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Edge intrinsic rotation was investigated in Ohmic L-mode discharges on TCV, scanning the major
radial position of the X-point, RX . Edge rotation decreased linearly with increasing RX , vanishing
or becoming countercurrent for an outboard X-point, in agreement with theoretical expectations.
The core rotation profile shifted fairly rigidly with the edge rotation, changing the central rotation
speed by more than a factor of two. Core rotation reversals had little effect on the edge rotation
velocity. Edge rotation was modestly more countercurrent in unfavorable than favorable ∇B shots.
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Figure 1. (color online). Theoretical mechanism for intrinsic
rotation in the tokamak edge, for an HFS (a) and LFS (b) X-
point, with stronger turbulence intensity shaded in darker green.
Differing drift orbits of cocurrent (dashed blue) and countercur-
rent (dash-dotted red) passing ions cause a discrepancy in orbit-
averaged turbulence intensity, resulting in stronger transport and
consequent depletion of countercurrent (a) or cocurrent (b) ions,
producing cocurrent (a) or countercurrent (b) intrinsic rotation.

Organized rotation patterns are formed by turbulent mo-
mentum transport in many natural systems including stellar
interiors [1], accretion disks [2], and atmospheric flows [3].
In the laboratory, magnetically confined plasmas have also
been found to rotate in the absence of applied torque [4],
with strong contributions from the outer edge region [5, 6].
These observations are of practical importance as well as
fundamental interest, since toroidal rotation stabilizes some
instabilities [7] and sheared rotation may reduce turbulent
transport [8]. Intrinsic rotation is of particular importance
for the international experiment ITER [9], as well as any
eventual fusion reactor, since unlike the neutral beams that
provide the dominant heating in most present-day devices,
α heating does not exert torque.

Recent theoretical work [10, 11] has developed a model
for the generation of intrinsic rotation in the tokamak edge,
meaning the last few cm both inside and outside the last
closed flux surface (LCFS), where the gradient scale lengths
of density and temperature are extremely short (. 1cm). In
this spatial region, the intensity of the turbulence (specifi-

cally the amplitude of the unnormalized fluctuating electro-
static potential [11]) decays with minor radius r [12–21], due
mainly to radial decrease of the electron temperature Te,
and is stronger on the low-field side (LFS, large major ra-
dius R) than the high-field side (HFS). Due to the magnetic
drifts, co- (counter)current passing-ion orbits are shifted to-
wards larger (smaller) R. In the typical configuration with
an HFS X-point [Fig. 1(a)], these drifts result in a larger
orbit-averaged turbulence intensity for counter- than cocur-
rent ions, resulting in depletion of countercurrent ions from
the plasma and a corresponding cocurrent intrinsic rotation.
In an atypical configuration with an LFS X-point [Fig.1(b)],
the orbit-averaged turbulence intensity can become equal or
a little larger for cocurrent than countercurrent ions, result-
ing in vanishing or countercurrent intrinsic rotation.

One central prediction of Refs. 10 and 11 is vpred, roughly
the flux-surface-averaged intrinsic toroidal rotation of the
main ions at the boundary between the steep-gradient edge
and the core, usually about 0.1–0.2a inside the LCFS, with
a the minor radius [22]. Defining toroidal velocities to be
positive for cocurrent rotation, in the simplest limit [10, 11]

vpred = 0.104
(

dc/2 − R̄X

) q

Lφ(cm)

Ti(eV)

BT (T)
km/s, (1)

where q is the edge safety factor, Lφ is the e-folding length
for radial decay of the turbulence intensity, Ti is the ion tem-
perature at the core-edge boundary, and BT is the toroidal
magnetic field. The parameter dc captures the poloidal varia-
tion of the turbulence intensity, with dc → +2 in the strongly
ballooning limit [23]. The normalized X-point major radius

R̄X
.
=

2RX − (Rout + Rin)

Rout − Rin

(2)

goes to -1 for the X-point at the innermost major radius
of the LCFS (RX → Rin) and to +1 for an outermost X-
point (RX → Rout). Eq. (1) reproduces several experimen-
tally observed features of edge intrinsic rotation: propor-
tionality to edge Ti [5, 6], cocurrent for typical operation
[4], a spin-up at the L-H transition (Ti increases and Lφ de-
creases) [4, 24], and inverse proportionality to plasma current
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Figure 2. (color online). Representative plasma geometries, varying R̄X . Similar plasmas were obtained in USN configuration.

(q/BT ∝ 1/Ip) [25]. The predicted, but previously experi-
mentally untested, linear dependence on R̄X is strong—an
LFS X-point R̄X → +1 can cause the predicted edge ro-
tation to vanish or even change direction from cocurrent to
countercurrent. In this Letter, we present experimental mea-
surements of edge intrinsic rotation in Ohmic L-mode plas-
mas with R̄X ranging from near -1 to near +1, which agree
with the theoretical predictions for edge intrinsic rotation:
strong linear dependence on R̄X , edge rotation vanishing or
becoming countercurrent for adequately positive R̄X , and
magnitude and slope corresponding to reasonable values for
the two adjustable parameters dc and Lφ.

The Tokamak à Configuration Variable (TCV) [26] poss-
eses extreme geometric flexibility, which allowed us to pro-
duce Ohmic L-mode plasmas with R̄X spanning most of the
-1 to +1 range [Fig. 2], in both lower single null (LSN)
and upper single null (USN) configurations. Other plasma
parameters were held fairly constant: plasma major radius
R0 ∼ 88 cm, a ∼ 22 cm, q ∼ 3.6–4, Ip ∼ 150 kA [27], average
electron density ne,avg ∼ 1.4–2.2×1013cm−3, and elongation
κ ∼ 1.35–1.45. However, triangularity δ varied from +0.4
down to −0.3, due to the variation of R̄X . Toroidal rotation
and ion temperature were measured on both the LFS and
the HFS via charge-exchange (CXRS) on fully-ionized car-
bon, using a diagnostic neutral beam (DNBI) that applied
negligible torque, .1% of the theoretically predicted edge
’intrinsic torque’ [11]. Data were taken for both static and
sweeping X-point positions, but the variation of plasma equi-
librium parameters was negligible over the CXRS integration
time of 20ms.

In Fig. 3, measured radial profiles of the toroidal carbon
velocity on both the LFS and HFS are plotted for LSN shots
with an HFS (R̄X = −0.75) and an LFS (R̄X = +0.88) X-
point. [The scatter of raw data points is similar to Monte

Carlo estimates of the CXRS measurement error.] The rota-
tion at the core-edge boundary, approximate radial location
marked with red circles, indeed shifts strongly in the counter-
current direction for larger R̄X , by about -20km/s. As was
typical in this campaign, the core rotation profiles shifted
fairly rigidly together with the core-edge boundary rotation.
The shift was not small: the maximum core rotation speed
more than doubled for the positive R̄X case. Beyond qual-
itatively confirming the theoretical expectations, this result
suggests that the X-point position may be a useful tool in
manipulating plasma rotation. For example, R̄X could be
used as a control parameter to vary the boundary condition
for investigation of core intrinsic rotation mechanisms. In
the present campaign, the fairly constant value for ∇v in the
core, despite the changing boundary condition, suggests that
residual stress (as opposed to a velocity pinch) dominated the
core rotation peaking drive.

We examined the dependence of

vexp
.
=

1

2
(vLFS + vHFS) + ∆C→D (3)

on R̄X across many shots. In Eq. (3), vLFS and vHFS are
the measured LFS and HFS carbon toroidal velocities at
ρ = 0.85, a reasonable estimate for the core-edge boundary
because it is the average radial location outside which the
ratio qρi/LT e (with ρi the ion gyroradius and LT e the decay
length for electron temperature), a proxy for the theory’s in-
put parameter qρi/Lφ [11], increased steeply [22]. The LFS-
HFS averaged measurement is used as an estimate of the
flux-surface-averaged rotation predicted by vpred. Neoclassi-
cal modeling with the NEOART code [28, 29] showed that
the shift between LFS-HFS-averaged carbon rotation and
deuterium rotation is small (∼ 5km/s) and nearly constant
across ρ and R̄X , allowing estimation of deuterium rotation
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Figure 3. (color online). Measured carbon rotation profiles at
the LFS (vLFS) and HFS (vHFS) as a function of minor radius
ρ, defined as the square root of normalized poloidal magnetic
flux, for HFS X-point (R̄X = −0.75, green circles) and LFS X-
point (R̄X = +0.88, cyan triangles). Rotation at the core-edge
boundary (around ρ = 0.85, circled in red) shifts strongly in the
countercurrent direction for increasing R̄X , moving the whole core
rotation profile with it.

from carbon measurements using a constant, averaged shift
∆C→D ≈ +4.8 km/s. To exclude artifacts and other possible
rotation drive mechanisms, we filtered out shots with strong
MHD modes [30], wall gaps less than 7mm, and statistical
estimates of CXRS error that exceeded a threshold [31]. All
data was averaged over two successive CXRS measurements.

As plotted in Fig. 4, the experimentally measured rotation
vexp shows a strong linear dependence on R̄X , with negative
slope and a sign change to negative (countercurrent) rotation
for large R̄X , in agreement with the theoretical predictions.
[Some mid-range values of R̄X were inaccessible due to de-
vice constraints.] Using the coefficients of the linear fit along
with average values for q [32], Ti(ρ = 0.85), and BT , we
estimated the two constants dc and Lφ. The fitted value
dc ≈ 1.12 indicates outboard ballooning transport as is typ-
ically seen in edge turbulence [33]. Lφ ≈ 4.1cm is about
1.5 times LT e in the edge region, within the range of values
seen in other experiments [13–21]. Rotation in USN config-
urations was about 5km/s more countercurrent than in LSN
configurations.

Given the presence of nonvanishing rotation gradients in
both the core and the edge regions (inside and outside the red
circles in Fig. 3, respectively), it is reasonable to ask whether
the results of Fig. 4 depend sensitively on the radial position
ρ used to evaluate vexp and vpred. In fact, the edge rotation
shows the same qualitative behavior as in Fig. 4 over a wide
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Figure 4. (color online). Experimentally-measured rotation at
the core-edge boundary (vexp) as a function of X-point position
R̄X . Measured rotation vexp shifts strongly in the countercurrent
direction for increasing R̄X , actually becoming countercurrent for
large enough R̄X , consistent with the theoretical predictions. The
slope and offset for the solid black fit line yield reasonable values
for the two unmeasured parameters in Eq. (1), dc and Lφ.

range of ρ, with modest shifts in the cocurrent direction for
ρ > 0.85 and in the countercurrent direction for ρ < 0.85
[23].

The edge rotation was quite insensitive to the core rotation
profile. This is strikingly demonstrated in two discharges
where we accidentally triggered a core rotation reversal, in
which TCV’s typical countercurrent core rotation peaking
(as plotted in Fig. 3) switches to a modest cocurrent peaking
[34], a change in the central core velocity of over 20km/s. De-
spite the large change in core rotation peaking, the rotation
at ρ = 0.85 was only weakly affected, showing a cocurrent
shift of ∼ 3km/s, which dropped to < 2km/s at ρ = 0.95.
This stresses the basic nature of the edge intrinsic rotation
problem, as seen in Eq. (44) of Ref. 11: The boundary con-
ditions that determine the edge rotation behavior are the
momentum flux into the edge from the core and out of the
edge to the divertor legs. In steady state, the conservation
of toroidal angular momentum [35] implies that the momen-
tum outflux from the core must equal the net torque applied
to the core. Since intrinsic rotation refers to the case with
no core torque, the core momentum outflux boundary condi-
tion is identically zero in the steady-state intrinsic rotation
regime, regardless of the core rotation peaking. The edge
calculation [10, 11] then determines the rotation value at the
core-edge boundary and radially outward, while a radially lo-
cal criterion of vanishing radial momentum flux determines
the rotation gradient at each ρ inside the core region. This
gradient may then be integrated inward from the core-edge
boundary to determine the core rotation profile.

Is the observed rotation behavior consistent with other
theoretical pictures for edge rotation? Simulations in Ref.
36 show intrinsic momentum flux in the edge due to the in-
teractions of the magnetic drifts and turbulent transport,
essentially the same physics encapsulated in Eq. (1) [10, 11].
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More detailed comparisons will be carried out. Orbit loss
mechanisms such as that postulated in Ref. 5 involve the in-
teraction of ion magnetic drifts with a simple model of loss
to the divertor legs, but without the incorporation of trans-
port physics these models cannot predict a momentum flux,
thus they cannot evaluate the intrinsic rotation at the core-
edge boundary. Neoclassical (collisional) transport models
underpredict the momentum transport by orders of magni-
tude [4, 37].

Transport-driven SOL flows have been heuristically in-
voked to explain the countercurrent shift in rotation for un-
favorable ∇B (USN here) relative to favorable ∇B (LSN
here) configurations [38]. The sign of the expected shift is
indeed consistent with the sign of the small LSN-USN ro-
tation shift observed in Fig. 4. Interestingly, the theoreti-
cal calculations underlying Eq. (1) in fact include transport-
driven SOL flows, and show the resulting strong countercur-
rent shift in the HFS scrape-off layer (ρ > 1) rotation when
the configuration switches from LSN to USN [11]. However,
for matched LSN and USN configurations in which all of the
input parameters to the theoretical calculation are equal,
Eq. (1) predicts no LSN-USN difference in rotation at the
core-edge boundary, because of a hidden symmetry result-
ing in an equal momentum flux out of the core for these
two configurations [11]. To evaluate the importance of the
transport-driven flows, we note that a LSN→USN configu-
ration change reverses their sign but leaves the orbit shifts
underlying Eq. (1) unchanged. Consulting Fig. 4, the ex-
perimentally observed rotation clearly does not flip sign un-
der the configuration change LSN→USN, instead changing
only modestly, thus the gross behavior is consistent with the
present model and inconsistent with a rotation drive domi-
nated by transport-driven SOL flows. The physical origin of
the LSN-USN rotation shift is currently under investigation.
It may follow from an interaction of LSN and USN geometry
with collisional effects, trapped-particle effects, edge particle
fueling, the radial or parallel electric field, or flux surface
shaping. Alternatively, it could simply be due to a config-
uration dependence of the radial location of the core-edge
boundary or the unmeasured inputs to the theory (dc and
Lφ).

In summary, a simple theoretical model [10, 11] predicts an
explicit formula [Eq. (1)] for intrinsic rotation at the core-
edge boundary (ρ ∼ 0.8–0.9) in tokamaks. Physically, the
spin-up is due to the interaction of the spatial variation of
the turbulent intensity with the different radial orbit excur-
sions for co- and countercurrent passing ions (Fig. 1). The
predicted rotation vpred depends strongly on the normalized
major-radial position of the X-point R̄X , decreasing linearly
from strong cocurrent rotation for R̄X → −1 to vanishing
or modest countercurrent rotation for R̄X → +1. Moti-
vated by these untested predictions, we performed a series
of Ohmic L-mode discharges on TCV, varying R̄X from near
-1 to near +1 in both LSN and USN configurations (Fig. 2).
As R̄X increased, the rotation at the core-edge boundary
indeed shifted strongly in the countercurrent direction, dis-
placing the entire core rotation profile nearly rigidly and
changing the central rotation speed by more than a factor
of two (Fig. 3). Theoretical considerations aside, this ob-
servation suggests that R̄X may be used as an experimental

knob to strongly influence the rotation profile, possibly use-
ful for experimental investigation of core rotation physics.
Since the physical mechanism should also act in H-mode,
one might be able to explore H-mode rotation and confine-
ment physics by varying R̄X . The experimentally observed
rotation at the core-edge boundary (vexp) showed good qual-
itative agreement with the theory, exhibiting the expected
strong linear dependence on R̄X and changing sign to coun-
tercurrent rotation as R̄X approached +1 (Fig. 4). A fit
of the experimental data using the form of Eq. (1) yielded
reasonable values for the two adjustable parameters dc and
Lφ, which were consistent with numbers in the literature.
The basic result is robust, with the qualitative behavior un-
changed by the use of alternate radial positions to evaluate
vexp and vpred. The rotation at the core-edge boundary was
only weakly affected by core rotation reversals, consistent
with the theoretical picture that steady-state edge rotation
may be affected by momentum flux from the core but not by
changes in core rotation peaking in the absence of an actual
torque on the core plasma.
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