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Table 1. Selected phenomenology of intrinsic torque

Phenomenon Signature Sym. breaking Key physics Issue
sgin-up atL - IorH, Mpes and Vo, 4 Quantitative?
H-mode and Rice scaling Pedestal (vz)', I’ as Vp;, (vg) 1 VT, or Vp;?
I-mode ETB V4 (0) ~ VT;,|Vp; and ETB forms. How achieve
Cancellation experiment. global cancellation?
Vp¢ steep.ens Tres and Vg 4 Quantitative?
ITB wgth VT, inITB (vg), I’ inITB as Vp;, (vg) 1 Relative hysteresis?
With Ty =0 Relative hysteresis of Role in de-stiffening?
VT, Vv, observed
Inversion of vy (r) vs(r) invert at v, ~ v,on Symmetry breaker?
. . around pivot for Open question without observable change Extended flip versus
OH inversions Vi > Vuey. Hysteresis U, (vg),..2 inn, T profiles. localized flip

inn, I, B-ramp

Co-NBI H-mode

ECH + co-NB[ —

Open question

vg flip at TEM « ITG
transition. — 7, flips

ECH induces AVv4(0) < 0in
NBI H-mode — co NBI +co

+spreading
Interplay with bndry
Density profile
peaking? Effect?

ept.
e of

the

nin

,peds

+ECH central flattening I, (vg),..? intr. ped. + cntr ECH. Extended flip versus
of vg vy flips at TEM < ITG localized flip
transition +spreading
LSN < USN LSN « USN SOL flow direction Change in competition Boundary flow
L-mode Inversions  jog — SOL flow or eddy tilt between B and E field shear penetration —
V B asymmetry reversal — core due combination in USL versus LSN. Core “Tail + dog’ problem
in Pr flow reversal in L-mode magnetic and electric ~ responds to bndry Role of SOL flows?
VB asym. in By field shear +SOL flows
200 = e strongly argues for the viability of the intrinsic torque cong
It also suggests that intrinsic torque can give the appearangc
= a non-local intrinsic torque phenomenon, in that the intrinsic
S 100} | NB) tor : A z
2 que, situated in the pedestal, acts to flatten V(V,) i
2 \ core. To characterize the pedestal intrinsic torque, data pase
G ohLs PR studies from Alcator C-Mod [8] indicate that central rotati
T, ~-25Nm (1col2ctrNB) H-modc? and I-mode tracks p.ede.sta.l VT, i.e..V¢(O) ~.VT
00 03 10 suggesting that the pedestal intrinsic torque is V 7;-driven,

p

Figure 1. ‘Cancellation® experiment of S¢lomon et al from

DIII-D [21]. A mix of 1 co and 2 counter beams yield a flat rotation
|profile with (vs) 2 0. This shows that thelintrinsic torque for these
parameters is approximately that of 1 neutral beam, in the co-current

direction.

Regarding the phenomenology
interesting selected subset we discuss

of intrinsic torque, an

here is: (a) H-mode

edge transport barrier, (b) ITB, (c) OH-reversal, (d) co neutral
beam injection (NBI) H-mode + ECH, (e) LSN«<USN

L-mode rotation. This discussion and

that of section 5 are

summarized in table 1. Of course, the classic example of

intrinsic torque and intrinsic rotation

transport barrier (ETB) [3]. In the

s the H-mode electron

absence of external

torque, a spin-up is initiated at the L—{H transition and builds
inwards [3]. The basic trend is described by the Rice scaling

AVy(0) ~ AW/, where W is energy

to the change across the L—I or Ll—H transition.

content and A refers
The

existence and location of the intrinsic forque have been rather
convincingly established by the ‘cancg¢llation’ experiment by
Solomon eral [21]. The ideahere was to exploit the asymmetry
between co and counter-NBI H-modsés due to the presence

of a (hypothetical) ‘intrinsic torque’ 7.

The result, shown in

figure 1, is striking: a net counter-torque H-mode yields a

totation profile, which is flat (and zero

within the error bars!

The implication is clear: the on-axis counter-NBI torque is
exactly cancelled by a co-intrinsic pedestal torque! This result

Intrinsic rotation in ITBs [22-25] has received far

less

attention than intrinsic rotation in ETBs. This is due in part
to the fact that ITBs are usually formed in plasmas subject to

external torque. However, since the interaction of external
intrinsic torques is important in low torque scenarios plan

and
ned

for ITER, intrinsic rotation in ITBs and ‘de-stiffened’ states

should receive more attention. Here, a de-stiffened state is

one

witha stronger response of the temperature gradient to heat flux

increments than that exhibited by a stiff state. De-stiffening
be achieved by enhanced E x B shear, for example. Onere
experiment [10] obtained the scaling relation VVs ~ VT,
intrinsic rotation gradients in ITBs. This is reminiscent of

can
ent
for
the

similar result for ETBs and again suggests that the intrinsic

rotation is temperature gradient driven, as in a heat engine|

To

look beyond correlation to causality, that study investigated

relative hysteresis between VV, and V7. Results indica

that hysteresis in V'V, was stronger than in V7, possibly
to the low residual Prandtl number (i.e. Presig ~ Xo/ Xi» In

ted
due
the

ITB. Here, X and x; are the true, not effective, diffusivities) in

the ITB. Since hysteresis of a transport barrier is a conseque|

nce

of the disparity between transport in the normal and the barfier
state, the fact that x; >> x, in the ITB implies that hysteresis
will be stronger in Vv, thanin VT;. Recall x; ~ Xg in L-made.

A particularly compelling case for the need to consider

intrinsic torque physics is the fascinating phenomenon

of

rotation reversals in OH or L-mode plasmas. Reversals rdfer
to events in which the global rotation profile spontaneously

reverses direction.  First studied in detail in TCV [

26]

I1q,
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Figure 2. Density ramp hysteresis loop for reversals on Alcator

C-Mod [28].

and C-Mod [27-29], reversals are spontaneous ‘flips’ in the

toroidal rotation profile from co to c¢
occur as n increases and exceeds n.
confinement transitions from the li

unter (in C-Mod) which
at» the density at which
ear ohmic confinement

(LOC) to saturated ohmic confinement (SOC) regime. During

the reversal, the rotation profile effs
fixed point inside ¢ < 3/2. Interes
ramps reveal back flips, but with s

ctively pivots around a
ingly, up-down density
ome hysteresis, i.e. the

velocity versus density plot is a closed loop enclosing finite

area, not a straight line, as shown in
a rotation ‘spike’ (i.e. a transient, s
in the toroidal rotation velocity pro
the edge just after the reversal [28].
TCV do indicate some differences bet

figure 2. In some cases,
patially localized bump
file) was observed near
Also, experiments on
ween reversals in limited

and diverted discharges [30], suggesting that the effective
boundary conditions play a role in reyersal dynamics. Spikes

are particularly interesting, as they may
momentum balance and rotation pro
because spikes may reveal the dynamid
events which help understand how the t
of the core plasma is maintained.

hold aclue to the global
file dynamics. This is
s of momentum ejection
otal momentum balance
Building on the long

standing idea that the evolution from LOC to SOC regimes

is due to a transition from trapped
transport to ion temperature gradient

electron mode (TEM)
ITG) transport excited

by collisional coupling, a speculation has arisen that inversions
are a consequence of a change in the sign of I'lfq, as n >

Nsa Or more generally vy, > vy,
reflects the dependence of I'Ifd, on v
the underlying microinstability. Alca

31,32]. This change
, the group velocity of
tor C-Mod has pursued

fluctuation studies, the results of which are consistent with the
expected change in mode populations,| but are not conclusive.

Further work is needed.
A somewhat related phenomeno

n, related to the effect

of ECH on co-NBI H-mode profiles, has been observed in
JT-60U [33], AUG [34], DIII-D [35], KSTAR [36] and HL-2A

[37]. Results indicate that ECH of NB

1-driven H-modes tends

to flatten the otherwise peaked velocity profile, and reduce
¢entral rotation speeds (AV/V ~ —40%, in KSTAR), while

VT, steepens. Profile studies indicate VVs ~ VT, here,
suggestive of a TEM counter-torque in the core. Correlation
of Vv, and Vn is also indicated [38]. The H-mode pedestal

rotation profile is unchanged by ECH, suggesting tl
torque balance here is: co-NBI + pedestal co-intrinsic
core counter torque related to ECH. KSTAR profiles wit

t the
ersus

NBI

and NBI + ECH are shown in figure 3. The data suggest
a similar paradigm to that for the OH inversion, namely a
change in the direction of the core intrinsic torque frgm co
to counter, due to a flip in mode propagation direction| from
Vs 10 Vye, as ITG gives way to TEM. Comparative gyrokiinetic
stability analysis of NBI+ECH and NBI H-modes is, however,

somewhat incomplete. This follows from the sensitivity o
results to density profile structure near the pivot radius,
from uncertainty concerning the spatial extent of the re;
where the mode population flips (according to purely li

f the
and
gion
near

analysis). Fluctuation measurements are not yet available.

See [34, 36] for more details.

The importance of the edge in intrinsic rotation physics
should already be apparent. A classic example of this is the
LSN—USN jog experiments of LaBombard in C-Mod L-mode

plasmas [39]. Here, ‘jog’ refers to the process of swing the

null

point from lower (LSN) to upper (USN) positions by controlled

variation of the magnetic configuration. These are

often

described as a ‘tail-wags-the-dog’ phenomena, since changes

from LSN to USN reverses not only scrape-off layer (S

OL)

flows, but also the direction of the core rotation. Interesti ngly,
the effect on core rotation vanishes in H-mode, suggesting

that the tail is ‘cut-off’ by the sheared flow in the ETB.

The

dynamics of this fascinating phenomenon are not understood.

In particular, the issue of just how flow changes penetrate
the SOL and boundary to the core remains open. Note tha

rom
this

issue may be related to the long standing mystery concerning

the V B-drift asymmetry in the L—>H power threshold [44

1. It

is important to note here that at least two types of boundary
effects are possible. One is due to SOL flows, produced by

up—down SOL asymmetry (i.e. LSN versus USN) and dr
by in-out asymmetry of edge particle transport [39]. The
is due to edge stresses, induced by eddy tilting [41].

iven
ther

3. Towards a fundamental theory: intrinsic rotation

as the consequence of a heat engine

Recent work [7,8] has developed a quite general th¢ory
of intrinsic rotation as the output of a heat engine, which

exploits a heat flux-driven temperature differential (i.e. loc

ally,

a temperature gradient VT') to drive turbulence in a bounded

domain.
symmetry and fotal momentum conservation, so that a

Magnetic geometry and boundary effects break

net

toroidal flow develops. Two heat engines, a car and a tokamak,

are compared in table 2. The engine process effecti

ely

converts radial inhomogeneity into parallel flow via symmetry-
breaking induced non-diffusive component of the Reynolds
stress (7, y), as shown in figure 4. The heat engine paradigm

was developed to explain the formation of geophysical fl

WS

[42] and the solar differential rotation [43] (table 3). Both
are prime examples of flows produced by heat flux-driven

turbulence.

Here, we summarize the heat engine model, derived
from the consideration of fluctuation entropy balance. This
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Nucl. Fusion 53 (2013) 104019
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Table 4. Physics of symmetry breaking mechanisms.

Relevant stres Spatial Key Macro
and mechanism structure physics implication
(0:0)), (vE) ky from spectrum  Centroid shift Tres ~ (VE).
(Electric field shear) shift (config.) induces mean {ky) Intrinsic torque
or eddy tilt from parallel peaked at barriers,
(ballooning) acoustic wave steep gradients
asymmetry Trres can flip

(D.0)), I’

(Intensity gradjent)

(I = intensity)

ky from spectra
dispersion due
1/

Spectral dispersion
from intensity
gradient. Linked
to L Reyn. stress,
also

with mode change

Tes ~ I'. relevant
to barriers but also
for more general
inhomogeneity.
Can change with
mode change.
Ultimately tied to
temp. profile curv.

Stress from (krkey |x|?) Guiding centre As yet unclear.
polarization stress due stress from Merits further
agceleretion radial + parallel acceleration due study. Linked to
(E|V3) propagation, polarization charge  mode radial group
(r, |I) tilting (k-ky) # O needed velocity vy and
can flip direction
Stress from (r, 0) tilting, J x B torque ~ universal
RO as for ZF originating from mechanism, closely
= (J;) = By(JJ,) Same physics polarization flux related to ZF,
— toroidal for ZF I' #0, (kks) #0  tiedto I’ and Iy,
torque needed structure. Flips
with vg,. Merits
more study.
Dl ‘
& RoF ]
Ve ,'I | :
\l( ‘L ) R

Figure 7. Symmetry breaking by (V;)'-infuced spectral shift [53].
Finite (V) renders the spectral centroid non-zero, and so

yields (ky).

Is necessarily proportional to (V)’, andl cannot be so large that
the underlying shear turns the underlyjing instability off. The
correspondence between the configuration and the ballooning
space manifestations of shear flow induced symmetry breaking
isshown in figure 8. Note the connectidn between mean ky Gi.e.
(k;)) and net eddy tilt. Clearly the redl space and ballooning

space approaches are equivalent.

A second, equally important me¢hanism for symmetry
breaking in (kgk;) is due to spatial spectral dispersion, with
finite intensity gradient I’ [54,55]. This mechanism does not
require a spectral shift. Rather, the fequisite asymmetry is
produced by the spatial profile of intensity. The origin of this

Figure 8. Shifted spectrum in real space and net eddy tilt in
ballooning space. Note a Fourier transform directly relates the
‘tilted” spectrum in ballooning space to the shifted spectrum in
configuration space.

effect can be seen from

=5 —ro) [, - 9 |-,
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05 o
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)]

Figure 9 gives an instructive heuristic sketch related to this
mechanism. Note that intensity gradients will surely be steep
at the boundary between regions with different confinement
properties (for example, at the ‘corners’, which bound transgort

barriers where profile curvature is large).

Thus, strong

intensity gradients will occur near regions with large changes
in (Vg)'. However, one can expect an intensity gradient in
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