
 EXC/3-5 

Characterization of the Effective Torque Profile Associated With Driving 
Intrinsic Rotation on DIII-D 

W.M. Solomon 1), K.H. Burrell 2), J.S. deGrassie 2), J.A. Boedo 3), P.H. Diamond 3), 
A.M. Garofalo 2), T.S. Hahm 1), R.A. Moyer 3), S.H. Muller 3), C.C. Petty 2), 
H. Reimerdes 4), G.R. Tynan 3), and R.E. Waltz 2) 

1) Princeton Plasma Physics Laboratory, Princeton, New Jersey 08543-0451, USA 
2) General Atomics, San Diego, California 92186-5608, USA 
3) University of California at San Diego, La Jolla, California 92093-0424, USA 
4) Columbia University, New York, New York 10027, USA 

e-mail contact of main author: solomon@fusion.gat.com 

Abstract. Recent experiments on DIII-D have focused on elucidating the drive mechanisms for intrinsic 
rotation in tokamak fusion plasmas. For a wide range of DIII-D H-mode plasmas, the effective torque at the 
edge ( >0.8) associated with the intrinsic rotation shows a dependence on the edge pressure gradient, which is 
qualitatively consistent with models describing E B shear as a means of creating “residual stress” and in turn 
driving intrinsic rotation., This is not the full picture, however, as recent probe measurements indicate that 
additional mechanisms may be necessary to completely understand edge intrinsic rotation generation. The 
intrinsic torque in the core ( <0.5) of H-mode plasmas appears to be much more complex than the edge. Even 
though the core intrinsic torque tends to be much smaller than observed at the edge, some examples have been 
found where it is large enough to modify the rotation profile. For instance, in certain plasmas with electron 
cyclotron heating, a significant counter intrinsic torque has been observed in the inner region of the plasma. 
Large intrinsic torques have also been observed in the core of quiescent H-mode (QH-mode) plasmas and 
hybrid scenario plasmas. Studies of the residual stress with the global gyrokinetic code GYRO, have uncovered 
a novel result; namely that nonlocal profile variations appear capable of generating large residual stresses and 
associated momentum flows. 

1.  Introduction 

Toroidal rotation in fusion plasmas is now widely acknowledged as being capable of 
delivering benefits to performance through improvements in both stability [1] and 
confinement [2]. In most present day tokamaks, rapid rotation is usually provided as a by-
product of neutral beam heating, but as fusion moves toward ITER and the burning plasma 
era, the external torque applied by neutral beam heating systems is expected to become 
comparatively smaller. Therefore, plasma scenarios of future burning experiment may require 
re-optimization for low rotation operation unless alternate means of driving rotation are 
exploited. One possibility that has received attention in recent years is that the plasma itself 
might be capable of self-generating toroidal rotation, manifested by the observation of so-
called “intrinsic rotation” [3]. This paper focuses on describing the effective torque profile 
associated with driving such intrinsic rotation in DIII-D. 

The toroidal velocity V  evolves according to the angular momentum balance equation, 
which in simplified form can be written as mR nV / r = , where  represents 
the various momentum sources, and  is the toroidal angular momentum flux. This flux can 
result for example by classical, neoclassical and turbulence effects, 

= mnR 
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where  is the toroidal velocity,  is the momentum diffusivity, Vpinch represents a pinch 
of angular momentum,  is the so-called “residual stress”, and other variables are of 
standard usage. The residual stress can simply be considered the component of momentum 
flux that is not proportional to either  or its radial derivative. Because of this property, it 
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has been recognized that the residual stress may serve as an effective drive for intrinsic rota-
tion. Theoretical work has considered various mechanisms capable of generating residual 
stress, including  shear [4,5], geometrical up-down asymmetries [6], fluctuation 
amplitude gradients [7], charge separation from the polarization drift [8], and ion temperature 
gradient variation [9]. Additional processes may also lead to effective sources of angular 
momentum. For example, thermal ion orbit loss of counter-current going ions may leave a 
hole in velocity space, resulting in co-current rotation [10]. 

2.  Intrinsic Rotation Drive Near the 
Boundary 

Measurements at the edge of DIII-D H-mode 
plasmas find that the edge intrinsic torque, 
defined here as the volume integral of the 
intrinsic torque density,  

, is proportional to the edge 
pressure gradient as shown in Fig. 1. The data 
was obtained by slowly sweeping the neutral 
beam torque in DIII-D H-mode plasmas to 
find conditions whereby the plasma rotation is 
effectively zeroed out across the profile. 
Under these conditions, the intrinsic torque is 
approximately the negative of the externally 
applied neutral beam torque, a technique used 
previously to demonstrate the existence of the 
intrinsic torque [11]. The experiment was 
conducted using N feedback control to maintain constant N while the torque was being 
swept (by varying the balance of co and counter neutral beam injection). The neutral beam 
torque is calculated within TRANSP [12] using the NUBEAM package [13,14], and includes 
classical fast ion transport, and accounts for losses associated with shine through and direct 
orbit loss. As was noted in Ref. [11], non-classical fast ion transport, which is, for example, 
associated with Alfvén eigenmode instabilities, can quantitatively alter the calculated neutral 
beam torque profile, and with it, the inferred intrinsic torque. Even in these cases, however, 
the qualitative interpretation of the intrinsic torque is not dramatically altered, although the 
details clearly can be. Nonetheless, to minimize these complications, the plasmas included in 
this dataset have low (undetectable) level of Alfvén eigenmode activity and the calculated 
neutron rates were within error bars of the measured neutron rates. Under these conditions, 
the neutral beam model used within TRANSP can be expected to reliably compute the 
imparted torque. 

In the plasmas studied here, with nominally zero toroidal rotation, the radial electric field 
arises predominantly from the pressure gradient. Therefore, the observed dependence of the 
edge intrinsic torque on the pressure gradient is qualitatively consistent with the theoretical 
picture of E B shear driving residual stress and intrinsic rotation. If the edge pressure 
gradient is indeed capable of producing residual stress and spinning up the plasma, then an 
immediate consequence of this is that the H-mode pedestal may provide a ubiquitous 
mechanism for providing intrinsic rotation in fusion plasmas. 

An important question is what role, if any, does this edge intrinsic drive play in plasmas 
where external momentum is input from neutral beam injection (NBI). An obvious limitation 
with the original technique for determining the intrinsic torque is that it can only be applied 
to plasmas where the rotation can be effectively zeroed out. To overcome this, an alternate 

FIG. 1. The intrinsic torque at the edge of the 
plasma shows a strong correlation with the 
edge pressure gradient. No obvious correla-
tion exists in the core, where the torque is 
typically negligible. 
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procedure for estimating the intrinsic torque in plasmas with finite rotation has been 
developed. The concept is to apply a step in the applied NBI torque step, preferably a small 
perturbation to minimize the changes to the background transport. For any assumed level of 
intrinsic torque, one can determine the momentum confinement time , 
where L =  is the total angular momentum, in the stationary part of the 
discharge. The momentum confinement time so determined should also properly describe the 
relaxation of the rotation immediately following the torque step. Hence, one can determine 
the level of intrinsic torque required to obtain a momentum confinement time that is 
consistent both during the steady and transient part of the discharge. To some extent, the 
intrinsic torque so-determined can be considered the “missing” torque required to make the 
steady state and transient momentum confinement times equal. Of course, it is not a priori 
clear that this simple model is able to capture the physics of the complete angular momentum 
balance equation and accurately reproduce the intrinsic torque profile. To validate the tech-
nique, it has been benchmarked in plasmas where the rotation profile was successfully 
brought to zero. The intrinsic torque profile obtained 
from this approach is found to be quantitatively 
comparable (as described in Ref. 15). 

Using this approach, the role of intrinsic drive in 
plasmas with finite rotation has been investigated. At 
constant N, the rotation was varied by changing the 
balance of co and counter neutral beam injection. The 
results from this scan are presented in Fig. 2, with the 
edge intrinsic torque plotted against the mid-radius 
toroidal velocity for two different N values. One can 
clearly see that the intrinsic drive remains active even 
with large external NBI torque and rapid rotation. 
Curiously, the intrinsic torque actually appears to be 
enhanced as the rotation is increased in the co-Ip di-
rection. This is somewhat surprising, since one should 
at least expect a (small) reduction in the pedestal E B 
shear as the rotation is increased, since for these 
DIII-D conditions, the  contribution to the radial 
electric field from force balance opposes the P term. 
From the slope of the lines of best fit, there is 0.1 Nm enhancement in the edge intrinsic 
torque for every 100 km/s increase in the toroidal velocity at mid-radius. 

To more directly measure the edge intrinsic drive, detailed measurements have been made 
using a reciprocating Mach probe in the edge of both L-mode and low powered H-mode 
plasmas (during a slowly evolving 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. As shown 
in Fig. 3, a highly localized region of rotation is clearly observed at the edge, which develops 
within 50 ms of the L-H transition, at a time when the core rotation (as measured by charge 
exchange recombination) is still negligible [16]. Although in this particular dataset, the 
formation of the edge layer appears to be triggered by the L-H transition, other data obtained 
in upper single null configuration show the layer can exist even in L-mode plasmas [17]. 

The probe also measures fluctuation quantities [18], including the turbulent Reynolds 
stress. Unexpectedly, in these low power discharges, the turbulent Reynolds stress at the 
boundary is approximately zero. This implies that an additional mechanism separate to 
residual stress is required in order to understand intrinsic rotation. 

FIG. 2. Edge intrinsic torque 
( >0.8) as a function of toroidal 
velocity at mid-radius for two 
different N levels. Here, positive V  
is in the co-Ip direction. 
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A simple model developed to esti-
mate the net velocity resulting from 
thermal ion orbit loss of counter-current 
going ions [10] appears to at least quali-
tatively describe the magnitude and 
radial extent of the edge localized peak 
in toroidal rotation, as shown in Fig. 3. 
Given the reasonable agreement 
achieved from this simplified analytic 
approach, it appears that for these low 
power H-mode plasmas, thermal orbit 
losses may play a role in the formation 
of the intrinsic rotation profile. 

However, it is also clear that this 
mechanism alone cannot explain all 
tokamak intrinsic rotation data; for one thing, orbit losses always result in co-current rotation, 
whereas counter intrinsic rotation has been observed depending on the density [19,20]. Fur-
thermore, it does not appear to adequately describe data from more typical (higher power) 
H-mode plasmas, such as those shown in Fig. 1. A measure of an orbit loss torque is made by 
estimating the rate at which collisions drive the empty loss cone distribution toward 
becoming a Maxwellian, , where  is the collisional slowing frequency.  This 
torque can be relatively large, because of the large deviation from being a Maxwellian, and is 
clearly sensitive to the choice of . The comparison between this calculation and the 
measured intrinsic torque is shown in Fig. 4. The model shows weak if any correlation with 
the experimentally determined intrinsic torque (linear correlation coefficient <0.5). In fact, 
the model predicts an intrinsic torque that is nearly independent of the pressure gradient. To 
some extent, the regression analysis of the intrinsic torque presented in Ref. 15, 

 (2) 

already suggested that separate mechanisms 
may be responsible for setting up the edge 
intrinsic rotation, as indicated by the need for 
an offset term in addition to the linear 
dependence on the pressure gradient. We may 
speculate that perhaps the offset term is a 
result of thermal ion orbit losses, which is 
supported by the fact that the calculated 
torque based on such a model is almost inde-
pendent of the H-mode pedestal properties, 
while the P  dependence is associated with 
residual stress arising from E B shear. Further 
reinforcing this idea, modeling has been 
performed on a companion set of three L-mode discharges: ECH only, co-NBI and counter-
NBI [17]. The analysis finds that the edge intrinsic torque closely matches the predicted value 
based on the expression Eq. (2) using the (L-mode) plasma pressure gradients. However, the 
intrinsic torque in these L-mode plasmas   comes almost entirely from 
the offset in the regression analysis. This apparent change in the relative roles of thermal ion 
orbit loss and E B-driven residual stress as one moves from low power plasmas to higher N 

FIG. 3. Probe measurement of toroidal Mach 
number profile near the boundary, compared with 
the prediction from a simple orbit loss model. 

FIG. 4. Comparison of measured intrinsic 
torque from Fig. 1 with torque predicted 
from simple orbit loss model. 
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clearly needs to be properly resolved before a quantitative understanding of intrinsic rotation 
can be claimed and used for extrapolation to ITER. 

3.  Intrinsic Torque Inside of Mid-Radius 

In principle, residual stress transport may be active in the core of the plasma as well, and can 
therefore lead to modifications of the core intrinsic rotation profile. Generally, E B shear is 
likely to be smaller in the core than at the edge, although plasmas with strong internal trans-
port barriers may still allow this to play a role. As such, we may expect other documented 
effects, such as up-down asymmetries [8] or charge separation [9], to play a relatively more 
important role in intrinsic rotation drive in the core. 

Figure 1 shows the integrated torque density from the plasma center out to mid-radius, i.e. 
Tintrinsic

core
= intrinsic=0

0.5  dV , for the shots presented in Fig. 1. It is clear that the magnitude of 
intrinsic drive for typical H-mode plasmas is very weak compared with the edge, in most 
cases barely outside of the error bars. The core intrinsic torque is sufficiently small that no 
clear correlation with the local P can be discerned. 

Even though the core intrinsic torque tends to be small compared with the edge, some 
cases have been found where it is large enough to modify the rotation profile. For example, 
large intrinsic torques have been observed in the core of QH-mode plasmas, a mode of 
operation characterized by an H-mode edge, but with increased edge transport provided by a 
quasi-coherent saturated MHD mode near the edge dubbed the edge harmonic oscillation 
[21]. Since QH-mode plasmas typically operate with rapid toroidal rotation, the technique 
outlined in Sec. 2 has been exploited to infer the intrinsic torque profile. The ability to 
measure the intrinsic torque in these QH-mode plasmas has been instrumental in 
understanding why QH-modes with low counter neutral beam torque maintain a counter 
rotation, despite having edge pedestals that would suggest that a co-intrinsic torque should 
dominate the angular momentum balance. Figure 5 shows the intrinsic torque density and 
integrated intrinsic torque, Tintrinsic( ) = intrinsic0  dV , and indeed a co-intrinsic torque is 
observed at the edge, ~0.8 Nm. More importantly, there is a 
significant counter intrinsic torque across most of the core profile, which helps explain the 
large counter rotation in QH-mode. The net result is a total intrinsic torque which is relatively 
small, and is actually in the counter Ip direction.  

Figure 6 shows another example of a 
plasma with counter intrinsic torque in the 
core, this time from a hybrid scenario 
discharge with dominant co-NBI. Again, the 
standard co-intrinsic torque at the edge 
common to all H-modes is seen, closely 
matching the expected torque from Eq. (2). 
But similar to the QH-mode plasma, a counter 
intrinsic torque is also observed across an 
extended region of the plasma. One must be a 
little cautious of the interpretation of the 
counter intrinsic torque in this case. It is well-
documented that hybrid discharges are 
typically associated with core neoclassical 
tearing modes (NTMs), which are tightly 
coupled with the rotation. Indeed, such modes 
must exert a drag on the rotation (so for a co-
rotating plasma, this appears as a counter 

FIG. 5. (a) QH-mode intrinsic torque profile 
showing typical H-mode edge intrinsic 
drive, but with an extended radial region of 
counter intrinsic torque throughout the core. 
(b) Integrated intrinsic torque, showing net 
counter intrinsic torque to the edge. 
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torque), and moreover, the mode amplitude 
increase as the rotation slows [22], setting 
up a possible positive feedback loop. So it is 
conceivable that the “missing” torque 
extracted using the NBI torque-step 
technique is nothing more than the 
unaccounted for drag from the NTM. 
However, it is important to point out that 
other hybrid plasmas with larger NTM 
amplitudes have been similarly analyzed and 
find no significant core counter torque.  

The intrinsic torque profile in Fig. 7 ex-
hibits some interesting properties that are 
worth expounding. In particular, for a 
plasma with no external momentum input 
such as conceivably a future DEMO reactor, 
the generation of such a intrinsic torque 
would inherently produce a sheared rotation 
profile. However, quite differently than present-day 
experiments, the resultant rotation profile would be very 
different, with the core plasma rotating in the counter 
current direction, while the pedestal would rotate in co-
direction, with a strong shear layer necessarily 
connecting the two regions. 

Figure 7 shows data suggesting that ECH is capable 
of modifying the intrinsic drive in the core in some 
circumstances. Empirical evidence that ECH can 
generate counter intrinsic torques in the core has existed 
for some time; for example, hollow intrinsic rotation 
profiles as reported in Ref. 23. However, the data 
presented in Fig. 7 represents a more direct meas-
urement of core intrinsic torque modifications due to 
ECH. The measurements were made in typical lower 
single null H-mode plasmas, with Ip ~ 1.25 MA, BT ~ 1.9 T and N ~ 1.8. A three point ECH 
deposition scan was performed, with approximately 2.2 MW of power deposited pre-
dominantly at ECH ~ 0.2 and 0.5 for two conditions. For the third case, ECH power was 
deposited simultaneous at these two locations, with comparable power deposited in each lobe 
as calculated by TORAY (achieved by increasing the ECH power to about 3.5 MW). As can 
be seen in Fig. 8, when moderate power is deposited in either location, the core intrinsic 
torque is inferred to be essentially zero within error bars, as typically observed in H-mode. 
However, when power is spread out between the two locations, a significant counter torque in 
the core is observed. It is not clear from this data whether the counter torque is a result of the 
spread torque deposition, or the increased power, although there are reasonable indications 
from other shots that it is the power level that is critical. Interestingly, ECH has also been 
reported to modify the intrinsic rotation on JT-60U [24], however, the effect was exactly the 
opposite than reported here, namely with the ECH driving co-intrinsic rotation. 

The thus-far limited set of plasmas exhibiting significant levels of intrinsic drive in the 
core has made it difficult to identify a common link that may be responsible for this effect. 
However, it appears that no single parameter can account for the generation of core intrinsic 

FIG. 6. Intrinsic torque density profile of a 
hybrid scenario discharge, showing significant 
counter drive in the core. 

FIG. 7. (a) Intrinsic torque for H-
mode plasmas with different ECH 
locations, with deposition profile 
as calculated by TORAY in (b). 
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torque. In particular, core intrinsic torque has been observed in both upper and lower single 
null shapes, and consideration of qmin, q95, magnetic shear, Ip and N and local E B shearing 
rate does not serve to predict whether a plasma will have core intrinsic drive. Many plasmas 
with core intrinsic torque exhibit some form of coherent MHD (e.g. NTMs in hybrids, EHO 
in QH-mode plasmas), and typically a notable neutron deficiency comparing the measured 
and TRANSP calculated rate. Still, a plasma with such properties does not automatically 
display intrinsic drive in the core, and simple H-mode plasmas such as the ECH case in Fig. 7 
with no such MHD can still have core intrinsic torque. 

It is clear that the physics of the intrinsic torque in the core of the plasma is an extremely 
complicated phenomenon, and it is not obvious that an empirical experimental approach will 
be sufficient to unravel the contributing factors. As such, gyrokinetic simulations with GYRO 
[25] have been undertaken to try to understand intrinsic drive in the core. However, it is 
somewhat problematic to meaningfully simulate the residual stress driven torque. The ped-
estal is generally outside the usual radial region used in the code (primarily because the 
inherent ordering that the gyroradius is small compared with the gradient scale lengths breaks 
down), while in the core, cases with significant core torque are often not well-suited to 
simulation (e.g. ion-temperature gradient turbulence stabilized in hybrid plasmas). A further 
complication arises due to the well-documented sensitivity of the simulated flows to small 
variations in the gradient scale lengths. As such, the simulation is limited to comparing the 
computed ratio of the toroidal angular momentum flow to the power flow, M/P, to the experi-
mental quantity. An example GYRO analysis of residual stress is illustrated in Fig. 8. In this 

DIII-D shot, the toroidal rotation is essentially zero within experimental error (both V  and 

dV /dr). GYRO simulations show that the small remaining toroidal rotation makes only a 

negligible contribution to the experimental level M/P which by definition is nearly all resid-

ual stress. There are three contributions to residual stress considered here (assuming perfect 

toroidal symmetry): shear in the E B velocity [4,5]; up-down asymmetry [6]; and profile 

variation (mostly) in the density and temperature gradients which we call profile shear. (The 

last of these is implicitly turned off in “flat profile” 

GYRO simulations). Turning off all these residual 

stress components, the small M/P drive from the 

small toroidal rotation is shown in the blue curve of 

Fig. 8. The residual stress drive from up-down 

asymmetry alone (green) is very small. The small 

diamagnetic level E B shear (which can be inde-

pendently turned off) makes only a small contribu-

tion. In this particular case, profile shear appears to 

be the largest contribution. The apparent good 

agreement with experiment (red) when all momen-

tum transport mechanisms are operative (brown) is 

somewhat fortuitous. Small 10% level uncertainty in 

the density and temperature gradients can dra-

matically change the simulated M/P profile (even 

including flipping the sign across the profile). To 

fully validate low rotation (residual stress) gyroki-

netic momentum transport theory, global transport 

balance simulations are required in which the tem-

perature and density profiles are “tweaked” so the 

simulated and experimental energy and particle 

flows are in balance [26]. These are in progress. 

FIG. 8. Comparison of experimental 
momentum flow as determined by 
TRANSP (red) with GYRO simula-
tions: full geometry and profiles 
(brown); full geometry, but flat pro-
files (green); all residual stress drives 
turned off (blue). 
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4.  Conclusions 

A clearer understanding of the generation of intrinsic rotation in fusion plasmas is 
developing. In the edge, a clear correlation is observed between the intrinsic torque and the 
pedestal pressure gradient, which is suggestive that residual stress, resulting, for example, 
through E B shear, may be a key player. However, probe measurements indicate that, at least 
in low power H-modes, the turbulent Reynolds stress alone may be inadequate to describe the 
formation of the intrinsic rotation layer at the edge. A simple model considering thermal ion 
orbit loss at the edge appears to qualitatively describe the probe velocity measurements in 
these conditions, but does not readily explain the broader  dependence of the edge 
intrinsic torque in H-mode Therefore, it is apparent that multiple mechanisms likely 
contribute to the overall intrinsic rotation at the edge. 

The picture is even more complicated in the core. Although the core intrinsic torque is 
typically found to be small, a few conditions exist where significant intrinsic drive is 
manifested. These include certain advanced operating regimes, such as hybrid and QH-mode 
plasmas, and the application of ECH also appears capable of modifying the intrinsic torque in 
the core. At present, the mechanisms for generating intrinsic torque in the core have not been 
quantitatively identified, but the existence of core intrinsic torque cannot be simply predicted 
based on simple scalar quantities characterizing the plasma. 

This is work was supported by the US Department of Energy under DE-AC02-
76CH03073, DE-FC02-04ER54698, DE-FG02-89ER53296, SC-G903402, and DE-FG02-
89ER53297. 

References 

[1] STRAIT, E.J., et al., Phys. Rev. Lett. 74 (1995) 2483 
[2] BURRELL, K.H., Phys. Plasmas 4 (1997) 1499 
[3] RICE, J.E., et al., Nucl. Fusion 38 (1998) 75 
[4] DOMINGUEZ, R.R and STAEBLER, G.M., Phys. Fluids B 5 (1993) 3876 
[5] GÜRCAN, Ö.D., et al., Phys. Plasmas 14 (2007) 042306 
[6] CAMENEN, Y., et al., Phys. Rev. Lett. 102 (2009) 125001 
[7] DIAMOND, P.H., et al., Phys. Plasmas 15 (2008) 012303 
[8] McDEVITT, C.J., et al., Phys. Rev. Lett. 103 (2009) 205003 
[9] WANG, W.X., et al., Phys. Plasmas 17 (2010) 072511 
[10] deGRASSIE, J.S. et al., Nucl. Fusion 49 (2009) 085020 
[11] SOLOMON, W.M., et al., Plasma Phys. Control. Fusion 49 (2007) B313 
[12] HAWRYLUK, R., Phys. Plasmas Close to Thermonuclear Conditions, B. Coppi, et al., Editor 

(CEC, Brussels, 1980) Vol. 1, pp. 19–46 
[13] GOLDSTON, R.J., et al., J. Comput. Phys. 78 (1981) 61 
[14] PANKIN, A., Comput. Phys. Commun. 159 (2004) 157 
[15] SOLOMON, W.M., et al., Phys. Plasmas 17 (2010) 056108 
[16] MULLER, S.H., et al., to be submitted to Phys. Rev. Lett. (2010) 
[17] BOEDO, J.A., et al., submitted to Phys. Plasmas (2010) 
[18] WATKINS, J.G., et al., Rev. Sci. Instrum. 63 (1992) 4728. 
[19] BORTOLON, A., et al., Phys. Rev. Lett. 97 (2006) 235003 
[20] RICE, J.E., et al., Plasma Phys. Control. Fusion 50 (2008) 124042 
[21] BURRELL, K.H., et al., Phys. Plasmas 8 (2001) 2153 
[22] POLITZER, P.A., et al., Nucl. Fusion 48 (2008) 075001 
[23] deGRASSIE, J.S., et al., Phys. Plasmas 14 (2007) 056115 
[24] YOSHIDA, M., et al., Phys. Rev. Lett. 103 (2009) 065003 
[25] CANDY, J. and WALTZ, R.E., J. Comput. Phys. 186 (2003) 545 
[26] WALTZ, R.E., et al., Nucl. Fusion 45 (2005) 741 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


