 0, which
indicates that negative § is a sufficient condition for the
intrinsic torque reversal in our accessible § regime.

One key question is whether a negative § is also neces-
sary for the intrinsic torque reversal or whether a weak non-
negative § is sufficient. To determine the condition for the
intrinsic torque reversal, we examine the radial structure of
Hf¢ at weak § and identify the critical magnetic shear value
Scrie at which the intrinsic torque reverses. An equilibrium
with a flat ¢, on-axis g,,;, profile is chosen with §(r.) ~ 0.1.
The other parameters are the same as those in the previous
negative magnetic shear case. As shown in Fig. 3(a), the re-
sidual stress has the opposite orientation compared to that of

-1 0 1 -1 0 1 2
400 - e T 350 i
350 g
300 300 I
>° 250 :
2£ 250
..\_I_./ 200 - ‘ ............ FIG. 2. Spatio-temporal structure of
150 za 200 . residual stress of normal (a) and nega-
- tive (b) magnetic shear with
100 » 150 §(re) ~ 0.6,—0.3, respectively; com-
parison of residual stress during non-
50 linear stage and linear stage of normal
0.2 0.4 06 0.2 0.4 06 (c) and negative (d) magnetic shear.
1 05
S 0
<0
n:[:g -'0-'Avg. 200~400 -05 o--Avg. 210~360|
g Linear at 90 ‘ A ‘ Linear at 180
0.2 04 0.6 0.2 0.4 0.6
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FIG. 3. (a) Spatio-temporal structure
of residual stress for weak magnetic
shear (flat ¢, on-axis ¢,,;,) profile with
§(r¢) ~ 0.1; radial structure of residual
stress with (b) §(r.) ~ 0.41, (c) 0.32,
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and (d) 0.25, where r. is the drive
location.

0.1

the base case in Fig. 2(a). In order to find the critical mag-
netic shear at which the radial profile of Hfip changes orien-
tation, a parametric scan of §(r.) is performed. The
orientation of residual stress is found to reverse when §(r.)
changes from 0.41 to 0.25, as shown in Figs. 3(b) and 3(d).
Figure 3(c) demonstrates that the transition of residual stress
occurs at § =~ 0.32. This gives the critical value §,,;, at which
the CTEM-driven intrinsic torque reverses. This result shows
that the intrinsic torque can reverse if § is lower than a criti-
cal, positive value. Surprisingly, magnetic shear reversal is
thus not required for the intrinsic torque reversal. This obser-
vation helps to understand the torque reversal in Alcator
C-Mod LHCD experiment for weak §."

In addition to CTEM turbulence, ITG turbulence is also
studied. We choose k7, = 0, kr; = 4.5 and n; = kr; /KK, = 3
for the parametric scan using GTS. As shown in Fig. 4, the
transition of the residual stress profile orientation occurs at
§ ~ 1.3 (Fig. 4(b)), and thus the critical magnetic shear for
the ITG-driven intrinsic torque reversal is found to be
§'TG ~ 1.3. Tt should be noted that if §(r.) increases further
(§(re) > 1.86) or decreases further (§(r.) < 0.95), the dipole
structure of residual stress is better maintained compared to
that in Figs. 4(a) and 4(c). The direction of the intrinsic

-0.1 0 0.1
r—re

FIG. 4. Radial structure of residual stress Hf(p with (a) $(r.) ~ 1.86, (b)
1.32, and (c) 0.95, where r. is the drive location.

0 0.1
f—re

TABLE 1. Summary of the torque direction of ITG/CTEM at the small

i adius si intensi ak. ¢CTEM N
minor radius side of the intensity peak. 5, ~ 0.3, §,;/ ~ 1.3.

& TG «CTEM _ ; _ AITG o _ +CTEM
§> 58 S <S8 < St S < S

CTEM 1. counter II. counter III. co

ITG IV. counter V. co VL. co

torque, based on the divergence of residual stress at the small
minor radius side of the intensity peak, is summarized in
Table I. It is shown that the intrinsic torque has opposite
directions for weak and high §, both for ITG and CTEM tur-
bulence. In addition, an intermediate shear region exists,
where the intrinsic torque for ITG and CTEM turbulence has
opposite directions. As a result, it is important to know both
the magnetic shear regime and the mode type in predicting
the direction of the intrinsic torque. The intrinsic torque re-
versal can occur when § regime and/or mode type change.
For example, when § changes from normal to weak and
CTEM changes to ITG (from regime II to VI), the intrinsic
torque reverses, which is relevant to the Alcator C-Mod
LHCD experiments as to be shown in Sec. IV. In realistic
tokamak plasma, both ITG and CTEM turbulence can coex-
ist in mixed state,> and the population of different modes
and their contribution to the intrinsic torque should be prop-
erly estimated. The question of the intrinsic torque in mixed
states merits more attention.

lll. CORRELATION AND SENSITIVITY STUDIES
OF THE INTRINSIC TORQUE REVERSAL

This section focuses on understanding the origin of the
residual stress and its orientation change at weak §, based on
correlation and sensitivity studies. First, the correlation
between residual stress and other variables is analyzed. The
toroidal residual stress consists of parallel, perpendicular,
and polarization toroidal stress, underpinned by correlators
<ka0|c§¢|2>, (koko|0|*), and (k‘|k,.|5q§|2>, where (...) means
spectrum average. The first and third correlators are con-
nected to parallel symmetry breaking, while the second one
is the toroidal projection of the total perpendicular stress.
The total perpendicular stress contributes mainly to poloidal
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FIG. 5. Correlation between residual stress l'IR and spectrum weighted par-
allel wave vector (k| [6¢|%) (black line), correlation between 1%, and turbu-
lence intensity gradient dl/dr (red line), and correlation between It r¢ and
zonal flow shear @, (blue line).

rotation. The k|| reversal can lead to H§¢ reversal via the par-
allel and the polarization residual stress. As shown in Fig. 5,
strong correlation among the turbulence intensity gradient
dl/dr, the spectrum weighted parallel wave vector (k‘||5¢|2>
and the residual stress Hf¢ is observed. The average correla-
tion coefficients during the nonlinear stage (250 < X vy
[Lre < 500) are C[TIR, (ky|56[*)] ~ 0.71 and C[TIX,, dI/dr]
~ —0.74, respectively, both of which have high magnitude
(the sign of correlation indicates the phase relation). This
supports the theory that the intensity gradient yields a finite
(k| |(3d)| ) and thus residual stress. However, it is found that
C[H, 4»dl/dr] has the opposite sign compared to the normal
§ case, which indicates that the residual stress generation
mechanism at weak § is different than the previous proposed
one.?! On the other hand, as zonal flow develops, which can
largely affect turbulence transport at saturation,”® zonal flow
shear may also contribute to HR generation in the nonlinear
phase.”® However, as shown in Fig 5, the zonal flow shear
correlation with residual stress (C[IT ¢,wzp] —0.5 during
250 < t X v, /L, < 500) is significantly weaker than that
with the intensity gradient so zonal flow shear appears not
to be responsible for the H orientation change at weak §.
The effect of § and ¢ on H orientation change can be
examined by parametric scans of §(r.) and g(r),

(a) (b)
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respectively. In the first set of parametric scan, three ¢ profiles
are used and the corresponding equilibria are generated. As
shown in the left panel of Fig. 6, the three ¢ profiles have the
same ¢(r.) but §(r.) = 0.2, 0.4, and 0.6, respectively. It is
found that the Hf¢ profiles have the opposite orientations
between the §(r.) = 0.2 case and the §(r.) = 0.4 and 0.6
cases, as shown in the right panel of Fig. 6. Furthermore, we
also examine the dependence of residual stress profile struc-
ture on g. As shown in the left panel of Fig. 7, the three pro-
files have different ¢ values, i.e., () = 0.94, 1.50, and 2.08,
respectively, but the same 5§, i.e., s( ) = 0.4. It is found that
the residual stress profiles have the same orientation although
g changes significantly, as shown in the right panel of Fig. 7.
These two sets of parametric scans as shown in Figs. 6 and 7
demonstrate that § is responsible for the intrinsic torque rever-
sal, while a change in ¢ has no significant effect.

It has been shown previously that turbulence self-
generated zonal flow shear can induce k| symmetry break-
ing.® A sensitivity study is also carried out to assess the effect
of zonal flow shear on H], orientation change at weak 5. In
GTS nonlinear simulations, zonal flow can be filtered out. The
effect of zonal flow shear on breaking the radially elongated
eddies and reducing the turbulence level has been observed by
comparing the turbulence structure and evolution with and
without zonal flow. The effect of zonal field induced flow
shear on TT%; is also examined. The residual stress profiles
with zonal field switched on and off for weak § are compared
in Fig. 8. The orientation of the Hf¢ profiles for both cases
remains changed compared to that for normal § case in Fig.
2(c). This demonstrates that the Hf¢ reversal at weak § is not
due to zonal flow shear effect. This is consistent with the
results of correlation analysis presented in Fig. 5.

In addition to the effect of the zonal flow, the effect of
equilibrium radial electric field E,y (Ref. 31) is also exam-
ined. When turning on and off E,, the observation of Hfd,
profile reversal from normal to weak § remains unchanged.
All these studies indicate that § is a crucial parameter in
determining the intrinsic torque direction and that the zonal
and equilibrium FE, flow shear play a weak role in affecting
the intrinsic torque reversal at weak §. It is found that the
correlation between intensity gradient and residual stress has
the opposite sign at weak § compared to that at normal §.
The correlation and sensitivity studies indicate a new

2.5
2
(o3
15 -
1 :
2 n:vﬁ

IT

FIG. 6. g and s profiles (left); residual
stress profiles (right). Different ¢ pro-
files have the same ¢ value at r=r,,
ie., g(r.)=1.5, but different §(r.)
values, i.e., §(r.) =0.2, 0.4, and 0.6.

Residual stress profile changes its ori-
entation for §(r.) = 2 compared to that
with §(r.) = 0.4 and 0.6.

—s=0.6

0.4

0.5 0.6
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FIG. 7. g and § profiles (left); residual
stress profiles (right). Different ¢ pro-
files have different ¢ values at r=r,,
ie., q(r.) =0.94, 1.50, and 2.06, but
the same §(r.), ie., S§(r.)=04.

Shear

Residual stress has the same orienta-
tion for the three cases.

(A.U.)

---w/oZF

0.2 0.4 0.6
r

FIG. 8. Residual stress with and without zonal flows for §(r.) ~ 0.1. Both
cases have the opposite orientation of Hfd, compared to that for normal §
case.

symmetry breaking mechanism at weak §, which is distinct
from the previous ones.”'*' The underlying physics will be
identified in Sec. IV.

IV. INTERPRETATION OF THE INTRINSIC TORQUE
REVERSAL BASED ON MODE STRUCTURE ANALYSIS
AND RESIDUAL STRESS ESTIMATE

In this section, the underlying physics of the intrinsic
torque reversal is identified based on mode structure analy-
ses. To understand the role of § in the intrinsic torque rever-
sal, we analyze the radial structure of the poloidal harmonics
(radial eigenfunction) J¢,,(r) to demonstrate 0¢,,(r)’s
unusually enhanced radial shift and the consequent (k| |6[%)
reversal at weak $. Figure 9 shows cartoons of d¢,,(r) for
normal (a) and weak § (b) cases, based on simulation results.
From the analysis in Sec. II, (k| |6¢|*) appears strongly cor-
related with the residual stress and thus we focus on
(k| |($q5| ). For simplicity, we choose a single n mode and cal-
culate (k| |0¢|*) at 7,,,,, the mode rational surface of the har-
monic (n, m), where by definition & |r,m, x ng —m = 0. For
normal §, in the presence of intensity gradient, the poloidal
harmonics with »’ > m (blue line) contribute more to
(ky|og]) at T than do those with m' < m (red line), and
thus (K 10¢%) = 32, (ng — m)[66,,1*/gR < 0.2' However
at weak §, as shown in Fig. 9(b), the simulations show that
the harmonic m — 1 shifts towards the harmonic (n, m) so

B /® ../ contribution to (k”)|

T=Tnm

a m m+1 b

AN

FIG. 9. Cartoons of radial structure of poloidal harmonics for normal (a) and
weak (b) shear. For normal § (a), d¢,,,, contributes more than d¢,, | to
<kH |6¢|?) at r,, (broken line with markers) and thus <kH|O</>| ) < 0. For weak
§ case (b), ()rpm \(r) shifts towards the (n, m) mode strongly and sets the
sign of <kH|(3(/)\ ) although its amplitude is lower than that of d¢,, (1),
yielding (kH\o¢| ) >

[

|6¢n,ml |
|8Pnm|

*
s
3
ﬁ

strongly that (k| |0[7) is set mainly by the modes with lower
amplitude, yielding (k| |6¢|*) reversal as compared to that in
Fig. 9(a). This kind of radial shift was noticed in early stud-
ies of ballooning instabilities** and is also observed in our
global gyrokinetic simulation. The radial shift of the poloidal
harmonics at weak § is different than that due to equilibrium
E, or zonal E, shear flow, as verified by the foregoing corre-
lation and sensitivity studies, and is responsible for the resid-
ual stress reversal appearing at weak §.

An analytical interpretation can be obtained from the
quasilinear estimate of residual stress and its dependence on
§. The residual stress is estimated as®'

re( Lm0 502N, )
|| 7

For simplicity, we focus on a single n mode but all its m har-
monics, thus (6v,0v)) o (kH\(Sqﬁ\z). We calculate (k‘||5¢|2>
by referring to the ITG/CTEM eigen equation. By applying
2D mixed complex-WKB-full-wave analysis, > the perturbed
electric potential is decomposed as o®(r,0,(,t) =exp
{=inl + ing0) — it} 3" 0 (r, 0 + 2pn) exp {2ninpg} where
0¢(r,0) represents the radial envelop A(r) and the parallel
mode structure 8¢, i.e., d¢(r, 0) = A(r)3¢ (r, 0). The radial
envelop can be written in the Eikonal form A(r) = exp
{i [ drnq Hk} and the complex wave vector 0, = Orr + 19“

<(§D,<5UH> = —

B¢mi
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describes the radial phase and amplitude variation of the en-

velop. In the fluid-ion limit,***’ the eigen equation yields
2 P (1+M)/t+ w0 .
52 [rrode olsh o,
®? 5p 1 — i/
i a2l o
0 = (kop? |1 +5°(0 - 0.)°] - ke, @)

where  @; = v;/gR, W = —kopvi/Ln, 0p = —2kop;v;/R,
p; = ;i/Q¢; is the ion Larmor radius, v,; = +/T;/m;, Wypi =
(14 )0, n; =dInTi/dInn;, L, = —(dInn/dr)~", 8" is

the trapped electron non-adiabatic response, and the potentlal
QO consists of the ion FLR term (kgp,) and the ion magnetic
drift term x, = cos 0 + s(0 Hk) sin . To calculate §,,; and
demonstrate the effects of magnetic drift and FLR terms, a
parametric scan of § is performed based on Eq. (2). Other pa-
rameters correspond to those of the GTS simulations. The
value of n, for the CTEM case, is chosen according to
kop; = 1. The normalized variable (gRok)) =), (ng—
m)|0pl*/>2,10¢,|> is calculated. As shown in the upper
panel of Fig. 10, the black line is (gRok||) obtained by solv-
ing Eq. (2), and as the baseline, it shows that when §
decreases from normal to weak, (gRok|) crosses (gRok) = 0
at §..i; = 0.38. If we choose k. = 0, (gRok|) always remains

(@)
C—-=6-c=-6-c—2p
1 L
- 1><1<C,1><FLR
o Oprrgre i L bk PR ]
%‘ 3 -V - O.5><1<c,1>< FLR
—18 = B = D ,2<FLR
— 2><1<C,1>< FLR
_o| e 1><Kc,0.5>< FLR ]
0.2 0.4 0.6 0.8 1
Magnetic shear
(b) 0.5
g7
0.45} -
g
f 0.4 [ s ’
g ~
5 0357 o
< 4
(&) L 4
2 0.3 ¥ .
o 0.25! /I - B -ocK=1.0, o, o varies
’ _ .
02l ® v 0 =10, 0 varies
0 0.5 1 1.5 2
o /OLFLR

FIG. 10. (gRok;) with different amplification factors of magnetic drift ()
and ion FLR effect (upper). The black line is (qRok”) obtained from Eq. (2)
for CTEM branch, while the other lines are that with different amplification
factors op g or o, for FLR or k. terms. Critical magnetic shear versus
o /orr (lower).

Phys. Plasmas 22, 055705 (2015)

positive and is close to a saturation value, indicating that the
negative value of (gRok|) at weak § results from the mag-
netic drift term. The other curves have FLR and k. terms
artificially suppressed or amplified by multiplying different
factors o, and opyg. They show that increasing k. and
decreasing ion FLR effect have a similar impact on increas-
ing §.;; as compared to the baseline. This trend can be dem-
onstrated by the parametric scan with respect to o, /op1g, as
shown in the lower panel of Fig. 10. The blue broken line
with square markers gives the critical value §.,; with o, = 1
and varying oy, . The magenta triangles indicate §..;, with
opg = 1 and varying «,. These two curves overlap quite
well and show that the increase of /o leads to the
increase of §.. This demonstrates that the competition
between the FLR and k. terms determines the value of §,;,
at which (gRkj) = 0. This competition is reminiscent of the
transition between the toroidal branch and the slab branch of
the drift wave, related to §.*> However, the previous work
focused on the eigenfrequency and not on the asymmetry of
the parallel mode structure. The novelty of the analysis in
this work is the consideration of the synergy of the toroidal
coupling and intensity gradient effects. On one hand, the
magnetic drift term k. = cos 0 + §(0 — 0;) sin 0 introduces
toroidal coupling which brings in modulations on the other-
wise anti-well poten}ial Q.35 On the other hand, the radial in-
tensity gradient in 0y introduces symmetry breaking in ..
The synergy of these two effects leads to the radial eigen-
function shift and reversal of (gRok||) at weak 5. Notice that
the intensity gradient also appears in the FLR term and leads
to symmetry breaking and residual stress. This corresponds
to the previous proposed symmetry breaking mechanism?'
and is not responsible for the (gRok)) reversal at weak s.

It can be shown that the radial eigenfunction shift
occurs when this new symmetry breaking due to the
synergy of the toroidal coupling and the intensity gradient
effects at weak § is present. The radial eigenfunction shift,
i.e., poloidal harmonic d¢,,(r)’s radial shift, can be
obtained as Ar,, = (—1/nq')(2|0|*011/0r — qRo(k))), based
on the connection formula,>® where o=—i(w;/®)
Vb6 1/2)C+i800,8/2lp o, b= (kopié)?, S=sinli,
C= cos0k #- In Eq. (2), at normal to large §, FLR effects (oc§ )
dominate over the magnetic drift term . (o<§). An analytlcal
solution can be obtained as (kj)|;_. = (2/qRo) (|6 011/ or).
This shows that Ar,|,_, . =0, i.e., d¢,,(r) peaks at its rational
mode surface as §—oo. When § decreases, the magnetic
drift effects become important, inducing significant radial
shift, which causes (k) reversal. It should be noted that
Eq. (2) does not include zonal flow or equilibrium flow, thus
the radial shift in the weak § regime discussed here is indeed a
new mechanism for k| symmetry breaking, distinct from

previous results which relied on the ExB shear symmetry
breaking mechanism.*'*?

V. RELEVANCE TO EXPERIMENTAL RESULTS AND
CONCLUSIONS

Our finding of critical magnetic shear for the intrinsic
torque reversal gives an interpretation of the Alcator C-Mod
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TABLE II. The parameters of C-Mod high /,, and low [, discharges (shot
numbers: 1110128020 and 1110128015). ng, T; T.0, and By are on-axis val-
ues while elongation and triangularity coefficients characterize the outer
boundary flux surface for solving the magnetic equilibria.

ng (104 /em?) Ty (keV) T.o (keV) By (T) Elongation Triangularity

High /1, 1.01 1.32 2.98 53 1.31 0.27
Low I, 1.06 0.90 1.76 52 1.43 0.26

experimental results. The high and low plasma current (/,)
discharges in Ref. 15 produce core § values which appear in
the §ST,EM <5< 5{,T1C,; and § < fg{,EM regimes of Table I,
respectively. In addition, the high and low /,, discharges are
CTEM and ITG dominated, respectively, according to GTS
simulations with realistic plasma profiles and thus, are
located in regime II and VI in Table I. The prediction of tor-
que reversal from the high to low [, discharges based on
Table I agrees with the experimental results. Based on the re-
alistic temperature and density profiles, as well as the equili-
bria, characterized by the parameters in Table II, the residual
stress calculated from the GTS simulation shown in Fig. 11
has the opposite orientations for the normal and weak core
magnetic shear cases, and the torque direction at the inner
(small r) region agrees with that of the experimental observa-
tions. Moreover, the experimentally observed critical mag-
netic shear, 57 =0.2~0.3," is consistent with our
analysis, i.e., §S£EM ~ 0.3. The direction of AV, or the
intrinsic torque, as well as the critical magnetic shear for re-
versal, is recovered in the simulation. It should be noted that
in Secs. I-IV, we adopted higher temperatures and a lower
toroidal magnetic field compared to C-Mod parameters,
which reduces the normalized minor radius from a/p; > 300
(C-Mod) to a/p; =~ 160 (Sec. I) and makes the parametric

scans affordable. In addition, in order to identify the

(a)

1t

0.5¢

(A.U)

R
1

II

(b)

(A.U.)

o e _ L
= 0.5

025 0.3 035 0.4 045 05 055
r

FIG. 11. Residual stress during linear stage for normal core § (upper) and
weak core § (bottom) cases.
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underlying physics of intrinsic torque reversal, we focus on
specific turbulence (CTEM or ITG) by specifying analytical
temperature and density profiles as mentioned in Sec. I,
which are different than the experimental ones in this sec-
tion. However, the simulation based on the realistic C-Mod
profiles in this section demonstrates the relevance of our pro-
posed new mechanism to the experimental observations.
Detailed comparisons between the simulation and experi-
mental results rely on better controlled parametric scan data
(e.g., changing § without ITG-TEM transition) in experi-
ments as well as more in-depth simulation, and will be done
in future work.

In conclusion, a new mechanism for the intrinsic torque
reversal linked to weak magnetic shear § is identified based
on our simulations and analyses. The main results of this pa-
per are as follows:

(1) Intrinsic torque t; reversal for weak § is found in simula-
tion; 7; reverses when § < GSZEM ~ 0.3 for CTEM and
when § < §C ~ 1.3 for ITG, without requiring negative
§. For both ITG and CTEM turbulence, the intrinsic
torque is counter-current directed when § > §7C and
changes to co-current directed when § < §SftEM . In the
intermediate § regime, ITG and CTEM induce co- and
counter-current directed intrinsic torque, respectively.

(2) Correlation and sensitivity studies support that the sym-
metry breaking mechanism of residual stress due to in-
tensity gradient is dominant at weak §, while zonal flow
shear or equilibrium flow shear plays minor role in the
intrinsic torque reversal. The parametric scans of § and
q, respectively, show that § but not ¢ is more relevant to
the intrinsic torque reversal at weak §.

(3) Analysis identifies that the 7; reversal is due to the domi-
nance of a new symmetry breaking mechanism at weak
§, in particular, the radial eigenfunction shift due to the
synergy of toroidal coupling and intensity gradient. This
new mechanism is peculiar to toroidal geometry and is
not just the continuation of the traditional intensity gradi-
ent symmetry breaking mechanism to weak §.'

(4) Based on realistic parameters of C-Mod LHCD experi-
ments, simulation demonstrates that the intrinsic torque
changes from counter- to co-current direction as core §
changes from normal to weak and ITG changes to
CTEM, which is consistent with experimental observa-
tions. The critical value of § for reversal calculated from
the simulations, i.e., S, ~ 0.3, is also consistent with
that observed in the experiments.

Our finding of a new mechanism for intrinsic torque re-
versal could be important for interpreting experimental
results on other tokamak devices and for understanding the
total toroidal rotation profile formation as well as its conse-
quences. The keys points can be described as follows:

(1) Based on our findings, it is suggested that the database of
the rotation experiments might be better classified and
that the intrinsic torque direction might be better pre-
dicted according to the magnetic shear, mode type, and
other parameters. The rotation reversal of Ohmic dis-
charges has been observed on various tokamak devices
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such as TCV,** ASDEX Upgrade,’” and C-Mod,'* where
the critical density is more relevant, while the effects of
magnetic shear have been essentially ignored until the
recent LHCD rotation experiments.'> Realizing the new
mechanism of intrinsic torque linked to weak § might
help classify the results of all these experiments in a
multiple-parametric space including density, magnetic
shear, etc., and to guide future experiments.

Given that the intrinsic torque at weak or negative mag-
netic shear may play an important role in ITB forma-
tion,'"® an important question to ask is how and if
possible transport changes at weak § occur. To this end,
we state that complex interactions of external and intrin-
sic torque are possible. The Optimal Shear (OS) experi-
ments on JET demonstrated that increased E x B flow
shear and decreased § result in ITB formation.'®'
Although the E x B flow shear is mainly due to toroidal
rotation induced by neutral beam (NB) for co or counter-
current injection in those cases,'® understanding the con-
tribution of intrinsic torque becomes important when net
NB momentum is negligible or comparable to external
injected momentum, as done in ‘“balanced” cases on
JET'®2% and “cancellation” experiments on DIII-D,’ or
when the toroidal rotation cannot be efficiently driven by
NBI on large-size devices such as ITER or DEMO. In
these cases, the effects of the new mechanism linked to
weak § could be significant on ITB formation, which is
relevant to the ITER hybrid scenario, where § is weak in
the core.”®

@

~

An extension of this work could be the comparison of
this new mechanism of intrinsic torque with momentum dif-
fusion and pinch in various parametric regimes. In addition,
it might be important to consider turbulent acceleration,*°
polarization drift,*" turbulence spreading,** and their behav-
ior at weak magnetic shear. Understanding the direction and
characteristic dependence of the intrinsic torque due to the
new mechanism in this work is crucial to understanding
whether the torque adds to or cancels other mechanism, e.g.,
E, shear mechanism, turbulent acceleration, as well as exter-
nal torque, and how the plasma thus accesses de-stiffened
and ITB states.
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