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In	
  this	
  talk,	
  I	
  will	
  explore	
  aspects	
  of	
  rota*on	
  and	
  momentum	
  
confinement	
  in	
  magne*cally-­‐confined	
  plasmas	
  

I.  Background	
  
–  MagneAcally	
  confined	
  plasmas	
  in	
  tokamaks/spherical	
  tokamaks	
  
–  RotaAon	
  observed	
  in	
  other	
  configuraAons	
  (stellarator,	
  RFP,	
  linear	
  

devices),	
  but	
  will	
  focus	
  on	
  tokamak/ST	
  

II.  Why	
  is	
  rotaAon	
  important	
  
–  StabilizaAon	
  of	
  micro-­‐,	
  macro-­‐turbulence	
  leads	
  to	
  higher	
  performance	
  

III.  How	
  do	
  rotaAon	
  profiles	
  develop	
  and	
  evolve	
  –	
  how	
  can	
  we	
  
understand	
  rotaAon?	
  

–  RotaAon	
  generaAon	
  (driven,	
  self-­‐generated)	
  
–  Transport	
  of	
  momentum	
  

	
   	
  	
  Find	
  tokamak/ST	
  results	
  similar	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  gives	
  glimpse	
  into	
  underlying	
   	
  
	
   	
  	
  common	
  physics	
  

–  PredicAons	
  for	
  fusion	
  power	
  devices	
  (ITER)	
  

III.  Future	
  work	
  and	
  summary	
  
–  What	
  else	
  do	
  we	
  need	
  to	
  understand	
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  Rota*on/momentum	
  transport	
  strongly	
  coupled	
  primarily	
  to	
  ion-­‐gyroradius	
  scale	
  turbulence	
  



Fusion-­‐grade	
  plasmas	
  are	
  magne*cally	
  confined	
  in	
  
toroidal	
  devices	
  

R/a~4, κ=2, qa=4 R/a~1.3, κ=2, qa=12 a~	
  0.65	
  m,	
  R~1.7	
  m	
  
Ip	
  ~	
  1	
  MA,	
  BT~	
  few	
  T	
  

a~	
  0.65	
  m,	
  R~0.85	
  m	
  
Ip	
  ~	
  1	
  MA,	
  BT~	
  0.5	
  T	
  

Most	
  of	
  tokamak	
  research	
  
historically	
  and	
  presently	
  conducted	
  
at	
  convenAonal	
  aspect	
  raAo	
  

Only	
  a	
  decade	
  of	
  research	
  on	
  Spherical	
  Tokamaks	
  (STs)	
  
	
  Strong	
  toroidicity	
  at	
  low	
  aspect	
  raAo	
  benefits	
  	
  
	
  both	
  stability	
  and	
  confinement	
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!̂ (poloidal)	
  

!̂ (toroidal)	
  

r̂ (radial)	
  

	
  	
  

Vφ(center)	
  up	
  to	
  300	
  km/s	
  

r̂

RotaAon	
  profiles	
  measured	
  by	
  Doppler	
  shih	
  of	
  spectroscopic	
  lines	
  



Results	
  from	
  tokamaks/STs	
  from	
  around	
  the	
  world	
  
contribute	
  to	
  this	
  talk	
  

NSTX	
  (US,	
  ST)	
  

Alcator	
  C-­‐Mod	
  (US)	
  ASDEX-­‐Upgrade	
  (EU)	
   DIII-­‐D	
  (US)	
  

JET	
  (UK/EU)	
  

JT-­‐60U	
  (Japan)	
  
MAST	
  (UK,	
  ST)	
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Evolu*on	
  of	
  key	
  parameters	
  during	
  a	
  plasma	
  discharge	
  

NSTX	
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Plasma	
  undergoes	
  abrupt	
  	
  
transiAon	
  from	
  a	
  lower	
  to	
  a	
  	
  
higher	
  energy	
  state	
  at	
  ~	
  0.2	
  s	
  

	
  Low	
  (L-­‐)	
  è	
  High	
  (H-­‐)	
  confinement	
  	
  
	
  mode	
  (observed	
  on	
  all	
  devices)	
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There	
  are	
  two	
  main	
  sources	
  of	
  radial	
  transport	
  	
  
in	
  tokamaks/STs	
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Most	
  of	
  the	
  transport	
  in	
  tokamaks/STs	
  is	
  anomalous	
  
	
  RotaAon	
  plays	
  an	
  important	
  role	
  in	
  the	
  suppression	
  of	
  microturbulence	
  

Eradial	
  determined	
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  –	
  collisional	
  processes	
  in	
  toroidal	
  systems	
  	
  
           è	
  sets	
  minimum	
  transport	
  level	
  

2.  Anomalous–	
  turbulent	
  microinstabiliAes:	
  scale	
  lengths	
  from	
  the	
  ion	
  to	
  the	
  electron	
  
gyroradius	
  

ErxB	
  shear	
  can	
  stretch	
  and	
  break	
  up	
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  eddies	
  

Rule	
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  when	
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Larger	
  ExB	
  shear	
  is	
  correlated	
  with	
  reduced	
  turbulence	
  
and	
  reduced	
  transport	
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FIG. 2. Electron diffusivity �De� and ion thermal conductivity
�xi� in the ERS (solid line) and RS (dashed line) plasmas of
Fig. 1 at t � 2.75 s.

The short scale turbulent fluctuations of these plasmas
have been investigated with microwave reflectometry.
The reflectometer system operated in the X-mode on the
frequency range 123–142 GHz. Well collimated beams
with a diameter of �5 cm were launched into the plasma
using scalar guides and Gaussian optics.
The interpretation of reflectometry measurements is

relatively simple when the amplitude of plasma fluctu-
ations is small and their scale length is larger than the
wavelength of the probing wave [8,9]. The latter assump-
tion is satisfied in TFTR where the wave number of pre-
viously observed fluctuations is �1 cm21 [8,10]. This
allows the use of the geometrical optics approximation
and guarantees that the effects of turbulent fluctuations on
the probing wave come predominantly from a narrow re-
gion near the cutoff �ø1 cm�. At very small levels of
fluctuation, the electromagnetic field can be separated into
a large coherent reflection and small amplitude scattered
waves (Born approximation) [9]. Under these conditions,
the level of density fluctuations can be inferred from ei-
ther the fluctuations in the phase of the received signal or
from the ratio between the power of the scattered waves
and the power of the coherent reflection. Unfortunately,
the first method is of limited use in tokamaks because, as
the level of fluctuations increases and the scattered waves
rise in amplitude and angular divergence, a complicated
interference pattern makes the phase of the received sig-
nal completely chaotic and, therefore, useless for fluctu-
ations measurements [11]. The second method has a
wider range of applicability [8,11], but it too breaks down
when the amplitude of the coherent reflection decreases
below detectable levels. This sets the maximum value of
measurable density fluctuations, which in the present ex-
periment is in the range ñe�ne � �0.5 1.0� 3 1022.
Figure 3 shows the time evolution of ñe�ne at two

radial locations inside the negative shear region of the
ERS plasma of Fig. 1. From these results, it appears

FIG. 3. Time evolution of density fluctuations in the ERS
mode.

that large bursts of turbulence which are present before
the bifurcation disappear after the transition into the ERS
mode. By using the displacement of the probing wave
reflecting point which is caused by the plasma density
rise, we obtain the amplitude of density fluctuation as a
function of the normalized minor radius �r�a� shown in
Fig. 4 at t � 2.72 2.78 s. Thereafter the profile remains
unchanged until the end of the NBI pulse. The abscissa
in Fig. 4 are the calculated positions of the reflecting
cutoff which include a relativistic correction [12] ranging
from 2 to 6 cm. As described elsewhere [8], to obtain
the value of ñe�ne from reflectometry measurements
requires a knowledge of the shape of the radial spectrum
of fluctuations. Unfortunately, in the rapidly evolving
plasmas of the present experiment, this is difficult to
measure by performing radial correlation measurements.
Nevertheless, all previous theoretical and experimental
studies of short scale fluctuations in large tokamaks
indicate that the bulk of the turbulent activity occurs
at wavelengths larger than the ion Larmor radius �ri�,
typically in the range of radial wave numbers 0.2 ,
krri , 1. Accordingly, the values in Figs. 3–5 have
been obtained assuming kr � 1 cm21, which corresponds
to krri � 0.5, and we have calculated the error bars
in Fig. 4 by taking the extreme values of krri � 0.2
and 1, respectively. In spite of these uncertainties, from

FIG. 4. Amplitude of density fluctuations in the ERS mode at
t � 2.72 2.78 s; rmin is the radial position with minimum q.
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Ion	
  thermal	
  diffusivity	
  (a	
  measure	
  of	
  	
  
radial	
  transport	
  of	
  heat)	
  is	
  lower	
  when	
  	
  
turbulence	
  is	
  lower	
  

Mazzucato	
  et	
  al.,	
  PRL	
  (1996)	
  	
  

Reduced	
  ion-­‐scale	
  
turbulence	
  when	
  ωExB	
  >	
  γ	



Reduced	
  turbulence	
  
(ωExB	
  >	
  γ)	



Enhanced	
  turbulence	
  
(ωExB	
  ≤	
  γ)	


	
  to create the transport barrier. This has four corollaries.

First, it is the amount of input inside a given flux surface
which matters, not the total power. Second, since the
source has to drive pressure gradients and/or rotation, the
source strength required must increase at least linearly
with the local density. Third, the barrier should expand
from the inside out when the source is increased and
contract from the outside in when it is decreased. Fourth,
destruction of the E�B velocity shear by changing the
momentum input should lead to barrier collapse even at
constant input power.

�7� Hot ion modes should be favorable for barrier formation,
since many of the key unstable modes in the plasma core
�e.g., collisionless trapped electron modes and ion tem-
perature gradient modes� are stabilized by increasing
Ti /Te .

Consider first the experimental evidence for the effects
of the q profile. The importance of having discharges with-

out sawteeth is clear in the case of the high �p mode in
JT-60U;120,121 the improved core confinement does not hap-
pen in sawtoothing discharges. The negative magnetic shear
configuration also removes the limits imposed by ballooning

FIG. 10. Plots of electron particle diffusivity (De) and ion thermal diffusiv-
ity in the ERS �solid line� and the RS plasmas of Figs. 9 and 11 at t
�2.75 s into the two discharges. Data are from Ref. 7.

FIG. 11. �a� Amplitude of density fluctuations in ERS mode at t
�2.72–2.78 s in TFTR for the same ERS shot used in Figs. 9 and 10. �b�
Comparison of the E�B shearing rate �E�B with the linear growth rate
�MAX for the ERS shot in Figs. 9 and 10. �c� �E�B vs �MAX comparison for
the RS shot in Figs. 9 and 10. Data are from Ref. 7.

FIG. 12. Plots of the E�B shearing rate and the maximum turbulence growth rate for two times in a negative central magnetic shear shot on DIII-D �87031�.
�a� During the early formation of the transport barrier in the plasma core, the E�B shearing rate equals or exceeds the turbulence growth rate over only a
small region in the center of the plasma. �b� During the later, higher input power phase, the E�B shearing rate has increased so that it exceeds the turbulence
growth rate over a much wider region. As is indicated on the plot, this is the region over which transport has been reduced. Plasma conditions are 1.6 MA
plasma current and 2.1 T toroidal field for both cases. In �a� there is 5.2 MW injected deuterium neutral beam input power and 2.0�1019 m�3 line averaged
density while for �b� the corresponding figures are 9.6 MW and 2.4�1019 m�3. Results are from Ref. 146.
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  important	
  for	
  the	
  suppression	
  of	
  macro-­‐scale	
  MHD	
  modes	
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  can	
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  sudden	
  plasma	
  termina*on	
  

MHD	
  mode	
  growth	
  follows	
  damping	
  
of	
  rotaAon	
  –	
  disrup=on	
  follows	
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  performance	
  

III.  How	
  do	
  rotaAon	
  profiles	
  develop	
  and	
  evolve	
  –	
  how	
  can	
  we	
  
understand	
  rotaAon?	
  

–  RotaAon	
  generaAon	
  (driven,	
  self-­‐generated)	
  
–  Transport	
  of	
  momentum	
  

	
   	
  	
  Find	
  tokamak/ST	
  results	
  similar	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  gives	
  glimpse	
  into	
  underlying	
   	
  
	
   	
  	
  common	
  physics	
  

–  PredicAons	
  for	
  fusion	
  power	
  devices	
  (ITER)	
  

III.  Future	
  work	
  and	
  summary	
  
–  What	
  else	
  do	
  we	
  need	
  to	
  understand	
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• Braking increases at low rotation
– No apparent mode activity
– Does not appear to be resonant braking effect

Increased NRMF Torque At Low Rotation Also 
Indicated On NSTX
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  field	
  asymmetries	
  are	
  a	
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  of	
  viscous	
  torque	
  

•  3D	
  toroidal	
  magneAc	
  field	
  asymmetries	
  can	
  result	
  from	
  
A.  MagneAc	
  field	
  ripple	
  (finite	
  #	
  TF	
  coils)	
  –	
  studied	
  in	
  JET	
  
B.  Intrinsic	
  error	
  fields	
  (coil	
  misalignments	
  or	
  moAon	
  during	
  discharge	
  due	
  to	
  JxB	
  forces)	
  
C.  Applied	
  non-­‐axisymmetric	
  B-­‐field	
  perturbaAons	
  at	
  edge	
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paper, we describe the results of systematic studies on the low-
aspect-ratio NSTX device related to the detection, correction
and improved understanding of low-n magnetic error fields.
Section 2 describes NSTX experimental results. These results
include a description of sources, detection and correction
of intrinsic error fields in section 2.1, low-β locked-mode
threshold scalings in section 2.2, high-βN error-field correction
and pulse-extension in section 2.3 and RWM stability threshold
physics in section 2.4. Section 3 provides a summary of these
results.

2. Experimental results

The detection and correction of small (<0.1%) low toroidal
mode number (low-n) deviations from axisymmetry can
significantly improve plasma performance. Early in the
operation of NSTX, the detection and correction of n = 1
error fields generated by the primary vertical field coils
enabled stable operation at low density without mode
locking [10]. Subsequently, sustained high-beta operation
was routinely achieved; however, rotation decay during the
discharge was still commonly observed. More recently, two
additional smaller error fields have also been detected and
corrected enabling further significant improvements in plasma
performance.

2.1. Detection and correction of static error fields and
low-frequency instabilities

Effective error field (EF) and RWM control relies heavily on
the robust detection of small (of order 1 G) non-axisymmetric
magnetic fields. NSTX has implemented extensive low-
frequency mode detection capabilities including 54 sensors
measuring two components of the non-axisymmetric magnetic
field. As illustrated in figure 1, the NSTX sensor array consists
of 24 radial (BR) and 24 poloidal (BP ) sensors mounted
in-vessel on the primary passive plates plus six mid-plane
ex-vessel BR saddle coils. The in-vessel array measures fields
above and below the mid-plane with toroidal mode-numbers
n = 1, 2, 3, while the mid-plane array is configured to detect
only n = 1 fields. All BR and BP magnetic field signals
from these sensors shown in subsequent figures are computed
by dividing the measured magnetic flux by the sensor area.
The mid-plane external active control coils are also shown in
figure 1.

The NSTX low-frequency mode detection system has
been instrumental in identifying vacuum error fields. Recently,
the 30 radial field sensors have been utilized to identify an
n = 1 EF resulting from a small displacement of the central
toroidal field (TF) coil bundle. As illustrated (in an exaggerated
fashion) in figure 2, the TF coil exhibits a predominantly tilting
motion and is approximately fixed at the bottom of the machine.
For reference, the TF rod displacement at the horizontal mid-
plane inferred from the in-vessel BR magnetic sensors is
approximately 2 mm or 1/1000 of the largest diameter vertical
field coil of NSTX (PF5). Additional analysis of the coil lead
areas of NSTX indicates that an electromagnetic interaction
between the ohmic heating (OH) coil leads and the TF is
responsible for motion of the TF central rod relative to the
vacuum vessel and poloidal field (PF) coils of NSTX.

Figure 1. VALEN model of NSTX conducting structure showing
vacuum vessel and passive plates. In-vessel radial (BR) and poloidal
(BP ) magnetic field sensors are shown in blue, ex-vessel n = 1
locked-mode sensors are shown in green and six ex-vessel resistive
wall mode/error field (RWM/EF) control coils are shown in red.

Figure 2. Illustration of motion of toroidal field (TF) coil central
rod (black vertical cylinder) relative to poloidal field (PF) coils
(blue) and TF coil outer return windings (red). The TF coil motion
is predominantly tilt with the bottom of the coil approximately fixed.
The motion of the TF has been exaggerated above to illustrate the
direction of motion.

An important clue in identifying the EF resulting from TF
coil motion was the observation that the EF is only present
when the TF and OH coils are energized simultaneously.
Figures 3(a) and (b) show the TF and OH coil current
waveforms typical of 0.75 MA beam-heated plasmas in NSTX.
As shown in figure 3(c), the upper in-vessel BR array measures
a 4–6 G error field roughly proportional to the magnitude of
the OH coil current during the flat-top phase of the TF current.
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• In steady state, NBI torque balanced against momentum flows

• When V is zero, applied NBI torque 
balances “residual stress” drive

A Finite External Torque Is Required To Overcome 
Intrinsic Rotation and Bring The Plasma To Rest
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the rotation profile was successfully brought to zero and find
the torque obtained from this transient analysis to be quanti-
tatively comparable. An example of this is shown in Fig. 6,
comparing the intrinsic torque density profile obtained by the
usual method of zeroing out the rotation profile with that
found by using the aforementioned NBI torque stepping
technique. Note that the error in the torque density becomes
large as one approaches the axis due to the successively
smaller volume element. However, the integrated intrinsic
torque profile maintains an uncertainty below 0.1 N m.

This technique has been applied to a DIII-D QH-mode
plasma with Ti!0"#6 keV, T0!0"#5 keV, and relatively
high line average density n̄e#4!1019 m−3. The NBI torque
is initially "2.8 N m and the central toroidal velocity is
"150 km/s. At 3.9 s into the discharge, the torque is stepped
down to "2.0 N m, as shown in Fig. 7, and the velocity
eventually slows to approximately "100 km/s. We use this
step to estimate the intrinsic torque in this QH-mode plasma,
following the technique just described. The result is shown in
Fig. 8. We see the typical edge intrinsic torque common to all
the H modes investigated. For this plasma, the edge pedestal
is approximately "250 kPa/m, and Eq. !5" would give an
expected edge torque of 0.95#0.22 N m, comparable to the
measurement here of approximately 0.8 N m, again obtained
by integrating the torque between 0.8$%$1.0. So, the
QH-mode edge intrinsic drive behaves similarly to our
other H modes. However, unlike our typical H mode, the
QH-mode plasma indeed has a very large counterintrinsic
torque, extending from the center to almost the pedestal. In
fact, the two regions produce torques comparable in magni-
tude, resulting in a very small net intrinsic torque. Note that
in this particular case, the core counterintrinsic torque ex-
ceeds the edge torque, and the net intrinsic torque is actually
slightly counter.

Some preliminary investigations of residual stress in the
core with the global gyrokinetic code GYRO !Ref. 12" have
been initiated. Since both the TAM flow M and the ion !as
well as electron" power flow P !megawatt" can vary many-
fold by 10% level variations in the ion temperature gradient
length, the simulations have compared the calculated M / P

radial profiles with the experimental profiles. In the residual
stress shots, the small !within error bars" toroidal rotation
and shear in toroidal rotation have a negligible effect on
M / P in the simulation, compared with setting them identi-
cally to zero. The small diamagnetic E!B shear also makes
only a very small contribution to M / P in the core. The effect
of up-down asymmetry !using exact shaped geometry" was
very weak and mostly at the outer radius. Most surprising
was the novel result that a nonlocal or “profile variation”
contribution to the residual stress can be quite large. From
one particular profile data fit, the simulated M / P matched
the !all positive" experimental M / P almost perfectly. How-
ever another profile data fit of the same discharge !with, for
example, small 10% differences in the ion temperature gra-
dient length profile", the M / P, did not agree well at all in
!similar magnitude but flipping sign over the radial profile".
Removing the profile variation !as well as the other symme-
try breaking mechanisms" gave approximately zero M / P as
required of the code test. If the extreme sensitivity of the
residual stress to small changes in the profile variation con-
tinues to hold, it does not bode well for local gyro-Bohm
transport models being able to treat low diamagnetic level
TAM transport. For example, Kelvin–Helmholtz, toroidal
Coriolis pinch, E!B shear, and up-down asymmetry have
already been built into the latest version of TGLF,43 but for-
mulating the nonlocal profile variation contribution to re-
sidual stress will be very challenging.
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FIG. 6. !Color online" Comparison of different methods of extracting the
intrinsic torque density profile. In one case, the torque is estimated from the
amount of neutral beam torque required to bring the rotation profile to zero
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is stepped down to infer the missing intrinsic torque. The shaded region
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rotation with the ion temperature gradient has been dem-
onstrated in LHD ITB plasmas [15].

The approach for addressing the origin of intrinsic flow
may be cast in terms of fluctuation entropy and describes
intrinsic rotation as a thermodynamic engine. In the frame-
work of residual stress, the flow generation process can be
understood as a conversion of thermal energy into the
kinetic energy of macroscopic flow by drift wave turbu-
lence excited byrT,rn, etc. Using the physical picture of
flow generation as an energy conversion, an explicit ex-
pression for the efficiency of the conversion process may
be formulated by comparing rates of entropy production
(destruction) due to thermal relaxation (flow) generation
[16]. For a model with drift kinetic ions and adiabatic

electrons, the time evolution of entropy or !f2 is given
by, apart from boundary terms,

@t
Z

d3vd3x
h!f2i
hfi ¼ P"Dc: (1)

Here, P # R
d3xd3vf"h ~Vr!fihfi0=hfi" ðe=miÞh ~Ek!fi=

hfið@hfi=@vkÞg and Dc # "R
d3xd3vh!fCð!fÞi=hfi are

the production rate and collisional dissipation of entropy,
respectively, following the notation of [16]. Note that the
approximation of adiabatic electrons is fairly good,
since "&e ' 1:3> 1 and k2kv

2
the=ð!"eiÞ ' 29:6 ( 1 for

k?#s'0:2 and for the C-Mod pedestal parameters,
Ti ' Te ' 200 eV, q' 3, $A ' 1=3, n' 1020 m"3. Note
also that Dc is small compared to the production rate from
rT, as Dc=ðn%i=L

2
TÞ ' "eff=ðcs=aÞ ' 0:08 where Dc 'R

d3xn"effje&=Tej2, je&=Tej2'#2
&, %i'%GB and the

same parameters were utilized. Hence Dc is dropped here-
after. By modeling flux-gradient relations, the production
rate can be reduced to [16]
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where K # P
kc
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s'ZFð#2

sk
2
(Þ=ð1þ k2?#

2
sÞ2f"kr@)k=@krg,

)k # ð1þ k2?#
2
sÞ2j&̂kÞj2. The first term on the right-hand

side is the entropy production rate due to thermal relaxa-
tion. Note this term is implicitly related to the heat source,
as rT is tied to heat input via the heat balance equation.
The second term is the entropy destruction rate due to
zonal flow generation. Note that this term destroys entropy
only when zonal flow grows, i.e., *ZF / K > 0. The third
term is the entropy production rate due to the relaxation of
the velocity gradient. The last term is the entropy destruc-
tion rate due to the generation of intrinsic toroidal rotation.
Entropy production rate by particle transport, namely
"h ~Vr~nihni0, is small for adiabatic electrons.
The production rate P contains terms with a definite

order. The last two terms are smaller than the first two by
the order of Oðkk=k?Þ, where k is representative of the
mode number of drift waves. Hence a stationary state is
achieved by balancing the production and destruction rates
order by order. To lowest order, the balance is between the
production rate from thermal relaxation and the destruction
rate from zonal flow growth. The balance yields hVEi02 ¼
ð%i=KÞðv2

thi=L
2
TÞ which relates zonal flow strength to rT

directly. To the next order, the third and the fourth terms in
Eq. (2) cancel since the total parallel momentum vanishes
for a stationary state as h ~Vr

~Vki ¼ "%&hVki0 þ!res
rk ¼ 0.

To calculate hVki, a model of the residual stress is
required. Here, a case is considered where toroidal rotation
is driven by a two step process: first, a stationary state is
achieved by balancing the entropy production rate due to
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rotation with the ion temperature gradient has been dem-
onstrated in LHD ITB plasmas [15].

The approach for addressing the origin of intrinsic flow
may be cast in terms of fluctuation entropy and describes
intrinsic rotation as a thermodynamic engine. In the frame-
work of residual stress, the flow generation process can be
understood as a conversion of thermal energy into the
kinetic energy of macroscopic flow by drift wave turbu-
lence excited byrT,rn, etc. Using the physical picture of
flow generation as an energy conversion, an explicit ex-
pression for the efficiency of the conversion process may
be formulated by comparing rates of entropy production
(destruction) due to thermal relaxation (flow) generation
[16]. For a model with drift kinetic ions and adiabatic

electrons, the time evolution of entropy or !f2 is given
by, apart from boundary terms,
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tion. Note this term is implicitly related to the heat source,
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The second term is the entropy destruction rate due to
zonal flow generation. Note that this term destroys entropy
only when zonal flow grows, i.e., *ZF / K > 0. The third
term is the entropy production rate due to the relaxation of
the velocity gradient. The last term is the entropy destruc-
tion rate due to the generation of intrinsic toroidal rotation.
Entropy production rate by particle transport, namely
"h ~Vr~nihni0, is small for adiabatic electrons.
The production rate P contains terms with a definite

order. The last two terms are smaller than the first two by
the order of Oðkk=k?Þ, where k is representative of the
mode number of drift waves. Hence a stationary state is
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production rate from thermal relaxation and the destruction
rate from zonal flow growth. The balance yields hVEi02 ¼
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directly. To the next order, the third and the fourth terms in
Eq. (2) cancel since the total parallel momentum vanishes
for a stationary state as h ~Vr

~Vki ¼ "%&hVki0 þ!res
rk ¼ 0.

To calculate hVki, a model of the residual stress is
required. Here, a case is considered where toroidal rotation
is driven by a two step process: first, a stationary state is
achieved by balancing the entropy production rate due to
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FIG. 5 (color online). The change in the core rotation velocity
as a function of the change in the pedestal rP (a) and pedestal
rT (b) for H-mode (green dots) and I-mode (red asterisks)
plasmas.
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Figure 3. Edge intrinsic torque (ρ > 0.8) as a function of toroidal
velocity near the top of the pedestal for two different βN levels.
Here, positive Vφ is in the co-Ip direction.
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Figure 4. Expanded dataset of edge intrinsic torque measurements
versus pedestal pressure gradient. The original data corresponding
to dedicated power and current scans presented in figure 2 are shown
with solid symbols. While one may still argue that an underlying
trend still exists in this larger dataset, it is clear that there is a large
degree of scatter, indicating additional physics is required to predict
the edge intrinsic torque.

torque versus pedestal pressure gradient for the complete set
of presently analysed DIII-D discharges. This dataset includes
not only conventional H-modes, but also quiescent H-mode
(QH-mode) [20] and hybrid plasmas [21], as well as a variety
of plasma shapes (including upper single null, lower single null
and double null plasmas), and toroidal rotation levels. While a
basic correlation between the edge intrinsic torque and pressure
gradient may still exist, it is much less apparent than in figure 2.
Moreover, the original offset-linear model does not provide a
very useful predictor of the edge intrinsic torque, since the
edge intrinsic torque can vary by almost a factor of three at

0.99 1.00

–2

–1

0

1

Nm

ψ Normalized

Reynolds stress torque  (meas)

Intrinsic torque (meas)

Figure 5. Comparison of Reynolds stress-driven torque, as
measured by probes, versus estimate of the intrinsic torque, obtained
from the spin up of angular momentum, dL/dt . The shaded region
represents an estimate of the uncertainty of the Reynolds stress
torque measurement, factoring in potential systematic errors.

relatively constant ∇P ∼ −160 kPa m−1. Hence, it is clear
that the offset in equation (2) is not a constant and depends on
other physical quantities.

To more directly measure the role of the turbulent
Reynolds stress in generating the edge intrinsic torque, detailed
measurements have been made using a reciprocating Mach
probe in the edge of low powered H-mode plasmas (during
a slowly evolving edge localized mode (ELM)-free period).
When the injected power is kept close to the 1 MW level, the
probe is able to penetrate about 1 cm inside the separatrix. In
these experiments, Ip ∼ 1.2 MA, Bφ ∼ 1.6 T and due to the
low heating power, βN ! 1. In these experiments, there is
no indication that the probe itself significantly perturbs the
background plasma, as evidenced by the fact that no changes
are observed by other diagnostics when the probe is inserted.

The probe arrangement on DIII-D can measure all
quantities related to the usual fluid stress

$φ = mR〈nVφVr〉, (3)

where each quantity in the angled brackets is fully time
resolved (e.g. n = n̄ + ñ), and hence $φ can be decomposed
into various cross-correlations. In practice, it is found that the
turbulent Reynolds stress n̄〈ṼφṼr〉 is the dominant contribution
[22]. For this measurement, time-resolved measurements of
Vφ are obtained using a Mach probe, while Ṽr ≈ −Ẽθ/B is
obtained from the fluctuating poloidal electrostatic potential
estimated from the measurement of two poloidally separated
floating potentials.

In the angular momentum balance equation, the turbulent
Reynolds stress contributes as a divergence of a flux, ∇ · $φ ,
which has the units of a torque density. If one volume
integrates the equation, then the time rate of change in
angular momentum contained within a given radius, L(ρ) =∫ ρ

0 mRnVφ dV will be dependent on the stress at that radius,∫ ρ

0 ∇ · $φ dV ∼ A(ρ)$φ(ρ), where A(ρ) is the flux-surface
area, since $φ(0) ≡ 0.

Figure 5 shows the measurement of the turbulent stress
(locally, near the outboard midplane), converted to torque
units (Nm), approximately 50 ms after an L–H transition.
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In	
  this	
  talk,	
  I	
  will	
  explore	
  aspects	
  of	
  rota*on	
  and	
  momentum	
  
confinement	
  in	
  magne*cally-­‐confined	
  plasmas	
  

I.  Background	
  
–  MagneAcally	
  confined	
  plasmas	
  in	
  tokamaks/spherical	
  tokamaks	
  
–  RotaAon	
  observed	
  in	
  other	
  configuraAons	
  (stellarator,	
  RFP,	
  linear	
  

devices),	
  but	
  will	
  focus	
  on	
  tokamak/ST	
  

II.  Why	
  is	
  rotaAon	
  important	
  
–  StabilizaAon	
  of	
  micro-­‐,	
  macro-­‐turbulence	
  leads	
  to	
  higher	
  performance	
  

III.  How	
  do	
  rotaAon	
  profiles	
  develop	
  and	
  evolve	
  –	
  how	
  can	
  we	
  
understand	
  rotaAon?	
  

–  RotaAon	
  generaAon	
  (driven,	
  self-­‐generated)	
  
–  Transport	
  of	
  momentum	
  

	
   	
  	
  Find	
  tokamak/ST	
  results	
  similar	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  gives	
  glimpse	
  into	
  underlying	
   	
  
	
   	
  	
  common	
  physics	
  

–  PredicAons	
  for	
  fusion	
  power	
  devices	
  (ITER)	
  

III.  Future	
  work	
  and	
  summary	
  
–  What	
  else	
  do	
  we	
  need	
  to	
  understand	
  



Now	
  that	
  sources	
  of	
  rota*on	
  are	
  established,	
  need	
  to	
  understand	
  
what	
  controls	
  momentum	
  transport	
  &	
  development	
  of	
  rota*on	
  profile	
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Langmuir	
  probes	
  can	
  measure	
  Reynold’s	
  stress	
  and	
  parAcle	
  flux	
  near	
  the	
  edge	
  in	
  lower	
  
temperature	
  devices	
  (Prager,	
  PPCF	
  1999);	
  these	
  measurements	
  are	
  challenging	
  on	
  
high	
  temperature	
  tokamaks/STs	
  



Momentum	
  transport	
  characteris*cs	
  can	
  be	
  inferred	
  from	
  
experimental	
  data	
  

Steady-­‐state	
  momentum	
  
balance	
  with	
  known	
  torques	
  
(diffusion	
  paradigm)	
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PerturbaAon	
  analysis	
  
allows	
  separaAon	
  of	
  
diffusive	
  and	
  pinch	
  terms	
  

ConducAon	
   ConvecAon	
  



Steady-­‐state	
  analysis	
  shows	
  that	
  momentum	
  
transport	
  is	
  always	
  anomalous	
  

Ion-­‐scale	
  turbulence	
  theory	
  predicts	
  
χφ∼χi	
  
	
  

	
  χφ∼ 0.1-­‐0.4	
  χi	
  	
  from	
  experiment	
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χφ neoclassical	
  ≈	
  0	
  
χφ	
  >>	
  χφ,neo(turbulence	
  impt!)	
  

NSTX	
  

Kaye	
  et	
  al.	
  Nuc.	
  Fusion	
  (2009)	
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Figure 1. Effective momentum diffusivity versus effective ion heat diffusivity for large number
of discharges from the JET momentum database, covering plasmas from several different plasma
operating scenarios.

where qi and !φ are the heat and torque fluxes, ωφ the angular frequency, Ti and ni the ion
temperature and density, and m and R are the mass and major radius, respectively. Only the
NBI driven torque is included in the torque flux !φ and therefore the torque sources from
intrinsic rotation and ICRF heating are neglected.

The ratio of effective momentum diffusivity to the ion heat diffusivity is shown in figure 1
for a large number of discharges from the JET momentum database, covering pulses from
several different plasma scenarios. The values of the diffusivities are averaged over the gradient
region at ρ = 0.4–0.7.

It is to be noted that the ratio χφ,eff/χi,eff on JET is significantly smaller than 1,
the average value being around χφ,eff/χi,eff = 0.25. Effective Prandtl numbers smaller
than 1 have also been reported on ASDEX-Upgrade [10], although in the central part
of the plasma inside ρ < 0.5 values of χφ,eff/χi,eff = 1 have recently been reported
on ASDEX-Upgrade [30]. On the other hand, values around χφ,eff/χi,eff ≈ 1 have
been reported on DIII-D [20], JT-60U [31] and TFTR [32]. There are two interesting
observations concerning the effective Prandtl numbers; (1) the effective Prandtl numbers can
be significantly below 1 and (2) there is quite a large scatter in the values among the different
tokamaks.

It is to be noted here that there are at least two aspects that can modify or give a bias
in the calculation of τE/τφ and χφ,eff/χi,eff from equations (2) and (3). The first one is the
intrinsic rotation, but at least in JET with significant NBI heating directed in the co-current
direction giving a large torque the role of intrinsic rotation in the estimation of the effective
Prandtl number through the additional torque in equation (2) is small (as discussed earlier).
The second issue is the momentum pinch velocity. Significant magnitude for the value of the
pinch velocity has been predicted theoretically in very recent papers [13, 33]. Dividing the
momentum flux into the diffusive and pinch terms, one can write the effective diffusivity as

χφ,eff = χφ

[
1 +

Rvpinch

χφ

1
R/Lu

]
, (4)
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Perturba*on	
  techniques	
  used	
  to	
  isolate	
  χφ ,	
  vpinch	
  

Use	
  forward	
  modeling	
  to	
  
determine	
  χφ,	
  Vpinch	
  by	
  matching	
  
phase,	
  amplitude	
  of	
  response	
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Figure 2. NBI power, ion and electron temperatures and toroidal angular frequency ωφ zoomed
into the middle of the modulation phase for JET discharge no 66128.

where χφ is the actual momentum diffusivity, vpinch is the momentum pinch velocity
(negative value inwards) and Lu is the gradient length of the normalized toroidal velocity
(u = vφ/vth = Machnumber). The ratio Rvpinch/χφ is defined as the pinch number. As
can be seen in equation (4), the effective Prandtl number χφ,eff/χi,eff can be significantly
different from the Prandtl number with diffusive terms only χφ/χi if the momentum pinch
velocity is large. However, steady-state analysis does not allow to separate the relative
weight of the diffusion and pinch terms in the momentum flux and therefore transient
momentum transport experiments are needed to study the momentum transport processes more
deeply.

3. Perturbative momentum transport experiments

An experiment where the NBI power and torque were modulated has been performed recently
on JET with a modulation frequency of 6.25 Hz. An H-mode plasma with type III ELMs at
low collisionality and high q95 to avoid sawteeth was chosen to perform the cleanest possible
rotation modulation. Active CX spectroscopy was used to measure the toroidal rotation ωφ

and Ti with a time resolution of 10 ms at 12 radial points. The modulation took place between
t = 4 s and t = 13 s, and a zoom into the time interval between 8 and 10 s is illustrated in
figure 2, depicting the clear modulation in the NBI power, ion and electron temperatures and
toroidal angular frequency ωφ .

There are two different mechanisms responsible for how the torque deposition takes place.
The first one is called collisional torque due to slowing down of fast beam injected on passing
orbits ions colliding and exchanging their torque with thermal ions, producing a time delayed
torque peaked dominantly on-axis, and the second one takes place due to beam ions injected into
trapped orbits, which then generates an instantaneous j×B torque, peaked dominantly off-axis.
Torque for the simulations shown in figure 2 has been calculated with the NUBEAM package
inside the TRANSP transport code. Calculating the Fourier components of the modulated
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Figure 2. NBI power, ion and electron temperatures and toroidal angular frequency ωφ zoomed
into the middle of the modulation phase for JET discharge no 66128.

where χφ is the actual momentum diffusivity, vpinch is the momentum pinch velocity
(negative value inwards) and Lu is the gradient length of the normalized toroidal velocity
(u = vφ/vth = Machnumber). The ratio Rvpinch/χφ is defined as the pinch number. As
can be seen in equation (4), the effective Prandtl number χφ,eff/χi,eff can be significantly
different from the Prandtl number with diffusive terms only χφ/χi if the momentum pinch
velocity is large. However, steady-state analysis does not allow to separate the relative
weight of the diffusion and pinch terms in the momentum flux and therefore transient
momentum transport experiments are needed to study the momentum transport processes more
deeply.

3. Perturbative momentum transport experiments

An experiment where the NBI power and torque were modulated has been performed recently
on JET with a modulation frequency of 6.25 Hz. An H-mode plasma with type III ELMs at
low collisionality and high q95 to avoid sawteeth was chosen to perform the cleanest possible
rotation modulation. Active CX spectroscopy was used to measure the toroidal rotation ωφ

and Ti with a time resolution of 10 ms at 12 radial points. The modulation took place between
t = 4 s and t = 13 s, and a zoom into the time interval between 8 and 10 s is illustrated in
figure 2, depicting the clear modulation in the NBI power, ion and electron temperatures and
toroidal angular frequency ωφ .

There are two different mechanisms responsible for how the torque deposition takes place.
The first one is called collisional torque due to slowing down of fast beam injected on passing
orbits ions colliding and exchanging their torque with thermal ions, producing a time delayed
torque peaked dominantly on-axis, and the second one takes place due to beam ions injected into
trapped orbits, which then generates an instantaneous j×B torque, peaked dominantly off-axis.
Torque for the simulations shown in figure 2 has been calculated with the NUBEAM package
inside the TRANSP transport code. Calculating the Fourier components of the modulated
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Perturba*ve	
  momentum	
  transport	
  analysis	
  reveals	
  
significant	
  inward	
  pinch	
  in	
  outer	
  region	
  of	
  plasma	
  

22	
  

NB	
  modulaAon	
  

Tala	
  et	
  al.	
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  (2009)	
  

NSTX	
  

JET	
  

at ! ¼ 0:8. The transport simulations are carried out over
the 9 modulation cycles shown in Fig. 1.

Both simulations (i) and (ii) predict the steady state !"

within 10% accuracy in the region of interest, i.e., 0:2<
!< 0:8, as seen in Fig. 2. Inside !< 0:2, neoclassical
transport starts to dominate ion heat transport, and the
predictions are worse as the use of the ITG-based Pr for
calculating #" is not appropriate.

Options (i) and (ii) differ, however, in reproducing the
A!;" and "!;" profiles as shown in Fig. 3. Case (i) with
Pr ¼ 0:25 and vpinch ¼ 0 clearly disagrees with the experi-
ments. The simulated phase is too large, an indication of
too low #" (too low Pr) used in the simulation. On the
other hand, the simulated amplitude is too low towards the
plasma center, which could be cured only by lowering #"

further. This shows that the assumption vpinch ¼ 0 is not
compatible with the experiments. Case (ii) uses Pr ¼
#"=#i " 1 [Fig. 3(c)] and vpinch varying radially between
0 and #25 m=s [Fig. 3(d)]. This improves the agreement
between the simulated and experimental amplitudes and
phases dramatically. This vpinch profile reproduces best the
experimental A!;" and "!;" profiles and the steady state
!". Uniform Pr ¼ 1:0 instead of using Pr profile from the
GKW model with the same vpinch results in almost as good
agreement with experiment. Finally, while the Pr numbers
from the GKW model are in excellent agreement with
experiment, there is some discrepancy in the pinch num-
bers, defined as Rvpinch=#". The pinch numbers from the
GKW model are 2–4, depending on radius, whereas the
experimental ones are in the range of 3–8.

A sensitivity analysis shows that 20%–30% variability
in Pr and vpinch is compatible with experimental data, while

outside this range the simulated phase and amplitude de-
viate unacceptably from the experimental values. The
TRANSP torque calculations have been found very robust
with respect to variations in plasma parameters.
One complicating factor requiring a careful assessment

is that Ti and Te are also modulated with peak amplitudes
around 70 eV, i.e., a perturbation of about 1% to be
compared with the amplitude of the !" modulation being
around 4%. A time variation of Ti and its gradient length
induces a time variation in the ITG-driven transport, caus-
ing an oscillation in #i. This leads to an oscillation in #",
yielding an extra contribution to A!;" and ’!;" and pos-
sibly modifying the determined Pr and vpinch. To estimate

the impact of such Ti modulation on the determined Pr and
vpinch, a time-dependent #i using an ion heat transport

model based on the critical gradient length concept [20]
and with typical parameters found in JET ion heat transport
studies [18] has been used to model the modulated Ti and
the associated time variation of #i and #". Owing to the
small amplitude of the Ti modulation (the amplitude of #i

is 1%–2% depending on the radius), the effect on the
values determined for Pr and vpinch was insignificant. The

insensitivity of Pr and vpinch to the temperature modulation

and to the variations in the input profiles together with
mapping the profiles onto a plasma movement independent
coordinate have resulted in robust estimates for the profiles
and magnitudes of Pr and vpinch, as compared with the

preliminary analysis shown in Ref. [6].
Additional evidence of the existence of inward momen-

tum pinch on JET comes from a plasma with an ITB. It has
been reported that the foot point of the ITB coincides
among all transport channels (Ti, Te, ne, !") [21]. The
present experimental observation, however, illustrates that
the foot point of the ITB seems to be located at a slightly
larger radius in Ti than in !" as the ITB moves radially
outwards. In Fig. 4, the Ti barrier is located within the
charge exchange recombination spectroscopy (CXRS)
channel [marked as horizontal lines in Fig. 4(d)] centered
at r=a¼0:48, whereas the!" barrier is located one CXRS
channel more inwards, i.e., centered at r=a ¼ 0:41 at t ¼
5:29–5:31 s. This can be seen clearly in Figs. 4(c) and 4(d),
where there is virtually no difference in!!" while there is
a significant difference in !Ti at r=a ¼ 0:48. At t ¼
5:35 s, the !" barrier also appears at r=a ¼ 0:48. The
ITB moves steadily outwards, following the outward
movement of the qmin surface, the foot point reaching a
radius r=a ¼ 0:65 until the ITB collapses at t ¼ 5:95 s.
During its radial outward movement, the ITB passes two
other CXRS channels at r=a ¼ 0:58 at t ¼ 5:34 s and
r=a ¼ 0:66 at t ¼ 5:77 s. Both times, the ITB is seen first
in Ti and after a few tens of milliseconds in !", indicating
that the foot point of the ITB is indeed located at a more
outward radius for Ti than for !".

FIG. 3 (color online). Comparison of the experimental ampli-
tude (black solid line with error bars) and phase (red dashed line
with error bars) and simulated amplitudes A!;" (black solid line)
and phases "!;" (red dashed line) of modulated !’ in
(a) case (i) with Pr ¼ 0:25 and vpinch ¼ 0 and (b) case (ii)

with Pr $ 1 and vpinch taken from (d) (black solid line).

(c) Prandtl numbers and (d) pinch velocity profiles used in
cases (i) (blue dashed line) and (ii) (black solid line). Also
shown the used #i;eff (red dotted line) in (d).
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ΔB	
  pulse	
  

Fit	
  with	
  vpinch=0	
  

Fit	
  with	
  finite	
  vpinch	
  

χφ/χi	
  

χφ (finite	
  vpinch)∼	
  2χφeff	
  (vpinch=0)	
  
	
  

Including	
  vpinch	
  brings	
  Pr	
  closer	
  to	
  ion-­‐
scale	
  turbulence	
  theory	
  predicAon	
  (~1)	
  



Developing	
  a	
  comprehensive	
  theore*cal	
  model	
  of	
  
momentum	
  transport	
  is	
  challenging	
  

•  Need	
  to	
  know	
  
–  RealisAc	
  boundary	
  condiAons	
  
–  Importance	
  of	
  off-­‐diagonal	
  terms	
  in	
  turbulence	
  generaAon	
  
–  Nature	
  of	
  turbulence	
  (strongly	
  turbulent	
  or	
  near	
  marginality)	
  

•  Fluid	
  treatment	
  of	
  plasma	
  can	
  capture	
  much	
  physics,	
  but	
  
almost	
  always	
  need	
  to	
  include	
  kineAc	
  effects	
  

•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ValidaAon	
  of	
  theoreAcal	
  model	
  through	
  comparisons	
  
with	
  experimental	
  data	
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Are	
  there	
  any	
  dominant	
  parametric	
  dependence	
  (or	
  lack	
  thereof)	
  
predicted	
  by	
  theory	
  that	
  can	
  be	
  tested?	
  
	
  

	
   	
  	
  	
  	
  	
  	
  	
  Some	
  insight,	
  but	
  quesAons	
  remain	
  



Ion-­‐scale	
  turbulence	
  theory	
  predicts	
  virtually	
  NO	
  
dependence	
  of	
  pinch	
  number	
  (Rvpinch/χφ)	
  on	
  collisionality	
  (ν)	
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inverse aspect ratio !"r /R#, which is a measure of the
trapped particle fraction. Indeed the simulations show a
nearly perfect linear dependence.

It is evident that the pinch of parallel momentum cannot
be directly related to trapped electrons. Due to their low
mass the momentum in the electron perturbation is negli-
gible. The pinch is generated by the Coriolis drift of the ions,
and the role of the kinetic electrons is merely through their
influence on the mode structure. The interpretation of the
results is that due to the rapid bounce motion the trapped
electrons will enforce a stronger symmetry for the potential
and, therefore, weaken the compensation effect. The work
presented in this paper has led the international community
to speculate on the role of collisions. The pinch of the par-
allel momentum shows a strong similarity to the particle
transport, for which collisionality plays an important
role.32–34 Figure 5 shows the normalized particle diffusivity
!10D /!i# and parallel momentum pinch velocity !RV" /!"#
as a function of the normalized collisionality #
=0.1Zeff Rn19Tk

−2, for the Waltz standard case with R /LN=2.
Here, n19 is the density in units of 1019 m−3, Tk is the tem-
perature in keV, and R is the major radius in meter. As
expected32,34 the particle flux calculated with GKW changes
sign with collisionality in good agreement with the results of
GS2.35,36 The momentum flux !from GKW# on the other hand
does not depend strongly on collisionality. The correspon-
dence with particle transport is therefore limited. It is to be
noted that the role of the trapped electrons in the two effects
is indeed different. For particle transport, the trapped elec-
trons must carry a density perturbation which is strongly
influenced by the collisions on the timescale set by the fre-
quency of the mode. The role of the trapped electrons in the
case of the parallel momentum flux is to !partly# retain the
symmetry in the low field side position. The bounce time of
the trapped electrons is always much shorter than the fre-

quency of the mode as well as the collisional detrapping
time, and the effect therefore persists even in the presence of
collisions.

V. NONLINEAR SIMULATION

The discussion up to now has been limited to linear
theory and more specifically to the most unstable mode. One
might argue that the nonlinear state is characterized by all the
modes and that the compensation effect is possibly reduced.
This is unlikely the case since the compensation effect sim-
ply implies a shift in k$ which should occur for all modes in
a similar manner. Indeed nonlinear simulations presented in
this section confirm the existence of the compensation effect.

Figure 6 shows a electrostatic collisionless nonlinear
simulation with adiabatic electrons for the cyclone base case,
R /LT=6.9, R /LN=2.2, magnetic shear ŝ=0.78, inverse as-
pect ratio $=0.19, safety factor q=1.4, and R /a=3. Different
from the cyclone base case, however, a toroidal rotation u
=0.2 has been assumed. The resolution of the simulation is
as follows: number of toroidal modes Nn=8 !only positive
modes counted#, number of radial modes Nr=41 !both
signs#, number of grid points in the parallel velocity direc-
tion Nv=32, number of points in the magnetic moment di-
rection N%=8, and number of points along the field line Ns
=16. The spacing between the modes is &!k'(s#=0.1, and
&!kr(s#=0.1, where (s=mcs /eB and cs="T /m. Shown are
the ion heat flux and momentum pinch LTV" in units of
(s

2cs /a as a function of time !tcs /a#. Due to the reduced
number of toroidal modes, a compromise based on the com-
putational costs connected with the long time interval of the
simulation, the ion heat flux !!I=1.28)0.04# is somewhat
smaller than the Dimits result !!i=1.54#.37 A proper bench-
mark for the cyclone case has been published in Ref. 38.

It can be seen from the figure that the parallel momen-
tum flux oscillates around zero. An average over the window
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Figure 2. The radial profiles of density ne, electron temperature Te,
ion temperature Ti and q-profile for the same shots as in figure 1
using the same colour code.

Figure 3. Prandtl number (upper frame) and pinch number (lower
frame) profiles for the discharges forming the 3-point collisionality
scan as a function of normalized toroidal flux co-ordinate ρ.

for most JET H-mode plasmas [7, 28, 29]. On the other hand,
the Prandtl numbers tend to be some 20–40% higher in these
L-mode plasmas than those of H-mode plasmas. This is
discussed in more detail in section 4. There is a strong radial
dependence for the Prandtl numbers, typically an increase of
about a factor of 2 occurring when going from r/a = 0.3 to
r/a = 0.8. It is to be noted that in the central region (ρ < 0.2),

Figure 4. As in figure 3, but the data are from linear GS2
simulations using the actual input data from each shot. The GS2
runs have been performed at five radial locations for each shot.

the ITG turbulence is stable and thus, the pinch vanishes and
the Prandtl number becomes close to unity for all JET shots,
more or less independent of plasma parameters.

Calculation of the error bars for the Prandtl and pinch
numbers using the analysis method described in detail in the
references is not straightforward. In this paper, they have been
estimated in such a way that first, a total error, resulting from
the difference between the experimental amplitude, phase and
steady-state and the simulated ones, using the choice of Prandtl
and pinch number profiles that minimizes the error, has been
calculated. The total error consists of the least square sum
between the experimental and simulated amplitude, phase and
steady-state profiles. Then, the actual error bars for Pr and
−Rvpinch/χφ have been estimated by allowing the Prandtl and
pinch number profiles vary as far as the total summed error is
still within 10% from the minimum total error (coming from
the best choice of Prandtl and pinch numbers). The error bars
shown in figure 3 and in the rest of the paper are based on this
calculation method. By varying the Prandtl and pinch number
profiles within the error bar range, typically the amplitude and
steady-state vary by about 10–15% and the phase by about
15◦, i.e. 5–10 ms. These numbers reflect well the error
bars originating from the CXRS diagnostics itself (typically
of the order of 5%) [45]. In addition, the experimental error
in the amplitude of the modulated rotation is typically about
10%, calculated from the Fourier spectrum by taking any non-
harmonic NBI modulation frequency. More details on the error
bars and their calculation for the NBI modulation technique can
be found in [7, 8].

The dependence of the momentum pinch and Prandtl
number on collisionality was also studied in linear gyro-kinetic
simulations using the GS2 code [44, 46, 47]. The GS2 runs
have been performed using the actual data from each shot.
The GS2 calculations were performed on a spectrum 6 modes
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steady-state vary by about 10–15% and the phase by about
15◦, i.e. 5–10 ms. These numbers reflect well the error
bars originating from the CXRS diagnostics itself (typically
of the order of 5%) [45]. In addition, the experimental error
in the amplitude of the modulated rotation is typically about
10%, calculated from the Fourier spectrum by taking any non-
harmonic NBI modulation frequency. More details on the error
bars and their calculation for the NBI modulation technique can
be found in [7, 8].

The dependence of the momentum pinch and Prandtl
number on collisionality was also studied in linear gyro-kinetic
simulations using the GS2 code [44, 46, 47]. The GS2 runs
have been performed using the actual data from each shot.
The GS2 calculations were performed on a spectrum 6 modes
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modified using torque modulations from the neutral beams at
constant power !by varying the balance of co- and counter-
beams". These plasmas ran with n̄e#2.5!0.1"1019 m−3

and q95#4.9!0.5, and the power was varied between 1.9
and 5.3 MW with the field scanned between 1.3 and 2.1 T.
The data shown are obtained from the radial region
0.25#$#0.85. Although there is a strong overlap between
the data sets from the two devices, this is presumably just
fortuitous, since no explicit attempt was made to match the
experiments. Indeed, the difference in q95 might be expected
to slightly modify the pinch based on simulations in Ref. 34.
Nonetheless, the same trend is manifested in the DIII-D data
with a clear reduction in the pinch velocity with collisional-
ity. Hence, the data suggest that there is some commonality

in the physics mechanisms responsible for the momentum
pinch at both low and conventional aspect ratios.

In terms of peaking the rotation profile, the relative ratio
of the pinch to the momentum diffusivity is more important
than the absolute pinch velocity. The inferred momentum
diffusivities for both machines are plotted in Fig. 4!b".
These data too show a strong dependence on collisionality.
One complication is the fact that although the experiments
were conducted as collisionality scans, R /Ln was found
to vary significantly in this data set. To deal with this,
we have performed a multiple regression on the Vpinch
and %& versus both '! and R /Ln. The regression analysis
finds that %&= !6.09!0.72"'!+ !0.157!0.072"R /Ln and
Vpinch= !−24.2!3.5"'!. Note that while %& is found to de-
pend on both variables, the p-values for R /Ln and '! suggest
that one parameter can be neglected for Vpinch. Individual
linear fits between Vpinch and these parameters indicate a
higher correlation between Vpinch and '!. From these expres-
sions, we can plot the pinch ratio Vpinch /%& as a function of
'!, as shown in Fig. 4!c", for a typical R /Ln=2. This shows
a very weak dependence of the pinch ratio on collisionality.
It should be noted that in this data set, '! and R /Ln are
correlated with a correlation coefficient of approximately
0.7. Therefore, an entirely flat Vpinch /%& cannot be ruled out.
In any case, it remains feasible that the intrinsic rotation
profile might be peaked in future devices such as ITER
!where the collisionality can be expected to be in the range
0.05#'!#0.1", originating from an effective edge torque,
coupled with an inward pinch of angular momentum in the
core.

C. Residual stress in the core

In principle, residual stress mechanisms may be active in
the core of the plasma as well. Generally, E"B shear is
likely to be smaller, although plasmas with strong internal
transport barriers may still allow this to play a role. As such,
we may expect other documented effects, such as up-down
asymmetries9 or charge separation,10 to play a relatively
more important role in intrinsic rotation drive in the core.

We return to the data set presented in Sec. II A and now
focus on the effective torque in the core, obtained by inte-
grating the intrinsic torque density from the plasma center
out to midradius, Tintrinsic

core =$$=0
$=0.5(intrinsicdV. A similar plot to

that presented in Fig. 3 but substituting the peak edge pres-
sure gradient with the equivalent quantity in the core is
shown in Fig. 5. A number of key observations can be made.
First, unlike at the edge, there does not appear to be any
strong correlation between the local pressure gradient and the
core intrinsic torque, suggesting that while E"B shear may
explain the edge torque, it is likely not the dominant drive in
the core. Second, the torque in the central region of the
plasma tends to be relatively small compared with that at the
edge. However, perhaps most significantly, there is a very
clear outlier, showing a torque more comparable to that at the
edge, but interestingly, in the counterdirection. This point
turns out to have ECH power !#1.6 MW" deposited on axis.
Even if configured for current drive !which was not the case
here", the direct momentum input for ECH is about a factor
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Figure 6. Left: the eigenfunction for the GA standard case with adiabatic electrons, kyρi = 0.42 u′ = 0 and u = 0.2. Circles denote the
perturbed potential while crosses represent the perturbed parallel velocity. Full lines represent the real, while dotted lines represent the
imaginary part of the eigenfunction. Right: the ion heat (upper curve) and momentum flux (lower curve) as a function of time. The
resolution is the same as for the simulations of the Prandtl number.

of the particles in the perturbed potential, is related to the
compression of the perturbed E × B velocity. The latter
formulation allows this effect (but not the one due to the
convection) to be described within the framework of turbulence
equipartition [62, 63].

The study of the Coriolis pinch effect has also revealed that
the breaking of symmetry is a necessary, but not a sufficient
condition [60]. Figure 6 shows the eigenfunction for the GA
standard case with adiabatic electrons and kyρi = 0.42. The
mode is clearly asymmetric in the low-field side mid-plane
(s = 0). However, while a symmetric eigenfunction implies
a zero momentum flux, an asymmetric eigenfunction does not
necessarily mean a finite flux. Indeed, the momentum flux
for this case is zero as shown in the right panel of figure 6.
It can be shown [60] that the zero flux is generated by the
combined effect of the Coriolis drift and a finite parallel wave
vector. For the adiabatic electron case the most unstable mode
has a parallel wave vector that exactly compensates the effect
of the Coriolis drift, resulting in a zero toroidal momentum
flux. A finite Coriolis pinch requires the description of
kinetic electrons. In the presence of trapped electrons,
the parallel mode structure is more restricted, preventing a
complete cancellation between the Coriolis drift effect and
the parallel wave vector of the eigenfunction. This leads
to the counter intuitive result that the Coriolis pinch scales
with the trapped electron fraction, i.e.

√
ε, even though

the electrons hardly carry any momentum. It also explains
the poor performance of the fluid models in which kinetic
electrons are not accounted for, like equation (23) above, which
over-predicts the momentum pinch by roughly a factor 2 (for√

ε = 0.4). Finally, the sensitivity to the parallel wave vector
explains the influence of electro-magnetic effects [64] which
can strongly reduce the pinch close to the kinetic ballooning
mode threshold.

Parameter dependences of the pinch from nonlinear gyro-
kinetic simulations are shown in figure 7. Similar to the fluid
model, the density gradient leads to an enhancement of the
pinch. The Coriolis drift is in the vertical direction, and similar
to the curvature drift, the mode needs to be localized on the
outboard side of the surface for it to have an effect. A reduction
in the Coriolis pinch is therefore observed when the mode is
less localized. This explains the decrease of the pinch with the
magnetic shear and the safety factor. It is to be noted that all
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Figure 7. Pinch number Vϕ/χϕ for the GA standard case with
kinetic electrons as a function of density gradient (circles), the
magnetic shear (stars), the temperature gradient (x) and safety factor
(+). To plot the curves on one graph the x-axis for each of the scans
is modified. It represents R/LN, 3ŝ, R/LT − 6, and 2q,
respectively. To determine the pinch the momentum flux is
calculated for a finite background rotation u = 0.2, with zero
rotation gradient u′ = 0. The result of the runs from which the
Prandtl number was determined (with u′ = 1, u = 0) are then used
to determine the ratio Vϕ/χϕ . The resolution, time window of
averaging for the runs with u = 0.2 are the same as the runs from
which the Prandtl number was determined.

the parameter dependences of the pinch (inverse aspect ratio,
safety factor, magnetic shear) result in a small pinch in the inner
core of the plasma. Finally, all of the examples in this section
have dealt with the ITG. A pinch is, however, also observed
for the trapped electron mode (TEM) [65].

4.4. The particle flux effect

The particle flux appears in the equation for the toroidal
angular momentum conservation. Knowledge of the particle
flux, which is well studied (see [66] and the references cited
therein), directly allows for an evaluation of this contribution.
Under stationary conditions with central NBI the particle flux is
outwards and will reduce the total plasma angular momentum.
Note that this mechanism, like the diagonal part and the
Coriolis pinch, is not able to provide a seed rotation, since the
flux of momentum is proportional to the background rotation.
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of the particles in the perturbed potential, is related to the
compression of the perturbed E × B velocity. The latter
formulation allows this effect (but not the one due to the
convection) to be described within the framework of turbulence
equipartition [62, 63].

The study of the Coriolis pinch effect has also revealed that
the breaking of symmetry is a necessary, but not a sufficient
condition [60]. Figure 6 shows the eigenfunction for the GA
standard case with adiabatic electrons and kyρi = 0.42. The
mode is clearly asymmetric in the low-field side mid-plane
(s = 0). However, while a symmetric eigenfunction implies
a zero momentum flux, an asymmetric eigenfunction does not
necessarily mean a finite flux. Indeed, the momentum flux
for this case is zero as shown in the right panel of figure 6.
It can be shown [60] that the zero flux is generated by the
combined effect of the Coriolis drift and a finite parallel wave
vector. For the adiabatic electron case the most unstable mode
has a parallel wave vector that exactly compensates the effect
of the Coriolis drift, resulting in a zero toroidal momentum
flux. A finite Coriolis pinch requires the description of
kinetic electrons. In the presence of trapped electrons,
the parallel mode structure is more restricted, preventing a
complete cancellation between the Coriolis drift effect and
the parallel wave vector of the eigenfunction. This leads
to the counter intuitive result that the Coriolis pinch scales
with the trapped electron fraction, i.e.

√
ε, even though

the electrons hardly carry any momentum. It also explains
the poor performance of the fluid models in which kinetic
electrons are not accounted for, like equation (23) above, which
over-predicts the momentum pinch by roughly a factor 2 (for√

ε = 0.4). Finally, the sensitivity to the parallel wave vector
explains the influence of electro-magnetic effects [64] which
can strongly reduce the pinch close to the kinetic ballooning
mode threshold.

Parameter dependences of the pinch from nonlinear gyro-
kinetic simulations are shown in figure 7. Similar to the fluid
model, the density gradient leads to an enhancement of the
pinch. The Coriolis drift is in the vertical direction, and similar
to the curvature drift, the mode needs to be localized on the
outboard side of the surface for it to have an effect. A reduction
in the Coriolis pinch is therefore observed when the mode is
less localized. This explains the decrease of the pinch with the
magnetic shear and the safety factor. It is to be noted that all
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magnetic shear (stars), the temperature gradient (x) and safety factor
(+). To plot the curves on one graph the x-axis for each of the scans
is modified. It represents R/LN, 3ŝ, R/LT − 6, and 2q,
respectively. To determine the pinch the momentum flux is
calculated for a finite background rotation u = 0.2, with zero
rotation gradient u′ = 0. The result of the runs from which the
Prandtl number was determined (with u′ = 1, u = 0) are then used
to determine the ratio Vϕ/χϕ . The resolution, time window of
averaging for the runs with u = 0.2 are the same as the runs from
which the Prandtl number was determined.

the parameter dependences of the pinch (inverse aspect ratio,
safety factor, magnetic shear) result in a small pinch in the inner
core of the plasma. Finally, all of the examples in this section
have dealt with the ITG. A pinch is, however, also observed
for the trapped electron mode (TEM) [65].

4.4. The particle flux effect

The particle flux appears in the equation for the toroidal
angular momentum conservation. Knowledge of the particle
flux, which is well studied (see [66] and the references cited
therein), directly allows for an evaluation of this contribution.
Under stationary conditions with central NBI the particle flux is
outwards and will reduce the total plasma angular momentum.
Note that this mechanism, like the diagonal part and the
Coriolis pinch, is not able to provide a seed rotation, since the
flux of momentum is proportional to the background rotation.
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Figure 10. (a) The predictive toroidal rotation simulations for the
ITER baseline scenario using various boundary conditions for the
edge rotation. (b) As in (a) at ωφ,bound = 7 krad s−1, but for co-,
counter- and balanced (zero) NBI torque options.

dimensionless parameters most different in ITER than on JET
is collisionality, however, based on the results presented in
section 3.1, there is a good reason to believe that the momentum
pinch and Prandtl numbers are independent of collisionality
also in ITER. The Prandtl number profile used in the predictive
simulations is shown in figure 9(a) and the pinch number
profile in figure 9(d). This pinch number profile corresponds
to the JET plasma with the inverse density gradient lengths
of around R/Ln ≈ 3–3.5 as illustrated in figure 6. For a
comparison, the ITER standard scenario can be expected to
have density peaking at mid-radius of R/Ln = 2–2.5 [43] as
predicted consistently by both empirical scalings [64–66] as
well as by theory-based transport simulations [67]. The actual
pinch velocity in this ITER plasma can be calculated from
the pinch number profile in figure 9(d), and is presented in
figure 9(b).

Based on the modelling assumptions presented above,
two scans of predictive simulations of toroidal rotation were
performed. In the first scan, the boundary condition for the
toroidal rotation was varied between ωφ,bound = −15 krad s−1

and 15 krad s−1. This boundary rotation of 15 krad s−1 in
ITER corresponds to normalized Mach Alfvén velocity MA =
0.0077 on top of the H-mode pedestal ρ = 0.95 when
using the profiles from the ITER reference scenario 2. This
range of uncertainties in the edge rotation (ωφ,bound = −15–
15 krad s−1) can be easily caused for example by ripple [9],
TBMs [19], ELMs [20], neutrals [21], interaction with SOL
flows, for example seen between the upper and lower null
configurations [22, 23] or other unknown edge torque sources.

The predicted toroidal rotation profile for each of the four
boundary conditions is presented in figure 10(a). There are
several interesting points worth commenting on. Firstly, the
rotation with the zero-slip boundary condition (blue curve) is
very close to zero throughout the whole radius. This suggests
that the NBI torque deposited in the core region alone, at

least with the present assumption for the Prandtl and pinch
number profiles, is not able to create a significant toroidal
rotation in ITER. On the other hand, when the boundary
condition is increased to ωφ,bound = 7 krad s−1 (black curve)
or ωφ,bound = 15 krad s−1 (magenta curve), significant toroidal
rotation is predicted in the plasma core region, corresponding
toMA = 0.03 in the plasma centre withωφ,bound = 15 krad s−1.
Concerning the NBI torque in ITER, it is, however, well
possible that the NBI torque will affect the rotation value at the
edge, either by a direct edge torque source or by the momentum
flux created in the core. Studying the influence of the NBI
torque, or any other edge torque source, on edge rotation is
beyond the scope of this paper and thus left for future work.
Therefore, no solid conclusion can yet be drawn on the overall
role of the NBI torque in ITER. Another interesting point in
figure 10 is that when the boundary condition is set to counter-
rotation at the same magnitude of ωφ,bound = −15 krad s−1

(red curve), the rotation becomes almost as much counter as
it was co with ωφ,bound = 15 krad s−1 boundary condition.
This shows again that the core NBI torque has a minor role in
directly determining the core toroidal rotation profile provided
that the pinch number is large enough—note here the possibly
important role of the NBI torque in determining the magnitude
of the edge rotation which is not taken into account. The
minor effect of the core NBI torque is illustrated further in
figure 10(b), as the rotation profile does not change very
much whether the NBI torque is co, balanced or counter
(to note that counter-Ip or balanced NBI is not an option
considered currently for ITER). Also note here that in these
simulations, the boundary value of the rotation has been kept
fixed independent of the direction of the NBI torque, and surely
the direction of the NBI torque would have some impact on
edge rotation. To sum up these ITER simulations, it is evident
that the knowledge of the boundary condition, of course in
addition to the knowledge of the magnitude of the pinch, is
vital when the rotation profile is predicted to ITER plasmas.
This is most obvious when the inward pinch is large. If the
pinch number is small in ITER, for example as low as 2 or
below around the mid-radius, then the core torque sources,
such as NBI or RF driven or intrinsic ones, still play a major
role in determining the shape of the core rotation profile.

6. Summary and conclusions

The NBI modulation technique has been exploited on JET
to study parametric dependences of both the momentum
pinch and the Prandtl number. This method is a powerful
experimental tool to separate the diffusive and convective
components of the momentum flux. The plasmas studied
in all of the scans are dominated by ITG modes, therefore
making the concept of Prandtl number, unambiguous. The
torque calculations have been performed either with TRANSP
or ASCOT and the results have been benchmarked against each
other. In the experimental planning and transport analysis,
great care has been taken in getting rid of MHD modes, such as
sawtooth and ELMs, and equilibrium remapping due to plasma
oscillations caused by the NBI modulation.

A dedicated collisionality scan was performed by keeping
the other dimensionless quantities (βN, ρ∗, q, Te/Ti) constant.
No change in the pinch number was observed when the
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Figure 6. Profiles at the vertical probe location corresponding to the
data shown in figure 5.

In order to examine the density dependence in more detail,
V‖φ at ρ = 4 mm measured by the three probes are plotted
versus n̄e in figure 7. The flows in the inner SOL clearly
behave differently from that in the outer SOL: the magnitude
and direction of inner V‖φ is insensitive to n̄e and appears to
be affected by topology alone. In contrast, the direction of
V‖φ at the outer probe location is persistently co-current at low
densities. Its magnitude is affected by a topology change but
not its direction. As the density increases, the flow magnitude
and its sensitivity to topology decreases.

Flows detected at the vertical probe location are generally
weaker and show less sensitivity to plasma density. Yet, closer
to the separatrix (figure 6), they recover the same trend as at the
outer probe location. The weaker co-current flows detected by
this probe in LSN and DN discharges may be partly an artifact
of this probe’s presheath extending close to the lower divertor
surface at large ρ (note the probe’s proximity to the divertor in
figure 1). Indeed, recent analysis of C+2 impurity ‘plumes’ at
this location (generated via C2D4 gas injection) [40] suggests
such an effect to be present, which would cause this Mach
probe to report a counter-current offset to the true value of
V‖φ . The LSN data in figure 6 show a systematic decrease in
V‖φ with ρ when ρ > ∼5 mm, which is consistent with such
an effect.

3.3. Poloidal flow information

As illustrated in figure 8, the Mach probes only detect the
parallel component of total plasma flow, V‖total. This flow
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Figure 7. Toroidal projection of parallel flows versus n̄e for the data
set of figure 5. Data are binned in n̄e increments. Bars indicate ±1
standard deviation, computed from sample variance.

may consist of a combination of Pfirsch–Schlüter ion currents,
V‖ps, toroidal plasma rotation, V‖rot, and a parallel component
driven by cross-field transport, V‖trans, arising to satisfy particle
balance. An ionization-driven parallel flow may also be
considered, although its relative contribution to the observed
flow magnitude is expected to be small at locations far from the
divertor [17]. Moreover, during ‘puff and pump’ experiments
in JT-60U [20], which were designed to maximally affect flows
in the SOL, only a 20% change or less in the measured parallel
flow speeds were seen. Note that depending on the cross-
field component (Er × B flow), a strong parallel flow could
be just the manifestation of a strong toroidal plasma rotation,
Vφrot ∼ Er/Bθ . In this case, there could be little or no net
poloidal particle flux. Should this be happening on the inner
SOL, our inference of strong parallel flows being driven by
cross-field transport asymmetries would be incorrect. In the
following subsections, we assemble information on poloidal
flows in the C-Mod SOL with an eye towards re-constructing
the total flow pattern.
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In order to examine the density dependence in more detail,
V‖φ at ρ = 4 mm measured by the three probes are plotted
versus n̄e in figure 7. The flows in the inner SOL clearly
behave differently from that in the outer SOL: the magnitude
and direction of inner V‖φ is insensitive to n̄e and appears to
be affected by topology alone. In contrast, the direction of
V‖φ at the outer probe location is persistently co-current at low
densities. Its magnitude is affected by a topology change but
not its direction. As the density increases, the flow magnitude
and its sensitivity to topology decreases.

Flows detected at the vertical probe location are generally
weaker and show less sensitivity to plasma density. Yet, closer
to the separatrix (figure 6), they recover the same trend as at the
outer probe location. The weaker co-current flows detected by
this probe in LSN and DN discharges may be partly an artifact
of this probe’s presheath extending close to the lower divertor
surface at large ρ (note the probe’s proximity to the divertor in
figure 1). Indeed, recent analysis of C+2 impurity ‘plumes’ at
this location (generated via C2D4 gas injection) [40] suggests
such an effect to be present, which would cause this Mach
probe to report a counter-current offset to the true value of
V‖φ . The LSN data in figure 6 show a systematic decrease in
V‖φ with ρ when ρ > ∼5 mm, which is consistent with such
an effect.

3.3. Poloidal flow information

As illustrated in figure 8, the Mach probes only detect the
parallel component of total plasma flow, V‖total. This flow
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may consist of a combination of Pfirsch–Schlüter ion currents,
V‖ps, toroidal plasma rotation, V‖rot, and a parallel component
driven by cross-field transport, V‖trans, arising to satisfy particle
balance. An ionization-driven parallel flow may also be
considered, although its relative contribution to the observed
flow magnitude is expected to be small at locations far from the
divertor [17]. Moreover, during ‘puff and pump’ experiments
in JT-60U [20], which were designed to maximally affect flows
in the SOL, only a 20% change or less in the measured parallel
flow speeds were seen. Note that depending on the cross-
field component (Er × B flow), a strong parallel flow could
be just the manifestation of a strong toroidal plasma rotation,
Vφrot ∼ Er/Bθ . In this case, there could be little or no net
poloidal particle flux. Should this be happening on the inner
SOL, our inference of strong parallel flows being driven by
cross-field transport asymmetries would be incorrect. In the
following subsections, we assemble information on poloidal
flows in the C-Mod SOL with an eye towards re-constructing
the total flow pattern.
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Since plasma resistivity decreases with rising tempera-
ture, it appears that the temperatures required for ignition
(5–10 keV) cannot be achieved by ohmic heating alone.
Development of auxiliary heating methods is therefore
vital. The relative advantages of neutral beam injection,
adiabatic compression, wave, and turbulent heating are
discussed in Section III.C.

Even a plasma that is well confined in a magnetic
bottle will interact with its material surroundings, by
bombarding them with energetic particles and radiation.
As a result, nonfusion particles are injected into the
plasma, raising its radiation losses and diminishing its
density of fusion nuclei. Impurities represent a major
problem already in present-day high-current tokamaks,
and must clearly be kept at low levels in tokamaks of

Fig. 1. Basic tokamak apparatus: a toroidal plasma confined in a helical the future if ignition conditions are to be reached. The
magnetic field created by the superposition of a strong, externally basic features of the plasma boundary problem, and vari-generated toroidal field and the poloidal field generated by the plasma

ous means for ameliorating it, are discussed in Sectioncurrent. The plasma current, induced by transformer action, resistively
III.D.heats the plasma.

Based on the analyses of Section III, a set of key
near-term objectives for the tokamak program are pre-
sented in Section IV. These include programs for answer-energy generated in the plasma it would be desirable to

make the plasma density as high as possible. However, ing the critical questions in each of the four major areas:
configurational optimization, plasma transport and scal-for sufficiently high plasma density the magnetic bottle

may lose its equilibrium or become grossly unstable. (The ing, heating, and boundary effects.
relevant parameter is !p ! 8"n (Te " Ti)/B2p, where n is
the plasma density, Te and Ti are the electron and ion II. SURVEY OF TOKAMAKS
temperatures, and Bp ! 2I/a is the poloidal field strength. There are now more than 15 tokamak or tokamak-It appears the !p must be kept below R/a.) The theory like devices, worldwide, that have obtained routine opera-of these effects, the experimental evidence, and the possi- tion; four of these are in the U. S. Several others are nearbilities for optimizing the tokamak configuration are dis- completion or in the early stages of operation. Two largecussed in Section III.A. devices, PLT and T-10, are under construction. Thus, theThe rate of leakage of plasma from the tokamak base for tokamak research, in terms of the number ofmagnetic bottle is found to be anomalous—that is, it experiments, is very broad and indicates the global impor-cannot be explained by classical plasma diffusion theory. tance of this approach in understanding the physics ofThere are various theoretical explanations but the experi- toroidal plasma confinement.ments do not as yet permit a unique identification of the The design parameters of a number of operatingloss mechanisms. Accordingly, there is presently consid- tokamaks and several future tokamaks are tabulated inerable uncertainty about the scaling of plasma confine- Tables 1 and 2 respectively. A pictorial display of a com-ment in large tokamaks. It appears likely, however, that parison of world tokamak parameters is presented in Fig-anomalous losses will not be strong enough to prevent ure 2. The design parameters of experimental devices arethermonuclear ignition in a sufficiently large reactor of often not so important as the parameters that describe athe tokamak type. Determining the minimum size characteristic plasma discharge. For a selected groupingrequired for ignition depends on successful development of tokamaks, these “typical values” are shown in Table 3.of the confinement scaling laws, as well as on the possibil-
ities for optimizing the tokamak magnetic bottle, as dis- III. STATUS OF TOKAMAK RESEARCHcussed above. The theoretical and experimental problems
of plasma energy and particle transport are discussed in A. Configurational Stability
Section III.B. 1. Elementary TheoryResistive plasma heating by the tokamak current has
raised the plasma temperature in present-day experiments In a purely toroidal magnetic field Bt , a toroidal

body of plasma would not be held in equilibrium: it wouldto !700 eV for the ions and !2.5 keV for the electrons.
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Figure 11. Edge radial electric field just prior to the L–H transition
in plasmas with ion ∇B drift directed away from the X-point (USN)
in a: (a) balanced-injection plasma, showing a sharp
pressure-gradient driven Er well near the plasma edge, and (b)
co-injection plasma with little edge gradient and a sharper gradient
inboard; (c) co-injection plasma at lower power, showing little
gradient in the edge region.

reproduced and is most significant for co-injection discharges.
The difference persists at balanced injection, though is smaller
in magnitude, and this difference in PLH effectively disappears
for counter-injection discharges.

Two-dimensional turbulence measurements are obtained
near the plasma edge with BES, which show dramatic
and significant changes in the edge fluctuation spectra and
flows with changing toroidal rotation. In balanced-injection
plasmas, the turbulence is observed to undergo a poloidal
flow reversal over the last 10% of the minor radius, resulting
in a relatively large turbulence flow shear. This reversal is
not observed in similar co-injection plasmas. In addition,
the zonal flow spectrum changes dramatically as rotation is
varied from the co-current to balanced-injection directions.
At high co-current rotation, the derived turbulence velocity
spectrum is dominated by the GAM, which gradually reduces
in magnitude and disappears as rotation is reduced. Instead, as
plasma rotation is reduced, a large increase in a low-frequency
structure that has the characteristics of the ZMF-ZF is
observed. This ZMF-ZF structure is more likely to shear apart
turbulent eddies due to its higher power and reduced frequency.

These results have potentially beneficial implications
for slowly rotating plasmas, such as those that will be
encountered on the ITER experiment. The currently accepted
scaling relationship for the L–H power threshold [3] was
determined from a wide range of plasma conditions on various
experiments, some with co-injection neutral beam power.
Therefore, this relationship may overestimate the actual L–H
power threshold. Since rotation has been demonstrated to be
an important parameter affecting the L–H power threshold,
future scaling relations should consider this dependence.
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Figure 11. Edge radial electric field just prior to the L–H transition
in plasmas with ion ∇B drift directed away from the X-point (USN)
in a: (a) balanced-injection plasma, showing a sharp
pressure-gradient driven Er well near the plasma edge, and (b)
co-injection plasma with little edge gradient and a sharper gradient
inboard; (c) co-injection plasma at lower power, showing little
gradient in the edge region.

reproduced and is most significant for co-injection discharges.
The difference persists at balanced injection, though is smaller
in magnitude, and this difference in PLH effectively disappears
for counter-injection discharges.

Two-dimensional turbulence measurements are obtained
near the plasma edge with BES, which show dramatic
and significant changes in the edge fluctuation spectra and
flows with changing toroidal rotation. In balanced-injection
plasmas, the turbulence is observed to undergo a poloidal
flow reversal over the last 10% of the minor radius, resulting
in a relatively large turbulence flow shear. This reversal is
not observed in similar co-injection plasmas. In addition,
the zonal flow spectrum changes dramatically as rotation is
varied from the co-current to balanced-injection directions.
At high co-current rotation, the derived turbulence velocity
spectrum is dominated by the GAM, which gradually reduces
in magnitude and disappears as rotation is reduced. Instead, as
plasma rotation is reduced, a large increase in a low-frequency
structure that has the characteristics of the ZMF-ZF is
observed. This ZMF-ZF structure is more likely to shear apart
turbulent eddies due to its higher power and reduced frequency.

These results have potentially beneficial implications
for slowly rotating plasmas, such as those that will be
encountered on the ITER experiment. The currently accepted
scaling relationship for the L–H power threshold [3] was
determined from a wide range of plasma conditions on various
experiments, some with co-injection neutral beam power.
Therefore, this relationship may overestimate the actual L–H
power threshold. Since rotation has been demonstrated to be
an important parameter affecting the L–H power threshold,
future scaling relations should consider this dependence.
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Figure 3. (a) Power threshold for the L-mode to H-mode transition
as a function of injected neutral beam torque for plasmas with the
ion ∇B drift towards and away from the X-point (NBI only).
Inaccessible regions in torque-power space indicated by the yellow
shaded region; (b) power threshold for similar discharges using
ECH + NBI power.

are not limited by this boundary, except perhaps at the lowest
power threshold experienced in counter rotation.

The difference in L–H power threshold between plasmas
with the ion ∇B drift towards and away from the X-point is
dependent on the torque injection. For NBI in the co-current
direction with ion ∇B drift away from the X-point, the L–H
power threshold is approximately 90% higher than that for
the ion ∇B drift towards the X-point, increasing from 2.9 to
5.6 MW. This difference in power threshold persists at zero
net injected torque but is substantially reduced to about a 25%
difference. In counter-current torque injection plasmas, the
difference in L–H power threshold between plasmas with the
ion ∇B drift direction towards and away from the X-point
disappears.

In related experiments, H-modes were induced via
application of a combination of electron cyclotron heating
(ECH) power and neutral beam power to discharges with a 25%
higher density than those shown in figure 3(a). The slightly
higher density was required to facilitate the L–H transition with
ECH-only injection. Power thresholds for these discharges
are shown in figure 3(b) (overlying values from the NBI-only
discharges in figure 3(a)). The H-mode power threshold is
found to be similar for balanced NBI and ECH+NBI discharges
with the ion ∇B drift directed away from the X-point. At these
higher densities, a larger difference in the power threshold is
observed between plasmas with the ion ∇B drift towards and
away from the X-point (ECH or NBI heating). An even lower

threshold is found for ECH-only discharges with the ion ∇B

drift directed towards the X-point.
In the next sections, several mechanisms that give rise to

this large dependence of L–H power threshold on rotation are
discussed.

3. Turbulence characteristics and dynamics

The L-mode to H-mode transition has long been identified
with an increase in the shear in the radial electric field in
the plasma edge. As the pressure and rotation gradients and
associated radial electric field shear increase, turbulent eddies
are thought to be decorrelated and torn apart by the radially
sheared flow [24], leading to turbulence and turbulent-transport
suppression in the edge, increased edge pedestal pressure and
further increase in the radial electric field shear, reinforcing
the edge H-mode pressure pedestal.

Here, we present measurements of density fluctuations
associated with turbulence, poloidal flows and mode structure
of that turbulence. Spatially resolved, 2D measurements
of the turbulence in the R–Z plane were obtained over
the radial range 0.9 < r/a ! 1 (extending slightly into
the scrape-off-layer region) with the high-sensitivity beam
emission spectroscopy (BES) diagnostic [25–27], as seen in
figure 1(c). Fluctuation measurements were also obtained with
a newly implemented Doppler reflectometer system [28] and
a reciprocating Langmuir probe array [29].

BES examines long-wavelength density fluctuations
(k⊥ < 3 cm−1) in the radial–poloidal plane by measuring
collisionally excited emission from 75 keV neutral beam
particles interacting with plasma ions and electrons. The
Doppler-shifted Dα emission (λ = 652–655 nm) is spectrally
isolated and measured with a high throughput optical system,
custom-interference filters, high-quantum-efficiency detectors
and ultra-low-noise cryogenically cooled transimpedance
preamplifiers [30]. A 5 × 6 grid of BES channels is deployed
near the outboard midplane, as shown in figure 1(c), covering
a range of about 4.5 cm radially and 7.2 cm poloidally (each
channel approximately 0.9 cm radially ×1.2 cm poloidally and
arranged directly adjacent to each other). This arrangement
allowed for measurements of the radial dependence, poloidal
flows and flow shear, zonal flows and time-resolved images of
the turbulence.

Turbulence is rapidly suppressed at the L–H transition.
Figure 4(a) shows a time and frequency-resolved spectrogram
of the density fluctuations near r/a = 0.95. The large
reduction in turbulence amplitude at all frequencies is apparent
at the L–H transition just before 1700 ms. Turbulence is
suppressed within tens of microseconds after the transition,
a few turbulence decorrelation times. An ensemble averaged
spectrum (integrated over 75 ms) of the fluctuations before and
after the transition at r/a = 0.9 are shown in figure 4(b). This
cross-power spectrum is obtained by averaging the spectra
from five pairs of poloidally displaced (#Z = 1.2 cm)
channels at a given radial position (these fluctuation spectra
exhibit high coherency, typically in the range 0.8–0.9 in the
relevant frequency range, and suppress uncorrelated photon
and electronic noise sources in the data, improving signal to
noise). The dramatic reduction in fluctuation power over all
frequencies at the L–H transition is evident. The radial profile
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driven by the neutral beams in the quasi-steady-state postlude phase. The plasma with the
purely co-injected NBI, in which the toroidal flow opposes the ∇p term in the expression
for Er, makes a back-transition to higher transport as the fluctuations reappear after 2.3 s.
Interestingly, the decreasing contribution of the ∇p term to the shearing rate as the transport
worsens then allows the increasing toroidal flow term to dominate, so that the shearing rate
increases (withEr of opposite sign) and the fluctuations again become suppressed. In figure 4,
the level of density fluctuations is derived from the phase of the probing wave using the
reflectometer response function [25]. Because of the changing plasma density, the location
of the measurements varies between r/a = 0.2 and 0.3, i.e. within the transport barrier. The
breaks in the data of figure 4 occur when the amplitude of the fluctuations becomes very large,
which renders the phase completely chaotic and makes quantitative measurements impossible.
While these investigations appeared to be definitive with respect to the role of the toroidal flow
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Figure 11. Edge radial electric field just prior to the L–H transition
in plasmas with ion ∇B drift directed away from the X-point (USN)
in a: (a) balanced-injection plasma, showing a sharp
pressure-gradient driven Er well near the plasma edge, and (b)
co-injection plasma with little edge gradient and a sharper gradient
inboard; (c) co-injection plasma at lower power, showing little
gradient in the edge region.

reproduced and is most significant for co-injection discharges.
The difference persists at balanced injection, though is smaller
in magnitude, and this difference in PLH effectively disappears
for counter-injection discharges.

Two-dimensional turbulence measurements are obtained
near the plasma edge with BES, which show dramatic
and significant changes in the edge fluctuation spectra and
flows with changing toroidal rotation. In balanced-injection
plasmas, the turbulence is observed to undergo a poloidal
flow reversal over the last 10% of the minor radius, resulting
in a relatively large turbulence flow shear. This reversal is
not observed in similar co-injection plasmas. In addition,
the zonal flow spectrum changes dramatically as rotation is
varied from the co-current to balanced-injection directions.
At high co-current rotation, the derived turbulence velocity
spectrum is dominated by the GAM, which gradually reduces
in magnitude and disappears as rotation is reduced. Instead, as
plasma rotation is reduced, a large increase in a low-frequency
structure that has the characteristics of the ZMF-ZF is
observed. This ZMF-ZF structure is more likely to shear apart
turbulent eddies due to its higher power and reduced frequency.

These results have potentially beneficial implications
for slowly rotating plasmas, such as those that will be
encountered on the ITER experiment. The currently accepted
scaling relationship for the L–H power threshold [3] was
determined from a wide range of plasma conditions on various
experiments, some with co-injection neutral beam power.
Therefore, this relationship may overestimate the actual L–H
power threshold. Since rotation has been demonstrated to be
an important parameter affecting the L–H power threshold,
future scaling relations should consider this dependence.
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Figure 11. Edge radial electric field just prior to the L–H transition
in plasmas with ion ∇B drift directed away from the X-point (USN)
in a: (a) balanced-injection plasma, showing a sharp
pressure-gradient driven Er well near the plasma edge, and (b)
co-injection plasma with little edge gradient and a sharper gradient
inboard; (c) co-injection plasma at lower power, showing little
gradient in the edge region.

reproduced and is most significant for co-injection discharges.
The difference persists at balanced injection, though is smaller
in magnitude, and this difference in PLH effectively disappears
for counter-injection discharges.

Two-dimensional turbulence measurements are obtained
near the plasma edge with BES, which show dramatic
and significant changes in the edge fluctuation spectra and
flows with changing toroidal rotation. In balanced-injection
plasmas, the turbulence is observed to undergo a poloidal
flow reversal over the last 10% of the minor radius, resulting
in a relatively large turbulence flow shear. This reversal is
not observed in similar co-injection plasmas. In addition,
the zonal flow spectrum changes dramatically as rotation is
varied from the co-current to balanced-injection directions.
At high co-current rotation, the derived turbulence velocity
spectrum is dominated by the GAM, which gradually reduces
in magnitude and disappears as rotation is reduced. Instead, as
plasma rotation is reduced, a large increase in a low-frequency
structure that has the characteristics of the ZMF-ZF is
observed. This ZMF-ZF structure is more likely to shear apart
turbulent eddies due to its higher power and reduced frequency.

These results have potentially beneficial implications
for slowly rotating plasmas, such as those that will be
encountered on the ITER experiment. The currently accepted
scaling relationship for the L–H power threshold [3] was
determined from a wide range of plasma conditions on various
experiments, some with co-injection neutral beam power.
Therefore, this relationship may overestimate the actual L–H
power threshold. Since rotation has been demonstrated to be
an important parameter affecting the L–H power threshold,
future scaling relations should consider this dependence.
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Scaling of plasma turbulence suppression

Table 1. Fits to the normalized density !
Function m1 m2 γ χ 2 Case
y = m1/[1 + 2(m2dvE/dr)2] 1.018 8.865 × 10−7 2.0 0.15736 All points
y = m1/[1 + 2(m2dvE/dr)2] 0.943 9.156 × 10−7 2.0 0.0115 dE/dr > 0
y = m1/[1 + 2(m2dvE/dr)2] 1.103 9.180 × 10−7 2.0 0.1155 dE/dr < 0
y = m1/[1 + 2(m2dvE/dr)γ ] 0.964 1.032 × 10−6 3.6 0.129 All point

to the ALT-II belt limiter [21]. The data for the turbulent
measurements are digitized at 1 MHz with a 10 bit digitizer
and filtered by low pass 500 kHz anti-aliasing filters. We find
that the power spectrum of the signals decays very quickly
with frequency and is significant only up to 250 kHz, thus
a bandwidth of at least 500 kHz is desirable for turbulence
measurements.

The voltage is applied to the electrode as a 100 ms linear
ramp starting at 1 s and then held constant for 1.5 s, as shown
in Fig. 1(f), and was varied in 50 or 100 V steps on a shot
to shot basis. The electrode current increases linearly and
then remains constant (Fig. 1(e)) while the density remains
constant or shows weak signs of an increase (Fig. 1(d)) at
higher voltages. The discharge is in a stationary state as
shown in Figs 1(c) and (d). The probe enters the plasma at
t = 1.6 s (Fig. 1(a)), sampling the shear layer, as evidenced
by the increase in the floating potential (Fig. 1(b)). The radial
electric field increases with voltage, featuring a narrow profile
that is determined by the radial conductivity [5], and eventually
bifurcates reaching a maximum value of ≈600 V/cm and
producing an L–H transition, as discussed in detail in our
previous work [5, 10, 22]. However, the work presented here
is mostly limited to data obtained before the L–H transition.

3. Results and discussion

The density profiles, labelled by the voltage applied to the
electrode, plotted in Fig. 2(a), show the effect of the increasing
shear and reduced transport as a slight perturbation; however,
no dramatic steepening such as that expected after a transition
is observed under these conditions. Thus the experimental
conditions are almost ideal, since profile changes do not play a
major role. The poloidal velocity profiles, shown in Fig. 2(b),
are directly inferred from the Er profile as it has been proven
in previous work [22] that the plasma velocity and the Er × B

velocity are equal. The velocity maxima are marked for
reference with vertical lines and their shift to smaller radii with
voltage should be noted. The velocity profiles show negative
and positive shear corresponding to the regions where dEr/dr

is greater and less than zero, respectively.
The turbulence data, for example, ! and $, are obtained

by defining two regions on each side of the poloidal velocity
maximum (corresponding to the peak in Er ) where dEr/dr >

0 and dEr/dr < 0 respectively as shown by the boxes in
Fig. 3(b). The turbulence data and the shear are then averaged
over the extent of the regions, as seen in Fig. 3(a), to obtain a
point for each applied voltage. The averaged turbulence data
are then plotted against the average velocity shear over the
aforementioned regions.

The behaviour of the normalized density ! (in the Biglari–
Terry–Diamond sense) with shear is shown in Fig. 4 (solid
circles) and a fit (solid curve) to the Zhang–Mahajan (ZM)
prediction for arbitrary shear (Eq. (4)) is superimposed. The
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Figure 3. Radial edge profiles of (a) normalized density and
(b) poloidal E × B velocity for bias voltages at 0 and 300 V
indicating (1) the regions of positive and negative shear and (2) the
regions over which the averages are performed.

results of the fit are given in Table 1 for all points and also
for points where dEr/dr > 0 or dEr/dr < 0, and it
becomes clear that the fitting parameters do not show any clear
sensitivity to the sign of the shear. Further fitting of the same
function but allowing the exponent to be an additional free
parameter indicates that values of the exponent of up to 3.6 are
possible, significantly higher than the value of 2 predicted by
ZM. A large amount of physical information as related to the
models can be obtained from the fits since the fitting parameters
are defined through Eq. (4) as

m1 = 1

〈k̂2
⊥〉

m2 = tc0

α
.

By using a value of the decorrelation time tc0 of ∼(1−4) ×
10−5 s−1 inferred from correlation techniques, it can be stated
that α = 10–35 and 〈k̂2

⊥〉 = 0.98. So the spectrum anisotropy
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T̃e may cause some underestimation of Ẽr and Ẽu [10], but
measurements found that the profile of the plasma poten-
tial fluctuations is closely correlated with the profile of the
floating potential fluctuations. Thus, the conclusions pre-
sented here are not expected to be fundamentally altered.
The two probe arrays are mounted on the top of the ma-
chine along the central line, while RFEA and DVMP are
inserted at the outer midplane. The perturbing effect of
the probe insertion on the transport barrier is rather small
since no apparent variation in the features of transition is
observed. Controlled by a feedback system, the plasma
horizontal shift caused by the TH pulse is less than 3 mm
[18]. The profiles are measured with a shot-to-shot scan,
and the measurements at each radial position are carried
out in 15 identical discharges. All the measurements are
sampled at 1 MHz. To achieve the time-resolved values
of !ỹr ỹu", an ensemble is constructed from time samples
time referenced to the start time of the TH pulse and aver-
aged over 10 ms for a set of identical shots.
In this experiment, we have measured the temporal evo-

lution of the quantities associated with Eq. (1). Figure 1
plots the time history (25 ms time resolution) across the
L to H transition of various signals measured at r !
185 mm. Here and thereafter, the start time of the TH

FIG. 1. The time evolution of the L to H transition induced by
the TH pulse in the HT-6M tokamak. (a) Loop voltage and edge
Ha radiation, (b) Er and its shear (E0

r ), (c) yu,M ~ #Ru 2 Rd$u%
#Ru 1 Rd$u representing poloidal rotation, (d) yf,M ~ #Ru 2
Rd$f%#Ru 1 Rd$f representing toroidal rotation, (e) densities
measured at r ! 175 and 190 mm, respectively, and (f ) the
mean power of density fluctuations. The data in (a)– (d) and (f)
were measured at r ! 185 mm. The two vertical dotted lines
indicate the start time of the TH pulse and the transition time,
respectively.

pulse is taken to be the reference (zero) time, and the time
of the earliest measured fast drop in Ha emission is taken
to be the transition time. Figure 1(c) clearly shows that a
fast, substantial increase in the poloidal rotation velocity
yu,M first takes place shortly after the TH pulse. Across
the transition, yu,M is always in the electron diamagnetic
drift direction and provides a negative contribution to Er .
Figure 1(b) shows that the initial changes in yu,M are fol-
lowed by a significant increase in the negative Er strength
and its shear (E0

r ). As seen in Fig. 1(d), the toroidal veloc-
ity yf,M in the plasma current direction also starts increas-
ing slowly at the time of the fast increase in yu,M , leading
to reductions in the Er strength. The data in Figs. 1(e) and
1(f) illustrate that the local confinement improvement, as
evidenced by the reduction in the density fluctuation am-
plitude and the increase in the density gradient, occurs af-
ter the full development of the Er shear, consistent with an
increase in E0

r as the cause of the turbulence suppression
and transport reduction. Moreover, concurrent measure-
ments on the radial profiles of Er and the other terms of
Eq. (1) in the H mode have found that the negative Er
well is dominated by the poloidal flow, and the =Pi term
is insufficient to account for the development of the nega-
tive Er well [18]. Therefore, the trigger to the L to H
transition is the poloidal rotation, but not the toroidal flow
and the main ion pressure gradient.
To investigate whether the earliest change in the poloidal

flow is generated by the Reynolds stress, the time evolu-
tion of the electrostatic Reynolds stress profile has been
measured in the edge and the scrape-off layer (SOL). Fig-
ure 2 plots the radial profiles of2S at several typical times
across the transition. It can be seen that at 0.1 ms prior to
the TH pulse, the Reynolds stress is nonzero everywhere

FIG. 2. Radial profiles of the electrostatic Reynolds stress
measured at several typical times across the L-H transition.
The error bars reflect the uncertainty due to the random errors
as well as systematic effects.
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Application of High Harmonic Fast Wave Heating on 
NSTX Also Appears To Drive Counter Torque in Core

• RF only rotation profile shows significant rotation at the edge, but 
practically zero rotation in the core
– Edge intrinsic rotation +  diffusion flat rotation profile

+  inward pinch peaked rotation profile

• Hollow rotation profile 
suggests with a counter 
torque in the core

• Other modifications to core 
intrinsic rotation include
– ECH on JT-60U 

(driving opposite rotation) 
[Yoshida PRL 2009]

– LHCD from C-Mod 
[Rice NF 2009]

NSTX

Hosea, RF conference (2009)
Taylor, APS TI3.00002 (Thursday)
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     C-Mod   
Counter-current rotation, q~4.5
  J.E.Rice et al., Nucl. Fusion 49 (2009) 025004

      EAST   
   Co-current rotation, q~10
  Y.Shi et al., Phys. Rev. Lett. 106 (2011) 235001
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Momentum Pinch Velocities Are Investigated on Both 
NSTX and DIII-D Using Perturbative Techniques

• On DIII-D, co/counter beams

Co-NBI 12.5 MW
Ctr-NBI 5 MW

• On both NSTX and DIII-D, n=3 
non-resonant magnetic fields

C-coil

I-coil

Vessel

• NSTX has also used unbalanced NBI 
perturbation for core pinch studies

6 External
Control Coils 48 Internal

BP, BR sensors

Copper 
stabilizing 

plates

Nucl. Fusion 50 (2010) 045008 J.E. Menard et al

paper, we describe the results of systematic studies on the low-
aspect-ratio NSTX device related to the detection, correction
and improved understanding of low-n magnetic error fields.
Section 2 describes NSTX experimental results. These results
include a description of sources, detection and correction
of intrinsic error fields in section 2.1, low-β locked-mode
threshold scalings in section 2.2, high-βN error-field correction
and pulse-extension in section 2.3 and RWM stability threshold
physics in section 2.4. Section 3 provides a summary of these
results.

2. Experimental results

The detection and correction of small (<0.1%) low toroidal
mode number (low-n) deviations from axisymmetry can
significantly improve plasma performance. Early in the
operation of NSTX, the detection and correction of n = 1
error fields generated by the primary vertical field coils
enabled stable operation at low density without mode
locking [10]. Subsequently, sustained high-beta operation
was routinely achieved; however, rotation decay during the
discharge was still commonly observed. More recently, two
additional smaller error fields have also been detected and
corrected enabling further significant improvements in plasma
performance.

2.1. Detection and correction of static error fields and
low-frequency instabilities

Effective error field (EF) and RWM control relies heavily on
the robust detection of small (of order 1 G) non-axisymmetric
magnetic fields. NSTX has implemented extensive low-
frequency mode detection capabilities including 54 sensors
measuring two components of the non-axisymmetric magnetic
field. As illustrated in figure 1, the NSTX sensor array consists
of 24 radial (BR) and 24 poloidal (BP ) sensors mounted
in-vessel on the primary passive plates plus six mid-plane
ex-vessel BR saddle coils. The in-vessel array measures fields
above and below the mid-plane with toroidal mode-numbers
n = 1, 2, 3, while the mid-plane array is configured to detect
only n = 1 fields. All BR and BP magnetic field signals
from these sensors shown in subsequent figures are computed
by dividing the measured magnetic flux by the sensor area.
The mid-plane external active control coils are also shown in
figure 1.

The NSTX low-frequency mode detection system has
been instrumental in identifying vacuum error fields. Recently,
the 30 radial field sensors have been utilized to identify an
n = 1 EF resulting from a small displacement of the central
toroidal field (TF) coil bundle. As illustrated (in an exaggerated
fashion) in figure 2, the TF coil exhibits a predominantly tilting
motion and is approximately fixed at the bottom of the machine.
For reference, the TF rod displacement at the horizontal mid-
plane inferred from the in-vessel BR magnetic sensors is
approximately 2 mm or 1/1000 of the largest diameter vertical
field coil of NSTX (PF5). Additional analysis of the coil lead
areas of NSTX indicates that an electromagnetic interaction
between the ohmic heating (OH) coil leads and the TF is
responsible for motion of the TF central rod relative to the
vacuum vessel and poloidal field (PF) coils of NSTX.

Figure 1. VALEN model of NSTX conducting structure showing
vacuum vessel and passive plates. In-vessel radial (BR) and poloidal
(BP ) magnetic field sensors are shown in blue, ex-vessel n = 1
locked-mode sensors are shown in green and six ex-vessel resistive
wall mode/error field (RWM/EF) control coils are shown in red.

Figure 2. Illustration of motion of toroidal field (TF) coil central
rod (black vertical cylinder) relative to poloidal field (PF) coils
(blue) and TF coil outer return windings (red). The TF coil motion
is predominantly tilt with the bottom of the coil approximately fixed.
The motion of the TF has been exaggerated above to illustrate the
direction of motion.

An important clue in identifying the EF resulting from TF
coil motion was the observation that the EF is only present
when the TF and OH coils are energized simultaneously.
Figures 3(a) and (b) show the TF and OH coil current
waveforms typical of 0.75 MA beam-heated plasmas in NSTX.
As shown in figure 3(c), the upper in-vessel BR array measures
a 4–6 G error field roughly proportional to the magnitude of
the OH coil current during the flat-top phase of the TF current.
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• Braking increases at low rotation
– No apparent mode activity
– Does not appear to be resonant braking effect

Increased NRMF Torque At Low Rotation Also 
Indicated On NSTX

Transition to FASTER 
braking as nq E reduced
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Evidence Found for Increased Torque as Enter 
Regime of Low Rotation / Radial Electric Field

• Rotation feedback control used to measure NRMF torque
– NBI torque compensated to account for NRMF torque
– Has advantage that rotation stays within narrow rotation window

• Strong peaking of NRMF torque found at 
low radial  electric field

NRMF torque

DIII-D

DIII-D

Solomon	
  et	
  al.	
  PoP	
  (2010)	
  



the rotation profile was successfully brought to zero and find
the torque obtained from this transient analysis to be quanti-
tatively comparable. An example of this is shown in Fig. 6,
comparing the intrinsic torque density profile obtained by the
usual method of zeroing out the rotation profile with that
found by using the aforementioned NBI torque stepping
technique. Note that the error in the torque density becomes
large as one approaches the axis due to the successively
smaller volume element. However, the integrated intrinsic
torque profile maintains an uncertainty below 0.1 N m.

This technique has been applied to a DIII-D QH-mode
plasma with Ti!0"#6 keV, T0!0"#5 keV, and relatively
high line average density n̄e#4!1019 m−3. The NBI torque
is initially "2.8 N m and the central toroidal velocity is
"150 km/s. At 3.9 s into the discharge, the torque is stepped
down to "2.0 N m, as shown in Fig. 7, and the velocity
eventually slows to approximately "100 km/s. We use this
step to estimate the intrinsic torque in this QH-mode plasma,
following the technique just described. The result is shown in
Fig. 8. We see the typical edge intrinsic torque common to all
the H modes investigated. For this plasma, the edge pedestal
is approximately "250 kPa/m, and Eq. !5" would give an
expected edge torque of 0.95#0.22 N m, comparable to the
measurement here of approximately 0.8 N m, again obtained
by integrating the torque between 0.8$%$1.0. So, the
QH-mode edge intrinsic drive behaves similarly to our
other H modes. However, unlike our typical H mode, the
QH-mode plasma indeed has a very large counterintrinsic
torque, extending from the center to almost the pedestal. In
fact, the two regions produce torques comparable in magni-
tude, resulting in a very small net intrinsic torque. Note that
in this particular case, the core counterintrinsic torque ex-
ceeds the edge torque, and the net intrinsic torque is actually
slightly counter.

Some preliminary investigations of residual stress in the
core with the global gyrokinetic code GYRO !Ref. 12" have
been initiated. Since both the TAM flow M and the ion !as
well as electron" power flow P !megawatt" can vary many-
fold by 10% level variations in the ion temperature gradient
length, the simulations have compared the calculated M / P

radial profiles with the experimental profiles. In the residual
stress shots, the small !within error bars" toroidal rotation
and shear in toroidal rotation have a negligible effect on
M / P in the simulation, compared with setting them identi-
cally to zero. The small diamagnetic E!B shear also makes
only a very small contribution to M / P in the core. The effect
of up-down asymmetry !using exact shaped geometry" was
very weak and mostly at the outer radius. Most surprising
was the novel result that a nonlocal or “profile variation”
contribution to the residual stress can be quite large. From
one particular profile data fit, the simulated M / P matched
the !all positive" experimental M / P almost perfectly. How-
ever another profile data fit of the same discharge !with, for
example, small 10% differences in the ion temperature gra-
dient length profile", the M / P, did not agree well at all in
!similar magnitude but flipping sign over the radial profile".
Removing the profile variation !as well as the other symme-
try breaking mechanisms" gave approximately zero M / P as
required of the code test. If the extreme sensitivity of the
residual stress to small changes in the profile variation con-
tinues to hold, it does not bode well for local gyro-Bohm
transport models being able to treat low diamagnetic level
TAM transport. For example, Kelvin–Helmholtz, toroidal
Coriolis pinch, E!B shear, and up-down asymmetry have
already been built into the latest version of TGLF,43 but for-
mulating the nonlocal profile variation contribution to re-
sidual stress will be very challenging.
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• In steady state, NBI torque balanced against momentum flows

• When V is zero, applied NBI torque 
balances “residual stress” drive

A Finite External Torque Is Required To Overcome 
Intrinsic Rotation and Bring The Plasma To Rest
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Good Correlation Found Between Edge Intrinsic Drive  
and Total Edge Pressure Gradient

• Residual stress drives effective intrinsic 
source, worth about one co-neutral beam 
source

• Significant drive of torque at edge
• H-mode pedestal provides universal 

mechanism to drive residual stress
[eg Diamond et al NF 2009]

• GTS simulations show residual stress 
driven from ITG increases with R/LTi
[See W. Wang, Thurs UP8.00083]

• Means of achieving edge rotation 
in future devices
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Momentum Pinch Velocities Are Investigated on Both 
NSTX and DIII-D Using Perturbative Techniques

• On DIII-D, co/counter beams

Co-NBI 12.5 MW
Ctr-NBI 5 MW

• On both NSTX and DIII-D, n=3 
non-resonant magnetic fields

C-coil

I-coil

Vessel

• NSTX has also used unbalanced NBI 
perturbation for core pinch studies
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stabilizing 

plates
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Comparison of intrinsic toroidal rotation in tokamaks

its fundamental nature. Substantial rotation velocities have
been obtained in ion cyclotron range of frequencies (ICRF)
heated plasmas on JET [20, 21], Alcator C-Mod [16, 22, 23]
and Tore Supra [24–26]. Co-current rotation has been seen
in Ohmic H-mode discharges in COMPASS-D [27], Alcator
C-Mod [23, 28, 29], DIII-D [30, 31] and TCV. Similarly,
co-current rotation has been observed at the edge of electron
cyclotron heated (ECH) H-mode plasmas on DIII-D [30, 31],
on JT-60U [32] with a combination of lower hybrid (LH)
waves and ECH, and in TCV with core ECH [33]. Velocities
up to 130 km s−1 have been measured in H-mode plasmas,
without external momentum input. A common feature of
all of these observations is a strong correlation between the
toroidal rotation velocity and the plasma pressure or stored
energy [20, 22, 23, 25, 26, 28, 29, 31, 32, 34]. In experiments
which can operate with a large range of plasma current, the
rotation velocity is found to be inversely proportional to Ip

[23, 26, 29, 31, 34]. The coefficient of this scaling is different
on different devices, and probably includes some machine size
scaling information.

The goal of this paper is to examine and compare
the scalings of intrinsic rotation from individual devices
in enhanced confinement regimes and to develop a global
scaling with dimensionless variables, with an eye towards
extrapolation to ITER and guiding a theoretical explanation.
In the following section, observations of intrinsic rotation on
various tokamaks are summarized, in section 3, the results of
dimensionless and dimensional scalings are presented and in
section 4 the connection with theory is outlined.

2. Summary of intrinsic rotation observations

Co-current spontaneous rotation during H-mode operation
was first observed in JET ICRF heated plasmas [20], where
a strong correlation was found between the local angular
momentum density and the ion pressure for low recycling
discharges (figure 10 of [20]); for high recycling plasmas, the
dependence was not as strong. Intrinsic rotation velocities as
high as 60 km s−1 (20 kRad s−1) were measured using passive
x-ray spectroscopy, viewing the plasma at r/a ∼ 0.35. Full
profile coverage was not available. Statistical errors were
±7 km s−1 and systematic errors were estimated to be as
large as ±28 km s−1, based on a comparison with charge
exchange recombination measurements. Spontaneous rotation
in ICRF heated H-mode plasmas has been studied extensively
in Alcator C-Mod [16, 22, 23, 34–36], with velocities up
to 130 km s−1 (200 kRad s−1, thermal ion Mach number
Mi = 0.3) measured in discharges with no direct momentum
input, also utilizing passive x-ray spectroscopy. Statistical
errors are ±5 km s−1, depending on count rate, and systematic
errors are ±10 km s−1, based on an absolute calibration from
an x-ray source, and from locked mode discharges with no
rotation [16]. The main C-Mod results are summarized
as follows: the rotation during H-mode is in the co-current
direction, changing direction, but remaining co-current when
the current direction is reversed. It was not possible to change
the magnetic field and plasma current directions separately.
The change in the rotation velocity between L- and H-mode
increases with the change in the plasma stored energy during
ICRF heating (figure 1 of [23]) and decreases with the
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magnitude of the plasma current (figure 2 of [34]); the time
history of the rotation velocity tracks the time evolution of
the plasma stored energy, Wp, and not the electron density
or ion temperature independently. The intrinsic rotation is
seen to propagate in from the plasma boundary following
the H-mode transition, with a momentum confinement time
similar to the energy confinement time [16, 35], and is highly
anomalous compared with neo-classical theory. The rotation
velocity profiles are flat in EDA H-mode and centrally peaked
in ELM-free H-mode, implying the presence of an inward
momentum pinch (with a pinch velocity ∼10 m s−1 [35]) in the
latter case. In Tore Supra, strong co-current toroidal rotation,
with velocities reaching 80 km s−1 (35 kRad s−1), has similarly
been observed in ICRF heated enhanced confinement regimes
[24–26], also using passive x-ray spectroscopy. The location
of the measurement was r/a ! 0.17, with typical uncertainties
of ±3 km s−1. A scaling similar to the C-Mod results, with the
change in the rotation velocity increasing with the change in
the stored energy normalized to the plasma current, has been
observed (figure 3 of [26]). In this case the slope of a line
through the data points is a little over a factor of two less
than in C-Mod, and this presumably contains some machine
size scaling information. The best correlation of the intrinsic
rotation velocity in Tore Supra is with the ion pressure [24].

Co-current toroidal rotation in Ohmic H-mode discharges
was first documented in COMPASS-D [27]. Spontaneous
rotation in Ohmic H-mode plasmas has been studied
extensively in C-Mod [28, 29], and the observations are
essentially identical to those in ICRF H-modes in terms of the
scaling with Wp/Ip (figure 4 of [29] and figure 2 of [34]). This
is suggestive of a common driving mechanism not involving
energetic ions [36]. Co-current intrinsic rotation during Ohmic
H-modes has also been observed in DIII-D [30, 31] and
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in enhanced confinement regimes and to develop a global
scaling with dimensionless variables, with an eye towards
extrapolation to ITER and guiding a theoretical explanation.
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dimensionless and dimensional scalings are presented and in
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Co-current spontaneous rotation during H-mode operation
was first observed in JET ICRF heated plasmas [20], where
a strong correlation was found between the local angular
momentum density and the ion pressure for low recycling
discharges (figure 10 of [20]); for high recycling plasmas, the
dependence was not as strong. Intrinsic rotation velocities as
high as 60 km s−1 (20 kRad s−1) were measured using passive
x-ray spectroscopy, viewing the plasma at r/a ∼ 0.35. Full
profile coverage was not available. Statistical errors were
±7 km s−1 and systematic errors were estimated to be as
large as ±28 km s−1, based on a comparison with charge
exchange recombination measurements. Spontaneous rotation
in ICRF heated H-mode plasmas has been studied extensively
in Alcator C-Mod [16, 22, 23, 34–36], with velocities up
to 130 km s−1 (200 kRad s−1, thermal ion Mach number
Mi = 0.3) measured in discharges with no direct momentum
input, also utilizing passive x-ray spectroscopy. Statistical
errors are ±5 km s−1, depending on count rate, and systematic
errors are ±10 km s−1, based on an absolute calibration from
an x-ray source, and from locked mode discharges with no
rotation [16]. The main C-Mod results are summarized
as follows: the rotation during H-mode is in the co-current
direction, changing direction, but remaining co-current when
the current direction is reversed. It was not possible to change
the magnetic field and plasma current directions separately.
The change in the rotation velocity between L- and H-mode
increases with the change in the plasma stored energy during
ICRF heating (figure 1 of [23]) and decreases with the
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magnitude of the plasma current (figure 2 of [34]); the time
history of the rotation velocity tracks the time evolution of
the plasma stored energy, Wp, and not the electron density
or ion temperature independently. The intrinsic rotation is
seen to propagate in from the plasma boundary following
the H-mode transition, with a momentum confinement time
similar to the energy confinement time [16, 35], and is highly
anomalous compared with neo-classical theory. The rotation
velocity profiles are flat in EDA H-mode and centrally peaked
in ELM-free H-mode, implying the presence of an inward
momentum pinch (with a pinch velocity ∼10 m s−1 [35]) in the
latter case. In Tore Supra, strong co-current toroidal rotation,
with velocities reaching 80 km s−1 (35 kRad s−1), has similarly
been observed in ICRF heated enhanced confinement regimes
[24–26], also using passive x-ray spectroscopy. The location
of the measurement was r/a ! 0.17, with typical uncertainties
of ±3 km s−1. A scaling similar to the C-Mod results, with the
change in the rotation velocity increasing with the change in
the stored energy normalized to the plasma current, has been
observed (figure 3 of [26]). In this case the slope of a line
through the data points is a little over a factor of two less
than in C-Mod, and this presumably contains some machine
size scaling information. The best correlation of the intrinsic
rotation velocity in Tore Supra is with the ion pressure [24].

Co-current toroidal rotation in Ohmic H-mode discharges
was first documented in COMPASS-D [27]. Spontaneous
rotation in Ohmic H-mode plasmas has been studied
extensively in C-Mod [28, 29], and the observations are
essentially identical to those in ICRF H-modes in terms of the
scaling with Wp/Ip (figure 4 of [29] and figure 2 of [34]). This
is suggestive of a common driving mechanism not involving
energetic ions [36]. Co-current intrinsic rotation during Ohmic
H-modes has also been observed in DIII-D [30, 31] and
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rotation with the ion temperature gradient has been dem-
onstrated in LHD ITB plasmas [15].

The approach for addressing the origin of intrinsic flow
may be cast in terms of fluctuation entropy and describes
intrinsic rotation as a thermodynamic engine. In the frame-
work of residual stress, the flow generation process can be
understood as a conversion of thermal energy into the
kinetic energy of macroscopic flow by drift wave turbu-
lence excited byrT,rn, etc. Using the physical picture of
flow generation as an energy conversion, an explicit ex-
pression for the efficiency of the conversion process may
be formulated by comparing rates of entropy production
(destruction) due to thermal relaxation (flow) generation
[16]. For a model with drift kinetic ions and adiabatic

electrons, the time evolution of entropy or !f2 is given
by, apart from boundary terms,

@t
Z

d3vd3x
h!f2i
hfi ¼ P"Dc: (1)

Here, P # R
d3xd3vf"h ~Vr!fihfi0=hfi" ðe=miÞh ~Ek!fi=

hfið@hfi=@vkÞg and Dc # "R
d3xd3vh!fCð!fÞi=hfi are

the production rate and collisional dissipation of entropy,
respectively, following the notation of [16]. Note that the
approximation of adiabatic electrons is fairly good,
since "&e ' 1:3> 1 and k2kv

2
the=ð!"eiÞ ' 29:6 ( 1 for

k?#s'0:2 and for the C-Mod pedestal parameters,
Ti ' Te ' 200 eV, q' 3, $A ' 1=3, n' 1020 m"3. Note
also that Dc is small compared to the production rate from
rT, as Dc=ðn%i=L

2
TÞ ' "eff=ðcs=aÞ ' 0:08 where Dc 'R

d3xn"effje&=Tej2, je&=Tej2'#2
&, %i'%GB and the

same parameters were utilized. Hence Dc is dropped here-
after. By modeling flux-gradient relations, the production
rate can be reduced to [16]
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2
sÞ2f"kr@)k=@krg,

)k # ð1þ k2?#
2
sÞ2j&̂kÞj2. The first term on the right-hand

side is the entropy production rate due to thermal relaxa-
tion. Note this term is implicitly related to the heat source,
as rT is tied to heat input via the heat balance equation.
The second term is the entropy destruction rate due to
zonal flow generation. Note that this term destroys entropy
only when zonal flow grows, i.e., *ZF / K > 0. The third
term is the entropy production rate due to the relaxation of
the velocity gradient. The last term is the entropy destruc-
tion rate due to the generation of intrinsic toroidal rotation.
Entropy production rate by particle transport, namely
"h ~Vr~nihni0, is small for adiabatic electrons.
The production rate P contains terms with a definite

order. The last two terms are smaller than the first two by
the order of Oðkk=k?Þ, where k is representative of the
mode number of drift waves. Hence a stationary state is
achieved by balancing the production and destruction rates
order by order. To lowest order, the balance is between the
production rate from thermal relaxation and the destruction
rate from zonal flow growth. The balance yields hVEi02 ¼
ð%i=KÞðv2

thi=L
2
TÞ which relates zonal flow strength to rT

directly. To the next order, the third and the fourth terms in
Eq. (2) cancel since the total parallel momentum vanishes
for a stationary state as h ~Vr

~Vki ¼ "%&hVki0 þ!res
rk ¼ 0.

To calculate hVki, a model of the residual stress is
required. Here, a case is considered where toroidal rotation
is driven by a two step process: first, a stationary state is
achieved by balancing the entropy production rate due to
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dots) as a function of the change in the stored energy normalized
to the plasma current.
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velocity near the top of the pedestal for two different βN levels.
Here, positive Vφ is in the co-Ip direction.
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Figure 4. Expanded dataset of edge intrinsic torque measurements
versus pedestal pressure gradient. The original data corresponding
to dedicated power and current scans presented in figure 2 are shown
with solid symbols. While one may still argue that an underlying
trend still exists in this larger dataset, it is clear that there is a large
degree of scatter, indicating additional physics is required to predict
the edge intrinsic torque.

torque versus pedestal pressure gradient for the complete set
of presently analysed DIII-D discharges. This dataset includes
not only conventional H-modes, but also quiescent H-mode
(QH-mode) [20] and hybrid plasmas [21], as well as a variety
of plasma shapes (including upper single null, lower single null
and double null plasmas), and toroidal rotation levels. While a
basic correlation between the edge intrinsic torque and pressure
gradient may still exist, it is much less apparent than in figure 2.
Moreover, the original offset-linear model does not provide a
very useful predictor of the edge intrinsic torque, since the
edge intrinsic torque can vary by almost a factor of three at
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Figure 5. Comparison of Reynolds stress-driven torque, as
measured by probes, versus estimate of the intrinsic torque, obtained
from the spin up of angular momentum, dL/dt . The shaded region
represents an estimate of the uncertainty of the Reynolds stress
torque measurement, factoring in potential systematic errors.

relatively constant ∇P ∼ −160 kPa m−1. Hence, it is clear
that the offset in equation (2) is not a constant and depends on
other physical quantities.

To more directly measure the role of the turbulent
Reynolds stress in generating the edge intrinsic torque, detailed
measurements have been made using a reciprocating Mach
probe in the edge of low powered H-mode plasmas (during
a slowly evolving edge localized mode (ELM)-free period).
When the injected power is kept close to the 1 MW level, the
probe is able to penetrate about 1 cm inside the separatrix. In
these experiments, Ip ∼ 1.2 MA, Bφ ∼ 1.6 T and due to the
low heating power, βN ! 1. In these experiments, there is
no indication that the probe itself significantly perturbs the
background plasma, as evidenced by the fact that no changes
are observed by other diagnostics when the probe is inserted.

The probe arrangement on DIII-D can measure all
quantities related to the usual fluid stress

$φ = mR〈nVφVr〉, (3)

where each quantity in the angled brackets is fully time
resolved (e.g. n = n̄ + ñ), and hence $φ can be decomposed
into various cross-correlations. In practice, it is found that the
turbulent Reynolds stress n̄〈ṼφṼr〉 is the dominant contribution
[22]. For this measurement, time-resolved measurements of
Vφ are obtained using a Mach probe, while Ṽr ≈ −Ẽθ/B is
obtained from the fluctuating poloidal electrostatic potential
estimated from the measurement of two poloidally separated
floating potentials.

In the angular momentum balance equation, the turbulent
Reynolds stress contributes as a divergence of a flux, ∇ · $φ ,
which has the units of a torque density. If one volume
integrates the equation, then the time rate of change in
angular momentum contained within a given radius, L(ρ) =∫ ρ

0 mRnVφ dV will be dependent on the stress at that radius,∫ ρ

0 ∇ · $φ dV ∼ A(ρ)$φ(ρ), where A(ρ) is the flux-surface
area, since $φ(0) ≡ 0.

Figure 5 shows the measurement of the turbulent stress
(locally, near the outboard midplane), converted to torque
units (Nm), approximately 50 ms after an L–H transition.
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Toroidal and poloidal momentum transport studies in tokamaks B295
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Figure 2. NBI power, ion and electron temperatures and toroidal angular frequency ωφ zoomed
into the middle of the modulation phase for JET discharge no 66128.

where χφ is the actual momentum diffusivity, vpinch is the momentum pinch velocity
(negative value inwards) and Lu is the gradient length of the normalized toroidal velocity
(u = vφ/vth = Machnumber). The ratio Rvpinch/χφ is defined as the pinch number. As
can be seen in equation (4), the effective Prandtl number χφ,eff/χi,eff can be significantly
different from the Prandtl number with diffusive terms only χφ/χi if the momentum pinch
velocity is large. However, steady-state analysis does not allow to separate the relative
weight of the diffusion and pinch terms in the momentum flux and therefore transient
momentum transport experiments are needed to study the momentum transport processes more
deeply.

3. Perturbative momentum transport experiments

An experiment where the NBI power and torque were modulated has been performed recently
on JET with a modulation frequency of 6.25 Hz. An H-mode plasma with type III ELMs at
low collisionality and high q95 to avoid sawteeth was chosen to perform the cleanest possible
rotation modulation. Active CX spectroscopy was used to measure the toroidal rotation ωφ

and Ti with a time resolution of 10 ms at 12 radial points. The modulation took place between
t = 4 s and t = 13 s, and a zoom into the time interval between 8 and 10 s is illustrated in
figure 2, depicting the clear modulation in the NBI power, ion and electron temperatures and
toroidal angular frequency ωφ .

There are two different mechanisms responsible for how the torque deposition takes place.
The first one is called collisional torque due to slowing down of fast beam injected on passing
orbits ions colliding and exchanging their torque with thermal ions, producing a time delayed
torque peaked dominantly on-axis, and the second one takes place due to beam ions injected into
trapped orbits, which then generates an instantaneous j×B torque, peaked dominantly off-axis.
Torque for the simulations shown in figure 2 has been calculated with the NUBEAM package
inside the TRANSP transport code. Calculating the Fourier components of the modulated
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Figure 2. NBI power, ion and electron temperatures and toroidal angular frequency ωφ zoomed
into the middle of the modulation phase for JET discharge no 66128.

where χφ is the actual momentum diffusivity, vpinch is the momentum pinch velocity
(negative value inwards) and Lu is the gradient length of the normalized toroidal velocity
(u = vφ/vth = Machnumber). The ratio Rvpinch/χφ is defined as the pinch number. As
can be seen in equation (4), the effective Prandtl number χφ,eff/χi,eff can be significantly
different from the Prandtl number with diffusive terms only χφ/χi if the momentum pinch
velocity is large. However, steady-state analysis does not allow to separate the relative
weight of the diffusion and pinch terms in the momentum flux and therefore transient
momentum transport experiments are needed to study the momentum transport processes more
deeply.

3. Perturbative momentum transport experiments

An experiment where the NBI power and torque were modulated has been performed recently
on JET with a modulation frequency of 6.25 Hz. An H-mode plasma with type III ELMs at
low collisionality and high q95 to avoid sawteeth was chosen to perform the cleanest possible
rotation modulation. Active CX spectroscopy was used to measure the toroidal rotation ωφ

and Ti with a time resolution of 10 ms at 12 radial points. The modulation took place between
t = 4 s and t = 13 s, and a zoom into the time interval between 8 and 10 s is illustrated in
figure 2, depicting the clear modulation in the NBI power, ion and electron temperatures and
toroidal angular frequency ωφ .

There are two different mechanisms responsible for how the torque deposition takes place.
The first one is called collisional torque due to slowing down of fast beam injected on passing
orbits ions colliding and exchanging their torque with thermal ions, producing a time delayed
torque peaked dominantly on-axis, and the second one takes place due to beam ions injected into
trapped orbits, which then generates an instantaneous j×B torque, peaked dominantly off-axis.
Torque for the simulations shown in figure 2 has been calculated with the NUBEAM package
inside the TRANSP transport code. Calculating the Fourier components of the modulated
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Figure 5. Experimental data (solid circles) in the L-mode plasma
where only PERP-NBIs are injected. Toroidal rotation velocity
profile in the core region can be explained by momentum transport
considering χφ and Vconv (solid lines).

In the region where the momentum source is negligible, χφ

and Vconv can be determined from the radial profiles of the
amplitude and the phase of the modulated velocity.

Transient transport of toroidal momentum is demonstrated
in an L-mode plasma by using modulated injection of PERP-
NBs, which enhance CTR rotation due to fast ion losses in
the peripheral region. In this experiment, the plasma with
low IP (IP = 0.87 MA, BT = 3.8 T, the safety factor at
95% flux surface q95 = 8.2) and large volume (Vol =
72 m3) was selected in order to enhance ripple losses. The
beam line of the modulated beams is shown by the arrow in
figure 3(a), the contour plot of ripple amplitude defined as
(Bmax − Bmin)/(Bmax + Bmin) is also described in this figure.
In order that the central region is free from direct external
momentum input, off-axis PERP-NBs (the injected power

PIN = 3.9 MW) are injected with a square wave modulation
at 2 Hz into the discharge. As mentioned above, the injection
angle of PERP-NBs is 75◦ with respect to the magnetic axis.
For the purely PERP-NB injections (i.e. with no external
momentum input), one unit each of CO PERP-NB and of CTR
PERP-NB are injected simultaneously. Figure 3(b) shows the
waveforms of modulated Vt at r/a = 0.87 and 0.23 (solid
lines). The total injected power and the line averaged electron
density (n̄e) are shown in figure 3(c). Each trace is fitted
to a sinusoidal function at the modulation frequency (dotted
lines). As mentioned later, in this analysis, we treat the edge
rotation oscillation (r/a ∼ 0.87) as the origin of momentum
transport. At inner area r/a ! 0.87, the dominant components
of the waveforms are sinusoidal functions. Therefore, we
adopt the sinusoidal function to investigate the momentum
transport. The ni profile shown in figure 3(d) is included for
the transient momentum transport analysis. The radial profiles
of the amplitude of the modulated part of the toroidal rotation
velocity Vt0 and of the phase delay φ are shown in figures 4(a)
and (b), respectively. The phase delay is taken from the start
of NB injection. Using the orbit following the Monte Carlo
(OFMC) code [20], the profile of the prompt fast ion loss,
which works as a driving source of CTR rotation is also shown
in figure 4(a). Large amplitude and small phase delay are
recognized in the peripheral region (0.7 < r/a < 0.9), and
this region agrees with the location at which fast ion losses
take place. Figures 4(c) and (d) show χφ and Vconv as evaluated
from the above-mentioned modulation analysis (i.e. Vt0 and φ

profiles in figures 4(a) and (b)) assuming that the momentum
source in the core region (0.2 < r/a < 0.65) is negligible (the
momentum flux due to the modulated PERP-NBs, M on the
left-hand side of equation (8), is one order of magnitude smaller
than −miχφ∂niVt /∂r and miVconvniVt at r/a ∼ 0.6). These
transport coefficients in the region r/a > 0.7 are not evaluated,
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Figure 5. Experimental data (solid circles) in the L-mode plasma
where only PERP-NBIs are injected. Toroidal rotation velocity
profile in the core region can be explained by momentum transport
considering χφ and Vconv (solid lines).

In the region where the momentum source is negligible, χφ

and Vconv can be determined from the radial profiles of the
amplitude and the phase of the modulated velocity.

Transient transport of toroidal momentum is demonstrated
in an L-mode plasma by using modulated injection of PERP-
NBs, which enhance CTR rotation due to fast ion losses in
the peripheral region. In this experiment, the plasma with
low IP (IP = 0.87 MA, BT = 3.8 T, the safety factor at
95% flux surface q95 = 8.2) and large volume (Vol =
72 m3) was selected in order to enhance ripple losses. The
beam line of the modulated beams is shown by the arrow in
figure 3(a), the contour plot of ripple amplitude defined as
(Bmax − Bmin)/(Bmax + Bmin) is also described in this figure.
In order that the central region is free from direct external
momentum input, off-axis PERP-NBs (the injected power

PIN = 3.9 MW) are injected with a square wave modulation
at 2 Hz into the discharge. As mentioned above, the injection
angle of PERP-NBs is 75◦ with respect to the magnetic axis.
For the purely PERP-NB injections (i.e. with no external
momentum input), one unit each of CO PERP-NB and of CTR
PERP-NB are injected simultaneously. Figure 3(b) shows the
waveforms of modulated Vt at r/a = 0.87 and 0.23 (solid
lines). The total injected power and the line averaged electron
density (n̄e) are shown in figure 3(c). Each trace is fitted
to a sinusoidal function at the modulation frequency (dotted
lines). As mentioned later, in this analysis, we treat the edge
rotation oscillation (r/a ∼ 0.87) as the origin of momentum
transport. At inner area r/a ! 0.87, the dominant components
of the waveforms are sinusoidal functions. Therefore, we
adopt the sinusoidal function to investigate the momentum
transport. The ni profile shown in figure 3(d) is included for
the transient momentum transport analysis. The radial profiles
of the amplitude of the modulated part of the toroidal rotation
velocity Vt0 and of the phase delay φ are shown in figures 4(a)
and (b), respectively. The phase delay is taken from the start
of NB injection. Using the orbit following the Monte Carlo
(OFMC) code [20], the profile of the prompt fast ion loss,
which works as a driving source of CTR rotation is also shown
in figure 4(a). Large amplitude and small phase delay are
recognized in the peripheral region (0.7 < r/a < 0.9), and
this region agrees with the location at which fast ion losses
take place. Figures 4(c) and (d) show χφ and Vconv as evaluated
from the above-mentioned modulation analysis (i.e. Vt0 and φ

profiles in figures 4(a) and (b)) assuming that the momentum
source in the core region (0.2 < r/a < 0.65) is negligible (the
momentum flux due to the modulated PERP-NBs, M on the
left-hand side of equation (8), is one order of magnitude smaller
than −miχφ∂niVt /∂r and miVconvniVt at r/a ∼ 0.6). These
transport coefficients in the region r/a > 0.7 are not evaluated,
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Figure 5. Experimental data (solid circles) in the L-mode plasma
where only PERP-NBIs are injected. Toroidal rotation velocity
profile in the core region can be explained by momentum transport
considering χφ and Vconv (solid lines).

In the region where the momentum source is negligible, χφ

and Vconv can be determined from the radial profiles of the
amplitude and the phase of the modulated velocity.

Transient transport of toroidal momentum is demonstrated
in an L-mode plasma by using modulated injection of PERP-
NBs, which enhance CTR rotation due to fast ion losses in
the peripheral region. In this experiment, the plasma with
low IP (IP = 0.87 MA, BT = 3.8 T, the safety factor at
95% flux surface q95 = 8.2) and large volume (Vol =
72 m3) was selected in order to enhance ripple losses. The
beam line of the modulated beams is shown by the arrow in
figure 3(a), the contour plot of ripple amplitude defined as
(Bmax − Bmin)/(Bmax + Bmin) is also described in this figure.
In order that the central region is free from direct external
momentum input, off-axis PERP-NBs (the injected power

PIN = 3.9 MW) are injected with a square wave modulation
at 2 Hz into the discharge. As mentioned above, the injection
angle of PERP-NBs is 75◦ with respect to the magnetic axis.
For the purely PERP-NB injections (i.e. with no external
momentum input), one unit each of CO PERP-NB and of CTR
PERP-NB are injected simultaneously. Figure 3(b) shows the
waveforms of modulated Vt at r/a = 0.87 and 0.23 (solid
lines). The total injected power and the line averaged electron
density (n̄e) are shown in figure 3(c). Each trace is fitted
to a sinusoidal function at the modulation frequency (dotted
lines). As mentioned later, in this analysis, we treat the edge
rotation oscillation (r/a ∼ 0.87) as the origin of momentum
transport. At inner area r/a ! 0.87, the dominant components
of the waveforms are sinusoidal functions. Therefore, we
adopt the sinusoidal function to investigate the momentum
transport. The ni profile shown in figure 3(d) is included for
the transient momentum transport analysis. The radial profiles
of the amplitude of the modulated part of the toroidal rotation
velocity Vt0 and of the phase delay φ are shown in figures 4(a)
and (b), respectively. The phase delay is taken from the start
of NB injection. Using the orbit following the Monte Carlo
(OFMC) code [20], the profile of the prompt fast ion loss,
which works as a driving source of CTR rotation is also shown
in figure 4(a). Large amplitude and small phase delay are
recognized in the peripheral region (0.7 < r/a < 0.9), and
this region agrees with the location at which fast ion losses
take place. Figures 4(c) and (d) show χφ and Vconv as evaluated
from the above-mentioned modulation analysis (i.e. Vt0 and φ

profiles in figures 4(a) and (b)) assuming that the momentum
source in the core region (0.2 < r/a < 0.65) is negligible (the
momentum flux due to the modulated PERP-NBs, M on the
left-hand side of equation (8), is one order of magnitude smaller
than −miχφ∂niVt /∂r and miVconvniVt at r/a ∼ 0.6). These
transport coefficients in the region r/a > 0.7 are not evaluated,
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at ! ¼ 0:8. The transport simulations are carried out over
the 9 modulation cycles shown in Fig. 1.

Both simulations (i) and (ii) predict the steady state !"

within 10% accuracy in the region of interest, i.e., 0:2<
!< 0:8, as seen in Fig. 2. Inside !< 0:2, neoclassical
transport starts to dominate ion heat transport, and the
predictions are worse as the use of the ITG-based Pr for
calculating #" is not appropriate.

Options (i) and (ii) differ, however, in reproducing the
A!;" and "!;" profiles as shown in Fig. 3. Case (i) with
Pr ¼ 0:25 and vpinch ¼ 0 clearly disagrees with the experi-
ments. The simulated phase is too large, an indication of
too low #" (too low Pr) used in the simulation. On the
other hand, the simulated amplitude is too low towards the
plasma center, which could be cured only by lowering #"

further. This shows that the assumption vpinch ¼ 0 is not
compatible with the experiments. Case (ii) uses Pr ¼
#"=#i " 1 [Fig. 3(c)] and vpinch varying radially between
0 and #25 m=s [Fig. 3(d)]. This improves the agreement
between the simulated and experimental amplitudes and
phases dramatically. This vpinch profile reproduces best the
experimental A!;" and "!;" profiles and the steady state
!". Uniform Pr ¼ 1:0 instead of using Pr profile from the
GKW model with the same vpinch results in almost as good
agreement with experiment. Finally, while the Pr numbers
from the GKW model are in excellent agreement with
experiment, there is some discrepancy in the pinch num-
bers, defined as Rvpinch=#". The pinch numbers from the
GKW model are 2–4, depending on radius, whereas the
experimental ones are in the range of 3–8.

A sensitivity analysis shows that 20%–30% variability
in Pr and vpinch is compatible with experimental data, while

outside this range the simulated phase and amplitude de-
viate unacceptably from the experimental values. The
TRANSP torque calculations have been found very robust
with respect to variations in plasma parameters.
One complicating factor requiring a careful assessment

is that Ti and Te are also modulated with peak amplitudes
around 70 eV, i.e., a perturbation of about 1% to be
compared with the amplitude of the !" modulation being
around 4%. A time variation of Ti and its gradient length
induces a time variation in the ITG-driven transport, caus-
ing an oscillation in #i. This leads to an oscillation in #",
yielding an extra contribution to A!;" and ’!;" and pos-
sibly modifying the determined Pr and vpinch. To estimate

the impact of such Ti modulation on the determined Pr and
vpinch, a time-dependent #i using an ion heat transport

model based on the critical gradient length concept [20]
and with typical parameters found in JET ion heat transport
studies [18] has been used to model the modulated Ti and
the associated time variation of #i and #". Owing to the
small amplitude of the Ti modulation (the amplitude of #i

is 1%–2% depending on the radius), the effect on the
values determined for Pr and vpinch was insignificant. The

insensitivity of Pr and vpinch to the temperature modulation

and to the variations in the input profiles together with
mapping the profiles onto a plasma movement independent
coordinate have resulted in robust estimates for the profiles
and magnitudes of Pr and vpinch, as compared with the

preliminary analysis shown in Ref. [6].
Additional evidence of the existence of inward momen-

tum pinch on JET comes from a plasma with an ITB. It has
been reported that the foot point of the ITB coincides
among all transport channels (Ti, Te, ne, !") [21]. The
present experimental observation, however, illustrates that
the foot point of the ITB seems to be located at a slightly
larger radius in Ti than in !" as the ITB moves radially
outwards. In Fig. 4, the Ti barrier is located within the
charge exchange recombination spectroscopy (CXRS)
channel [marked as horizontal lines in Fig. 4(d)] centered
at r=a¼0:48, whereas the!" barrier is located one CXRS
channel more inwards, i.e., centered at r=a ¼ 0:41 at t ¼
5:29–5:31 s. This can be seen clearly in Figs. 4(c) and 4(d),
where there is virtually no difference in!!" while there is
a significant difference in !Ti at r=a ¼ 0:48. At t ¼
5:35 s, the !" barrier also appears at r=a ¼ 0:48. The
ITB moves steadily outwards, following the outward
movement of the qmin surface, the foot point reaching a
radius r=a ¼ 0:65 until the ITB collapses at t ¼ 5:95 s.
During its radial outward movement, the ITB passes two
other CXRS channels at r=a ¼ 0:58 at t ¼ 5:34 s and
r=a ¼ 0:66 at t ¼ 5:77 s. Both times, the ITB is seen first
in Ti and after a few tens of milliseconds in !", indicating
that the foot point of the ITB is indeed located at a more
outward radius for Ti than for !".

FIG. 3 (color online). Comparison of the experimental ampli-
tude (black solid line with error bars) and phase (red dashed line
with error bars) and simulated amplitudes A!;" (black solid line)
and phases "!;" (red dashed line) of modulated !’ in
(a) case (i) with Pr ¼ 0:25 and vpinch ¼ 0 and (b) case (ii)

with Pr $ 1 and vpinch taken from (d) (black solid line).

(c) Prandtl numbers and (d) pinch velocity profiles used in
cases (i) (blue dashed line) and (ii) (black solid line). Also
shown the used #i;eff (red dotted line) in (d).
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Figure 6. Left: the eigenfunction for the GA standard case with adiabatic electrons, kyρi = 0.42 u′ = 0 and u = 0.2. Circles denote the
perturbed potential while crosses represent the perturbed parallel velocity. Full lines represent the real, while dotted lines represent the
imaginary part of the eigenfunction. Right: the ion heat (upper curve) and momentum flux (lower curve) as a function of time. The
resolution is the same as for the simulations of the Prandtl number.

of the particles in the perturbed potential, is related to the
compression of the perturbed E × B velocity. The latter
formulation allows this effect (but not the one due to the
convection) to be described within the framework of turbulence
equipartition [62, 63].

The study of the Coriolis pinch effect has also revealed that
the breaking of symmetry is a necessary, but not a sufficient
condition [60]. Figure 6 shows the eigenfunction for the GA
standard case with adiabatic electrons and kyρi = 0.42. The
mode is clearly asymmetric in the low-field side mid-plane
(s = 0). However, while a symmetric eigenfunction implies
a zero momentum flux, an asymmetric eigenfunction does not
necessarily mean a finite flux. Indeed, the momentum flux
for this case is zero as shown in the right panel of figure 6.
It can be shown [60] that the zero flux is generated by the
combined effect of the Coriolis drift and a finite parallel wave
vector. For the adiabatic electron case the most unstable mode
has a parallel wave vector that exactly compensates the effect
of the Coriolis drift, resulting in a zero toroidal momentum
flux. A finite Coriolis pinch requires the description of
kinetic electrons. In the presence of trapped electrons,
the parallel mode structure is more restricted, preventing a
complete cancellation between the Coriolis drift effect and
the parallel wave vector of the eigenfunction. This leads
to the counter intuitive result that the Coriolis pinch scales
with the trapped electron fraction, i.e.

√
ε, even though

the electrons hardly carry any momentum. It also explains
the poor performance of the fluid models in which kinetic
electrons are not accounted for, like equation (23) above, which
over-predicts the momentum pinch by roughly a factor 2 (for√

ε = 0.4). Finally, the sensitivity to the parallel wave vector
explains the influence of electro-magnetic effects [64] which
can strongly reduce the pinch close to the kinetic ballooning
mode threshold.

Parameter dependences of the pinch from nonlinear gyro-
kinetic simulations are shown in figure 7. Similar to the fluid
model, the density gradient leads to an enhancement of the
pinch. The Coriolis drift is in the vertical direction, and similar
to the curvature drift, the mode needs to be localized on the
outboard side of the surface for it to have an effect. A reduction
in the Coriolis pinch is therefore observed when the mode is
less localized. This explains the decrease of the pinch with the
magnetic shear and the safety factor. It is to be noted that all
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Figure 7. Pinch number Vϕ/χϕ for the GA standard case with
kinetic electrons as a function of density gradient (circles), the
magnetic shear (stars), the temperature gradient (x) and safety factor
(+). To plot the curves on one graph the x-axis for each of the scans
is modified. It represents R/LN, 3ŝ, R/LT − 6, and 2q,
respectively. To determine the pinch the momentum flux is
calculated for a finite background rotation u = 0.2, with zero
rotation gradient u′ = 0. The result of the runs from which the
Prandtl number was determined (with u′ = 1, u = 0) are then used
to determine the ratio Vϕ/χϕ . The resolution, time window of
averaging for the runs with u = 0.2 are the same as the runs from
which the Prandtl number was determined.

the parameter dependences of the pinch (inverse aspect ratio,
safety factor, magnetic shear) result in a small pinch in the inner
core of the plasma. Finally, all of the examples in this section
have dealt with the ITG. A pinch is, however, also observed
for the trapped electron mode (TEM) [65].

4.4. The particle flux effect

The particle flux appears in the equation for the toroidal
angular momentum conservation. Knowledge of the particle
flux, which is well studied (see [66] and the references cited
therein), directly allows for an evaluation of this contribution.
Under stationary conditions with central NBI the particle flux is
outwards and will reduce the total plasma angular momentum.
Note that this mechanism, like the diagonal part and the
Coriolis pinch, is not able to provide a seed rotation, since the
flux of momentum is proportional to the background rotation.
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become nonzero, thus producing a finite stress S, which is
independent of mean toroidal flow. Physically, the asymmet-
ric shift of the mode centroid off the resonant surface creates
an effective imbalance in the population of sound waves
traveling in the clockwise or counterclockwise directions
around the torus !see Fig. 1". This imbalance creates a local
torque density, thus driving spin-up and momentum trans-
port.

Note that, the imbalance of population of sound wave
densities is also an indication of the appearance of a net
“wave momentum” in the fluctuations. This follows from the
fact that since the wave momentum density is P
=kN!x ,k , t", where N!x ,k , t" is the wave population density
!i.e., wave action", net parallel momentum requires a net k#

or equivalently an imbalance in populations of copropagating
and counterpropagating acoustic waves. In other words, the
torque density term is finite only when the fluctuations them-
selves have a net parallel wave momentum. Note that this is
suggestive of a complementary nondiffusive transport of
wave momentum, possibly in the direction opposite to that of
ions. Another obvious advantage of the net wave momentum
picture is that it can be extended in a straightforward way to
toroidal geometry, so that for eigenmodes having no net par-
allel wave momentum, the off-diagonal torque density term
must necessarily vanish.

Given that E!B shear induces asymmetry, the expecta-
tion value of the distance from the resonant surface is equal
to the centroid displacement, proportional to the E!B shear
and given by

$x%
Ls

&
"

Ls
& − #

$s

Ls

Ln

cs

dv̄Ey

dx
. !6"

Here "= $x% is the centroid shift and # is a coefficient, which
will be defined and calculated later. We argue that the shift of
the eigenmode is due primarily to the E!B shear in most
cases !see Figs. 2 and 3". For example, radial shear of paral-
lel flow itself may also cause a shift, but that effect is weaker
by a factor of Ln /Ls. It is precisely for this reason, and be-
cause E!B shear is related to transport bifurcations, that we
focus on E!B shear as the symmetry-breaking mechanism.

FIG. 1. Acoustic waves traveling in both directions around the torus.
Sheared flow changes the population density of waves in one direction rela-
tive to the other, breaking the k#→−k# symmetry and creating an imbalance
between the two counterpropagating wave populations.

FIG. 2. Shift of the intensity fluctuation profile due to E!B shear.

FIG. 3. Shifts in the Landau resonance points that are in the same direction
resulting in a shift in the center of the fluctuation spectrum, which results in
a net imbalance in wave momentum deposition.
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Figure 9. Cartoon to show 〈k||〉 symmetry breaking caused by (a) E × B flow
shear induced fluctuation envelop shift and (b) the radial inhomogeneity of fluctuation
intensities.
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Figure 9. Cartoon to show 〈k||〉 symmetry breaking caused by (a) E × B flow
shear induced fluctuation envelop shift and (b) the radial inhomogeneity of fluctuation
intensities.
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  relaAon	
  observed	
  in	
  toroidal	
  devices	
  

measured at ! ! 0:75 (see blue, open symbols, profile in
Fig. 2).

The amplitude of the Er oscillations is shown in Fig. 3
together with the amplitude of the oscillations in the den-
sity fluctuation level, i.e., rmsð~neÞ. While the Er oscillation
amplitude decreases towards the Er shear position
(! ! 0:82), the rmsð~neÞ oscillation amplitude is maximum
right inside the Er shear position and tends to decrease
towards inner radial positions.

As already stated, the TJ-II Doppler reflectometer allows
measuring simultaneously at two radial positions which
can be independently selected [19]. Therefore, it is pos-
sible to obtain information on the radial propagation char-
acteristics of the cyclic spatiotemporal pattern, extending
previous temporal (0D) characterization to a spatiotempo-
ral (1D) one. An example is shown in Fig. 4. It displays the

time evolution of both density fluctuation level [Fig. 4(a)]
and Er [Fig. 4(b)] measured simultaneously at ! ¼ 0:8 and
! ¼ 0:75. In addition, the time evolution of Er shear
calculated from the data shown in Fig. 4(b) is shown in
Fig. 4(c). The relation between Er shear and density fluc-
tuation level showing a limit-cycle behavior is shown in
Fig. 4(d). Pronounced changes in Er shear appear linked to
the oscillations in rmsð~neÞ. Furthermore, a delay between
the two channels can be seen indicating a radial propaga-
tion from the inner to the outer channel. This outward
propagation is found in all the oscillation patterns
measured at line densities between ð2–2:5Þ % 1019 m&3.
At densities above 3% 1019 m&3, in some particular cases
the propagation direction eventually reverses after a short
time period without oscillations.
The analysis of the delays yields propagation velocities

within the range ! 50–200 m=s with a radial trend as
shown in Fig. 5. In this figure the vertical bars represent
the error in the estimation of the propagation velocity
and the horizontal ones represent the radial separation
between the two channels in each discharge. The radial
propagation velocity decreases as the oscillation pattern
approaches the Er shear position (at ! ! 0:82). The inward
propagation velocities are also included in Fig. 5. Similar
values are obtained although no clear radial dependence
can be inferred. Similarly, as can be seen in Fig. 2, the
extreme values of the Er oscillations are comparable in
both cases, for inward and outward propagating oscillation
patterns. However, the time evolution shows differences
when comparing both cases. As the oscillation pattern
propagates outwards, the increase in the turbulence level
produces an increase in the shearing rate at the inner shear
layer. This can be seen in Fig. 4: at each oscillation cycle,
the increase in the fluctuation level is follow by a decrease
of jErj that results in an increase in the negative Er shear.
Oscillation patterns propagating inwards show different
dynamics. An example is shown in Fig. 6: the increase in
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-30

-20

-10

ch1
ch2

S
 (

dB
)

#27137 a)

-12

-9

-6

-3

E r (
kV

/m
)

b)

-400

0

400

-30 -25 -20

174.5 - 175.5 ms

dE
r/d

r 
(k

V
/m

2 )

S (dB)

d)

-500

-250

0

250

500

172 174 176 178

dE
r/d

r 
(k

V
/m

2
)

time (ms)

c)

FIG. 4 (color online). The time evolution of (a) density fluc-
tuation level and (b) Er, measured simultaneously at ! ¼ 0:8
(channel 1: blue, broken line) and ! ¼ 0:75 (channel 2: red,
solid line). (c) the time evolution of Er shear and (d) relation
between Er shear and density fluctuation level (only two cycles
are displayed).

-100

0

100

200

0.65 0.7 0.75 0.8 0.85

pr
op

ag
at

io
n 

ve
lo

ci
ty

 (
m

/s
)

outwards

inwards

FIG. 5 (color online). Radial propagation velocity vs plasma
radius. The outward propagation velocity decreases as the Er

shear location (at ! ! 0:82) is approached. Inward propagation
velocities are represented using small symbols (in blue). The
striped area indicates the radial location of the Er shear.

PRL 107, 245004 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

9 DECEMBER 2011

245004-3

Estrada	
  et	
  al.	
  PRL	
  (2011)	
  

TJ-­‐II	
  stellarator	
  

mean flow. Note also that the pulse frequency is generally
less than a quarter of the GAM frequency, so generally only
a couple of GAM periods are visible.] Then (4), the result-
ant enhanced flow shearing affects the turbulence, which
now begins to reduce. On reaching the critical threshold
(there may be some hysteresis) the GAM switches off and
the mean Er well disappears, and in this case even reverses
to become positive. This represents a substantial cyclic
variation in the Er ! B flow. Figure 1(b) shows the cyclic
variation in the Er profile (I high and I low) for a typical
discharge with PECH ¼ 1:1 MW electron cyclotron heat-
ing power, together with an L-mode phase (0.35 MW).
There is no equivalent modulation in the electron pressure
gradient rPe. Similar poloidal flow reversal observations
were recently observed using gas-puff imaging on NSTX
tokamak just prior to the L-H transition [17].

On the equilibrium time scale (i.e., milliseconds) the
enhanced turbulence driven flow (deeper edge negative Er

well) supports a stronger edge pressure gradient, and hence
higher energy confinement factors. In this discharge there
is a steepening of the edge Te gradient but no evident
H-mode pedestal formation. Note also the inward move-
ment of the Er well (minimum) position and the conse-
quent steepening of the positive and negative Er shear
regions. This Er well movement is typical with improving
energy confinement in L- as well as H-mode conditions.

The role of the GAM shearing is demonstrated in
Fig. 2(d) with estimates of the mean flow shearing rate
!#1
M ¼ !u?=Lr (red points) where !u? is the flow veloc-

ity step across the shear layer [4] and Lr the radial turbulent
eddy size (correlation length approximated by the negative
shear layer width), the corresponding flow oscillation
shearing rate !#1

o ¼ "u?=Lr (gray shaded curve) where
"u? is the flow standard deviation, together with the
turbulence decorrelation rate !#1

c (open blue points) from
the Doppler amplitude fluctuations. The horizontal bars

indicate the averaging period. The "u? tends to overesti-
mate the effective GAM shearing in L mode, but under-
estimates the GAM peak-to-peak amplitude during the
I-phase pulses. Note that all three parameters are local,
i.e., nonpoloidally averaged, estimates at the same toka-
mak measurement location, and that the turbulence !#1

c is
dominated by the probed k?. Nevertheless, the figure
shows that both the mean and oscillatory shear rates are
well below the turbulence !#1

c in Lmode but converge with
the onset of the pulsing. Of the two, it is !#1

o which exceeds
!#1
c and then subsequently tracks it—thus maintaining the

limit-cycle behavior.
The (equilibrium time scale) GAM amplitude initially

increases with heating power. This is shown in Figs. 4(a)
and 4(b) where a neutral beam injection (NBI) power ramp
is applied in addition to the background ECH power. The
GAM amplitude AGAM (peak-to-peak velocity [15]) aver-
aged over 100 ms, close to the GAM inner zonal boundary,
begins to increase with the onset of the I phase 50% duty-
cycle pulsing, coincident with a bifurcation in the GAM
frequency and the mean E! B flow ramping. However, the
GAM eventually decreases as the mean flow shear
strengthens. This effect is shown more clearly in Fig. 5.
Here the ECH power is higher at 1.4 MW and the I-phase
transition is triggered earlier at 1.65 s by the density ramp.
The mean Er well depth jumps from#5:5 to#8:9 kVm#1

with a corresponding increase in the energy confinement
factorH98 ¼ !E=!E scale from 0.6 (L) to 0.7 (I). In Fig. 5(b)
the fD spectrum (14 ms averaged) shows a weaker GAM
peak, although the GAM during the pulse remains stronger
than the 3 kHz pulse perturbation. Around 2.37 s, the
pulsing begins to diminish and clear, but weak edge-local-
ized-mode-free, H-mode Te and Ti temperature pedestals
form. The D# emission drops slightly (reduced particle
recycling) and the mean Er well deepens, reaching
#24:5 kVm#1 with H98 $ 0:8 indicating a transition to

shot 24906

FIG. 3 (color online). (a) Instantaneous Er time trace over
several pulses showing GAM oscillation, plus (b) smoothed Er

and turbulence level SD showing (1) rising turbulence, (2) thresh-
old, (3) GAM, and (4) turbulence suppression for shot 24 906.

shot 24751 shot 24750

FIG. 4 (color online). Evolution of (a) GAM frequency,
(b) GAM amplitude AGAM and u? flow velocity with heating
power shot 24 751; BT ¼ #2:4 T, Ip ¼ 1:0 MA, q95 % 4, "ne ¼
2:6! 1019 m#3, Teo % 3 keV, PECH ¼ 0:6 MW plus PNBI

ramp. (c) Evolution of GAM amplitude profile during L-I-H
mode transition, plus Er well position (arrows) in shot 24 750.
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Direction reversals of intrinsic toroidal rotation have been observed in diverted Alcator C-Mod Ohmic

L-mode plasmas following electron density ramps. For low density discharges, the core rotation is

directed cocurrent, and reverses to countercurrent following an increase in the density above a certain

threshold. Such reversals occur together with a decrease in density fluctuations with 2 cm!1 " k! "
11 cm!1 and frequencies above 70 kHz. There is a strong correlation between the reversal density and the

density at which the Ohmic L-mode energy confinement changes from the linear to the saturated regime.
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Plasma rotation due to self-acceleration by turbulence is
one example of a class of macroscopic self-organization
problems that includes the origin of solar differential rota-
tion, the geodynamo and the general circulation of the
ocean. Spontaneous inversions in self-accelerated toroidal
flows in tokamaks will be covered here. Self-generated
flow in H-mode and other enhanced confinement regimes
is generally directed cocurrent and has been found to have
a relatively simple global scaling [1], with the Mach num-
ber proportional to the plasma pressure. In contrast, the
intrinsic rotation in Ohmic L-mode plasmas has a compli-
cated dependence on global plasma parameters [2,3]. In
fact, rotation inversions or reversals have been observed
[3–5], where the core rotation abruptly switches direction,
with negligible effect on other macroscopic plasma pa-
rameters. Rotation inversions constitute a novel form of
momentum transport bifurcation. Rotation reversals have
been induced with changes in density, plasma current, and
magnetic field. A seemingly unrelated phenomenon, which
is a long standing mystery, concerns the progression from
the linear Ohmic confinement (LOC) regime to the satu-
rated Ohmic confinement (SOC) regime. This transition
occurs at a particular density [6–8] depending on machine
and plasma parameters. In this Letter, the connection
among rotation reversals, the transformation from LOC
to SOC, and changes in turbulence characteristics is exam-
ined. All three of these phenomena are observed to occur at
the same critical density.

A detailed study of intrinsic rotation reversals in Ohmic
L-mode plasmas has been performed [9] on the Alcator
C-Mod tokamak [10] (major radius R ¼ 0:67 m, typical
minor radius of 0.21 m). One method of inducing reversals
is by ramping the electron density [3–5]. The reversal
process is quite sensitive to the value of the electron
density, which is demonstrated in Fig. 1. As can be seen

by the solid line in the top frame, this plasma experienced
two reversals, first from the counter- to cocurrent direction
beginning at 0.666 s, following a slight decrease in the
electron density, and from co- to countercurrent initiating
at 1.146 s, with a slight density increase. Positive VTor

denotes cocurrent rotation. These rotation changes with
density are the same as was seen in Tokamak configuration
variable diverted discharges, but opposite to limited plas-
mas [4,5]. During the reversals, the density profile shape
did not change. The overall hysteresis cycle transpired with
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FIG. 1 (color online). Time histories of (a) the toroidal rotation
velocity in the center (solid line) and outside of r=a ¼ 0:75
(dashed line), (b) average electron density, (c) density fluctuation
intensity with kR between 4.2 and 5:6 cm!1 and frequency above
180 kHz and (d) the poloidal propagation velocity of the turbu-
lence for a 1.1 MA, 5.4 T (q95 ¼ 3:2) discharge which under-
went two rotation reversals.
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R ¼ 0:79 m, inside of the rotation reversal radius for these
discharge conditions [9]) also makes an abrupt change at
the same density. In the LOC regime, below 0:6"
1020=m3, the density profile peaks up with increasing
electron density; in the SOC regime, the density profile
shape remains constant with increasing density. Over this
density range, the ratio (d) between the electron and ion
temperatures smoothly varies, indicative of an increase in
ion heating due to stronger collisional transfer from elec-
trons to ions. At the reversal density the ratio of Te=Ti at
the plasma center changed from# 1:35 (at low density) to
$ 1:35 (at high density), but in a continuous fashion.

A comparison of the rotation reversal density and the
transition density from the linear to saturated Ohmic con-
finement regimes for several discharge conditions is shown
in Fig. 6. There is an excellent correlation between these
two quantities over a factor of 2 in density. The connection
among rotation reversals, Ohmic confinement saturation,
density profile peaking, and turbulence changes can be
unified by the following ansatz. At low density, where
the core toroidal rotation is in the cocurrent direction,
and where Ohmic energy confinement, coupling between
electrons and ions, and density profile peaking all increase
with increasing density, a turbulence feature with k! be-
tween 2 and 11 cm%1, consistent in nature with TEM
instabilities, is present. At a critical density, this high k
turbulent feature disappears, the core rotation reverses due
to a change in sign of the intrinsic torque (% @r!

res), and
global energy confinement and density profile peaking
saturate, possibly due to a change to predominance of
ITG modes in the turbulence spectrum. This scenario is

consistent with previous observations on Alcator C, TEXT,
DIII-D and ASDEX Upgrade (but with the addition of
rotation measurements on C-Mod).
In summary, direction reversals of intrinsic toroidal

rotation have been observed in diverted Alcator C-Mod
Ohmic L-mode plasmas following modest electron density
ramps. The reversal occurs in the plasma interior, inside of
the q ¼ 3=2 surface. For low density plasmas, the rotation
is in the cocurrent direction, and reverses to the counter-
current direction following an increase in the electron
density above a certain threshold. Reversals from the co-
to countercurrent direction are correlated with a sharp
decrease in density fluctuations with 2 cm%1 $ k! $
11 cm%1 and frequencies above 70 kHz. For low density
operation with cocurrent rotation, this corresponds to the
conditions where TEMs are expected to be excited. The
density at which the rotation reverses increases linearly
with plasma current. There is a strong correlation between
the reversal density and the density at which the global
Ohmic L-mode energy confinement changes from linear to
saturated.
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a 10% change in the electron density. The existence of a
hysteresis cycle is prima facie evidence that the inversion
is in fact a bifurcation and a first order transition. The
magnitude of the core rotation excursion, determined
from the Doppler shifts of argon x-ray lines (which is
representative of the bulk ion flow), was !30 km=s.
Reversals usually evolve on a time scale comparable to
the momentum confinement time [11] and occur inside of a
particular radius, near the q ¼ 3=2 surface [9]. For the
discharge of Fig. 1, the reversal developed inside of R ¼
0:84 m (r=a ¼ 0:75), with no change in the rotation profile
outside of that location, as can be seen by the dashed line in
the top frame. There is a transient change in the rotation in
the opposite direction at the plasma edge which might play
a role in momentum conservation [9]. The total torque
density required to reverse the rotation in the core was
!0:4 N=m2. This is similar in magnitude to the measured
Reynolds stress torque in DIII-D plasmas [12].

The density at which the reversal occurs depends on the
plasma current. A large body of C-Mod rotation reversal
data are summarized in Fig. 2 where the line average
electron density at the time when the central rotation
begins to reverse is plotted as a function of plasma current
for 5.4 T discharges. This covers a range of q95 from 3.0 to
7.0. There is a linear increase of the reversal density with
plasma current over a span of a factor of 3. Some of the
scatter is because plasmas with both upward and down-
ward density ramps have been included. As was seen in
Fig. 1, there is a hysteresis of about 10% in density.

There is very little change [4,5,9] in the density, tem-
perature or q profiles (and other macroscopic parameters)
during the reversal process, while there is a drastic trans-
formation in the toroidal velocity profiles inside of the
q ¼ 3=2 surface. There are also significant changes in

the character of density fluctuations. Shown in Fig. 3 are
dispersion plots of density fluctuations from the phase
contrast imaging (PCI) diagnostic [13] before (0.608 s)
and after (0.859 s) the first core reversal of the discharge
shown in Fig. 1. The PCI signal is provided by a continuous
CO2 laser beam which passes through the plasma verti-
cally. The PCI technique is sensitive to fluctuation spectra
with a finite wave number perpendicular to the beam, i.e.,
to the component of kR along the major radius. There are
distinct lobes with j kR j# 2 cm$1 for frequencies above
100 kHz which are apparent when the rotation is directed
cocurrent (ne < 1% 1020=m3) but which are not present
when the rotation is countercurrent (ne > 1% 1020=m3).
The correlation between the appearance of these features
and the direction of the core toroidal rotation velocity is
clearly demonstrated in the third frame of Fig. 1, which
shows the time history of fluctuation intensity with kR
betweenþ4:2 andþ5:6 cm$1 and with frequencies above
180 kHz. The total power in the density fluctuation signal
(normalized to the average electron density) is clearly
observed to increase when the fast lobes are present.
Shown in Fig. 4 is the conditional spectrum Sðk; fÞ=SðfÞ
of the difference between spectrograms at 0.859 s (cocur-
rent) and 0.608 s (countercurrent), which demonstrates the
distinct structure of the lobes, with j kR j extending from 2
to above 11 cm$1 for frequencies greater than 70 kHz. The
slope of these features indicates a poloidal phase velocity
of V! ¼ !=k! ¼ 2"f=kR sin# ! 3:8 km=s, where # is the
angle the PCI viewing chord makes with the magnetic flux
surface at the location of the measurement (k! ¼ kR sin#
owing to the reciprocal vector nature of the wave number).
Both positive and negative kR spectral lobes speed up
simultaneously in both propagation directions. This
strongly suggests that (due to the line integration) these
lobes are collected from two spatial locations along the PCI
chord, from the top and bottom of a flux surface, where
they suffer the same Doppler shift caused by the local
radial electric field. Since the slopes (phase velocities) of
the two lobes are the same (within 5%), this suggests that
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FIG. 2 (color online). The density at the rotation reversal
initiation time as a function of plasma current for 5.4 T dis-
charges. The line represents the best linear fit.
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FIG. 3 (color online). Dispersion plots Sðk; fÞ of turbulence
before (0.608 s, countercurrent rotation, left panel) and after
(0.859 s, cocurrent rotation, right panel) the first rotation reversal
in the discharge shown in Fig. 1.
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a 10% change in the electron density. The existence of a
hysteresis cycle is prima facie evidence that the inversion
is in fact a bifurcation and a first order transition. The
magnitude of the core rotation excursion, determined
from the Doppler shifts of argon x-ray lines (which is
representative of the bulk ion flow), was !30 km=s.
Reversals usually evolve on a time scale comparable to
the momentum confinement time [11] and occur inside of a
particular radius, near the q ¼ 3=2 surface [9]. For the
discharge of Fig. 1, the reversal developed inside of R ¼
0:84 m (r=a ¼ 0:75), with no change in the rotation profile
outside of that location, as can be seen by the dashed line in
the top frame. There is a transient change in the rotation in
the opposite direction at the plasma edge which might play
a role in momentum conservation [9]. The total torque
density required to reverse the rotation in the core was
!0:4 N=m2. This is similar in magnitude to the measured
Reynolds stress torque in DIII-D plasmas [12].

The density at which the reversal occurs depends on the
plasma current. A large body of C-Mod rotation reversal
data are summarized in Fig. 2 where the line average
electron density at the time when the central rotation
begins to reverse is plotted as a function of plasma current
for 5.4 T discharges. This covers a range of q95 from 3.0 to
7.0. There is a linear increase of the reversal density with
plasma current over a span of a factor of 3. Some of the
scatter is because plasmas with both upward and down-
ward density ramps have been included. As was seen in
Fig. 1, there is a hysteresis of about 10% in density.

There is very little change [4,5,9] in the density, tem-
perature or q profiles (and other macroscopic parameters)
during the reversal process, while there is a drastic trans-
formation in the toroidal velocity profiles inside of the
q ¼ 3=2 surface. There are also significant changes in

the character of density fluctuations. Shown in Fig. 3 are
dispersion plots of density fluctuations from the phase
contrast imaging (PCI) diagnostic [13] before (0.608 s)
and after (0.859 s) the first core reversal of the discharge
shown in Fig. 1. The PCI signal is provided by a continuous
CO2 laser beam which passes through the plasma verti-
cally. The PCI technique is sensitive to fluctuation spectra
with a finite wave number perpendicular to the beam, i.e.,
to the component of kR along the major radius. There are
distinct lobes with j kR j# 2 cm$1 for frequencies above
100 kHz which are apparent when the rotation is directed
cocurrent (ne < 1% 1020=m3) but which are not present
when the rotation is countercurrent (ne > 1% 1020=m3).
The correlation between the appearance of these features
and the direction of the core toroidal rotation velocity is
clearly demonstrated in the third frame of Fig. 1, which
shows the time history of fluctuation intensity with kR
betweenþ4:2 andþ5:6 cm$1 and with frequencies above
180 kHz. The total power in the density fluctuation signal
(normalized to the average electron density) is clearly
observed to increase when the fast lobes are present.
Shown in Fig. 4 is the conditional spectrum Sðk; fÞ=SðfÞ
of the difference between spectrograms at 0.859 s (cocur-
rent) and 0.608 s (countercurrent), which demonstrates the
distinct structure of the lobes, with j kR j extending from 2
to above 11 cm$1 for frequencies greater than 70 kHz. The
slope of these features indicates a poloidal phase velocity
of V! ¼ !=k! ¼ 2"f=kR sin# ! 3:8 km=s, where # is the
angle the PCI viewing chord makes with the magnetic flux
surface at the location of the measurement (k! ¼ kR sin#
owing to the reciprocal vector nature of the wave number).
Both positive and negative kR spectral lobes speed up
simultaneously in both propagation directions. This
strongly suggests that (due to the line integration) these
lobes are collected from two spatial locations along the PCI
chord, from the top and bottom of a flux surface, where
they suffer the same Doppler shift caused by the local
radial electric field. Since the slopes (phase velocities) of
the two lobes are the same (within 5%), this suggests that
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FIG. 2 (color online). The density at the rotation reversal
initiation time as a function of plasma current for 5.4 T dis-
charges. The line represents the best linear fit.
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FIG. 3 (color online). Dispersion plots Sðk; fÞ of turbulence
before (0.608 s, countercurrent rotation, left panel) and after
(0.859 s, cocurrent rotation, right panel) the first rotation reversal
in the discharge shown in Fig. 1.
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