
 

GA–A26042 

DEVELOPMENTS IN PREDICTIVE UNDERSTANDING 
OF PLASMA ROTATION ON DIII-D 

by 
W.M. SOLOMON, K.H. BURRELL, A.M. GAROFALO, A.J. COLE, R.V. BUDNY, 

J.S. deGRASSIE, A.M. GAROFALO, W.W. HEIDBRINK, G.L. JACKSON, M.J. LANCTOT, 
R. NAZIKIAN, C.C. PETTY, H. REIMERDES, E.J. STRAIT, M.A. VAN ZEELAND, 

and the ROTATION PHYSICS TASK FORCE 

 
 
 

 
 
 

 
 
 
 

 
MAY 2008 



DISCLAIMER 

 

This report was prepared as an account of work sponsored by an agency of the United States 
Government.  Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights.  
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof.  The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 



 

GA–A26042 

DEVELOPMENTS IN PREDICTIVE UNDERSTANDING 
OF PLASMA ROTATION ON DIII-D 

by 
W.M. SOLOMON,* K.H. BURRELL, A.M. GAROFALO, A.J. COLE,† R.V. BUDNY,* 

J.S. deGRASSIE, A.M. GAROFALO, W.W. HEIDBRINK, ‡ G.L. JACKSON, M.J. LANCTOT,¶ 
R. NAZIKIAN,* C.C. PETTY, H. REIMERDES,¶ E.J. STRAIT, M.A. VAN ZEELAND, 

and the ROTATION PHYSICS TASK FORCE 

This is a preprint of a synopsis of a paper to be presented at the 
22nd IAEA Fusion Energy Conference, October 13-18, 2008, in 
Geneva, Switzerland, and to be published in the Proceedings. 

*Princeton Plasma Physics Laboratory, Princeton, New Jersey. 
†University of Wisconsin, Madison, Wisconsin. 

‡University of California-Irvine, Irvine, California. 
¶Columbia University, New York, New York. 

Work supported in part by 
the U.S. Department of Energy 

under DE-AC02-76CH03073, DE-FC02-04ER54698, DE-FG02-89ER53296, 
SC-G903402, and DE-FG02-89ER53297 

GENERAL ATOMICS PROJECT 30200 
MAY 2008 



DEVELOPMENTS IN PREDICTIVE UNDERSTANDING 
OF PLASMA ROTATION ON DIII-D W.M. Solomon, et al. 

 GENERAL ATOMICS REPORT GA-A26042 1 

Developments in Predictive Understanding Ex-C 
of Plasma Rotation on DIII-D 

W.M. Solomon
1
, K.H. Burrell

2
, A.M. Garofalo

2
, A.J. Cole

3
, R.V. Budny

1
, J.S. deGrassie

2
, 

W.W. Heidbrink
4
, G.L. Jackson

2
, M.J. Lanctot

5
, R. Nazikian

1
, C.C. Petty

2
, H. Reimerdes

5
, 

E.J. Strait
1
, M.A. Van Zeeland

1
, and the Rotation Physics Task Force 

1
Princeton Plasma Physics Laboratory, Princeton, New Jersey 08543-0451, USA 

2
General Atomics, San Diego, California 92186-5608, USA 

3
University of Wisconsin, Madison, Wisconsin 53706-1609, USA 

4
University of California-Irvine, Irvine, California 92697, USA 

5
Columbia University, New York, New York 10027, USA 

Recent experiments using DIII-D’s capability to vary the injected torque at constant 
power have focused on developing the physics basis for rotation, through detailed studies 
aimed at understanding momentum sources, sinks and transport. These investigations have 
resulted in several surprising discoveries, including empirical evidence for an effective 
anomalous torque source to the plasma, observation of a spin-up of the plasma following 
application of non-resonant “braking”, and distinct dependences of the momentum 
confinement on the applied torque depending on plasma conditions. Since rotation is known 
to affect a broad range of fundamental issues concerning fusion plasmas, the performance of 
future burning plasma devices including ITER will depend on the attained rotation profile. 
Consequently, obtaining predictive understanding of rotation, and ultimately exploiting such 
knowledge to generate a desired rotation profile will result in a significant payoff for fusion. 

The presence of an anomalous momentum source 
(Fig. 1) has been identified by varying the input 
torque from neutral beam injection at fixed N, until 
the plasma rotation across the entire profile is 
approximately zero. This experiment determined that 
achieving this rotation profile required approximately 
one net counter neutral beam source. Through simple 
application of the momentum balance equation, one 
can deduce an effective anomalous source acting on 
the plasma, essentially opposing the net counter 
neutral beam injection and resulting in zero plasma 
rotation, as shown in Fig. 1. This torque profile is 
largely peaked at the edge, but also with a significant 
amount of torque present in the core. 

The momentum source driven by neutral beam 
injection can be dramatically altered in the presence 
of strong Alfvénic activity, resulting in reductions of 
the core torque density by up to a factor of three. In a 
series of discharges where the level of reversed shear 
Alfvén eigenmode (RSAE) activity was altered by 
means of controlled electron cyclotron heating (ECH) deposition, the central rotation 
frequency was found to increase by a factor of two when the RSAE activity was largely 
suppressed. Efforts to simultaneously reconcile the neutron rates, fast ion density profile and 
current drive profiles suggest that the modification to the rotation profile is a direct result of 
changes to the torque deposition rather than changes to the underlying momentum transport. 
The inference of the aforementioned anomalous torque profile is modified if one includes 
anomalous fast ion diffusion in the calculation of the neutral beam torque. However, 
including fast ion transport results in an anomalous torque profile that is larger and more 
localized at the edge (Fig. 1). 

Non-resonant braking due to neoclassical toroidal viscosity (NTV) [1,2] has generally 
been considered a sink of momentum, however, recent results from DIII-D suggest that it 
may also act as a source. Although experimental investigations are qualitatively consistent 

Fig. 1.  Effective anomalous torque profile 
required to explain zero rotation profile in 
the presence of net counter neutral beam 
injection (solid). Including anomalous fast 

ion diffusion DFI ~ 2 m2/s (dashed) further 

enhances the edge torque density. 
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with theoretical models, issues remain to be resolved. 
The effect of non-resonant braking on rotation has 
recently received significant attention, due to the poten-
tially large non-resonant field components associated 
with the coils proposed for edge localized mode (ELM) 
suppression on ITER. Such fields may lead to large 
braking of ITER plasmas and possible locking. DIII-D 
experiments have shown that the strength of the braking 
is dependent on the unperturbed rotation (Fig. 2). Inter-
estingly, the effect of this braking minimized at an 
unperturbed rotation different from zero. The existence 
of such an offset velocity implies that static non-
resonant fields need not always result in braking of the 
plasma rotation; for rotation speeds less than the offset 
velocity, the rotation accelerates up towards it. NTV 
theory predicts an offset velocity with a dependence on 

Ti [3], and the data does appear to exhibit such 
dependence, with data taken at lower N showing a 
lower offset velocity. 

The final component required for predictive under-
standing of rotation, in addition to knowledge of the 
sources and sinks, is a description of the momentum 
transport. From a global perspective, it has been found 
that the momentum confinement time  can have a 
strong dependence on the applied neutral beam torque, 
which may be favorable for improved momentum con-
finement and larger rotation on ITER. However, some-
what surprisingly, as the torque is reduced from typical 
large (from all co-Ip neutral beams) to small values 
(using balanced beam injection), the change in momen-
tum confinement depends on the operating regime, 
showing an improvement for ELMing H-mode plasmas, 
but a reduction for hybrid plasmas. The difference 
seems to be explainable at least in part due to differ-
ences in the underlying E B shear, which leads to im-
proved performance of hybrid plasmas at high rotation. 

Although momentum transport has commonly been 
characterized as a purely diffusive process, perturbative 
studies of the rotation using combinations of co and 
counter neutral beams have uncovered the existence of a 
momentum pinch in DIII-D H-mode plasmas. The inferred inward momentum pinch velocity 
shows qualitative similarity to theoretical predictions resulting from consideration of low-k 
turbulence, in particular showing a radial dependence proportional to the momentum 
diffusivity. 

Recent experiments on DIII-D have elucidated the importance of rotation on a variety of 
performance issues. Rotation scans have been conducted over a broad range of values by 
matching plasma conditions with normal and reverse plasma current direction, in addition to 
varying the mix of co and counter neutral beam injection, and strong dependences have been 
characterized as the rotation is systematically lowered, including a degradation of confine-
ment, a reduction in beta limits for neoclassical tearing modes and reduction to the power 
threshold for the L-H transition. Hence, predictive understanding of rotation is a critical 
requirement for projecting these results forward to future burning plasmas such as ITER and 
beyond. 
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Fig. 2. (a) Change in the angular mo-

mentum (proportional to torque) as a 

function of the initial unperturbed ro-

tation, 0 at  ~ 0.8 for N
 
~ 1.9±15% 

and ne ~ 4.1±5% 10-19 m-3. Zero 

torque is observed for 0 finite and in 

the counter-Ip direction. (b) Accelera-

tion of plasma rotation with application 

of non-resonant fields. At high N, a 

large acceleration is observed, indicat-

ing that the offset velocity is larger 

than the initial rotation. At lower N, 

little or no acceleration is seen, sug-

gesting a smaller offset rotation, close 

to 0. 


