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Abstract

It is known that the toroidal angular momentum and the ion thermal energy are
correlated in tokamak discharges heated by neutral beam injection. Here, data from ten
years of measurements on DIII-D are considered, for representative discharges from all
types and all conditions. The ratio of simple replacement times for momentum and
energy is found to order this correlation indicating that these times are approximately
equal, across the minor radius. Representative discharges of several types are discussed in
more detail, as well as transport analysis results for the momentum and thermal ion
diffusivities.
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I.  Introduction

Plasma flow in the toroidal as well as poloidal direction of a tokamak discharge is
recognized to be important because of the potential to quench turbulent transport through
flow shear [1], or to stabilize the beta-limiting resistive wall mode by making the
stationary wall appear more conducting [2]. Thus it is important to understand the physics
underlying flow generation and transport. In high confinement tokamak regimes, the ion
thermal transport is measured to be on the order of the neoclassical value, at least well
into the core region [3]. Yet the measured transport of toroidal angular momentum
remains more than an order of magnitude above the standard neoclassical value [4,5],
being comparable to the ion thermal transport. The comparability of these transport rates
has of course been documented before [6]. Usually the toroidal rotation is driven by
neutral beam injection (NBI). The situation for toroidal rotation generation arising with
radio frequency (rf) heating will not be dealt with here in detail, although we discuss
some rf heating effects in conjunction with NBI. Rotation generation with rf is presently
an active area of investigation [7,8].

In early experiments on DIII-D, Burrell and coworkers measured the toroidal angular
momentum diffusivity, χφ, in so-called hot ion mode discharges in the low (L) and high
(H)–mode confinement regimes [9,10]. In these discharges the ion thermal diffusivity, χi,
was comparable to the Chang-Hinton neoclassical value, χCH [11], within the core,
ρ < 0.3, where ρ is a normalized minor radius variable, with ρ2

 proportional to the
toroidal magnetic flux contained within a flux surface. Over the minor radius χφ was
found to be of the order of magnitude of χi, but a factor of 2 to 4 larger. Additionally, χφ
was found to be equal to, within the errors, the electron thermal diffusivity, χe, for both
the L- and H-mode discharges.

In these experiments charge exchange recombination (CER) spectroscopy was used to
measure profiles of ion temperature, Ti, and toroidal rotation velocity, Uφ, with emission
from the intrinsic carbon impurity in the discharges. This is now a well-known technique
[12]. The measured C

+6
 temperature is taken to be that of the main ions in the plasma,

while corrections are required to compute the bulk plasma ion velocity from the measured
C

+6
 velocity. For the velocities taken from the DIII-D database for this summary, we use

only the uncorrected carbon velocity. The velocity correction can be significant in regions
with a large pressure gradient in the bulk ions, that is, a large bulk ion diamagnetic
velocity. In Section VI.C we describe the effect of this correction for some representative
discharges.
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Analyzing early experiments on JET which showed a linear proportionality between
Uφ and Ti, apparently measured only at a single central (core) location, de Esch et al. [13]
found that χφ = (1.0±0.3) χi/Z, where Z is the main ion atomic number. Discharges with
“almost pure beryllium or carbon” and intermediate mixtures were part of this data set. A
transport analysis code was not used here, rather, simplified transport equations were
considered with the NBI source terms for ion heating and momentum input. This allowed
the extraction of the transport coefficients, which were modified to take into account
discharges with significant impurity content. It was also noted here that the application of
rf heating (ion cyclotron in JET) resulted in a decrease in the toroidal rotation, ω = Uφ/R,
where R is the radial distance from the major axis. This effect has also been observed in
DIII-D [14].

In subsequent results from JET, Zastrow et al. [15] used radial profile measurements
of Uφ and Ti to show that the “replacement times” for toroidal momentum and ion
thermal energy are equal. These are global replacement times, computed for example for
momentum from the profile integrated toroidal momentum divided by the integrated NBI
source torque minus the time derivative of integrated momentum. For these integrated
measures of confinement times the ratio of the two formed a very tight set, with only
about a factor of 2 spread near equality. Momentum was confined better than ion thermal
energy, especially in discharges with higher total electron energy content relative to ion
energy. In contrast, later work by Zastrow et al. [16] found that global ion thermal energy
is better confined than toroidal momentum in the transient phase of H–mode discharges
that are free of edge localized modes (ELMs), but again the ratio of these times is within
a factor of about 2 of unity. This latter paper also showed experimental evidence for a
prompt NBI torque due to injection into trapped orbits [17].

Likewise, the similarity of measures of the rates of transport of toroidal momentum
and ion thermal transport is observed in all discharge regimes operated on DIII-D, when
simplified local replacement times are used to define such measures. This recurring result
will be described in this paper. We will survey a selected subset of discharges from all
manner of experiments taken from the database over the past ten years. Additionally, to
some extent this similarity extends across the radial profiles of Ti and ω. That is, within
the error bars these two profiles can have the same shape in a variety of operational
confinement regimes.

In detailed analyses of diffusivities, sophisticated codes such as ONETWO [18] and
TRANSP [19] are routinely used. These codes incorporate as much of the known relevant
physics as possible, computing a local source deposition from the details of NBI and
including many intra-species source and loss terms for momentum and energy. The
diffusive model requires that spatial derivatives of the profiles are used to extract the
diffusivities. Smooth curves are typically spline fit to the measured data points and then
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used in the analysis codes. Differentiating these profiles has large uncertanties and can
lead to greater local variations in χφ and χ i than in the simplified replacement time
measures of transport. The main advantage of simplified parameterizations is that
relatively fast computations can be made on a large database in order to extract trends and
correlations.
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II.  Similarity in Profiles, an Example Discharge

In order to illustrate the extent to which the radial profiles of ion temperature, Ti, and
local toroidal rotation, ω, are similar we consider a “high performance” advanced
tokamak (AT) discharge from DIII-D, #98549. This discharge has been analyzed in great
detail and recently described in depth as an exemplar of progress in the ongoing DIII-D
AT program [20]. The basic data traces that characterize the discharge are shown in
Fig. 1. The high-performance designation results from the sustained period of high
normalized beta, βN, and high confinement parameter, H89, where βN = β/(I/aB), with β
the ratio of the kinetic pressure to the magnetic pressure (in %), I the plasma current in
MA, B the magnetic field in T, and a the minor radius in meters. Confinement, H89, is
expressed in terms of the ITER-89P scaling as discussed in reference [20]. Data traces for
Uφ, Ti, and Te near the magnetic axis are shown, the latter measured by Thomson
scattering. Also shown is dB dt˜  measured by an edge magnetic probe.

This discharge has a number of distinct confinement regimes in which we look at the
profiles of Ti and ω. These phases range from L-mode at the first time slice during
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Fig. 1.  AT discharge in DIII-D. (a) Plasma current Ip, NBI power PNBI, electron chord
averaged density ne , and divertor Dα, (b) normalized β, βN, H = H89. (c) Core toroidal
rotation velocity Uφ. (d) Core ion temperature, Ti, and electron temperature Te.
(e) Mirnov signal.
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current ramp-up, as marked by the first vertical line in Fig. 1, to a steady ELMing H-
mode as marked by the last vertical line. In transport analyses both Ti and ω are taken to
be constant on a flux surface, labeled by the variable ρ. However, here we will plot the
measured values versus the major radial locations of the CER measurement channels, Rci,
rather than mapping Rci onto ρ.

Profiles are shown in Fig. 2 for each of the time slices indicated in Fig. 1. The solid
circles plot Ti in keV. In Fig. 2(a) the error bars are included for Ti and provide a measure
of the error bars for this data set. The open circles plot the ω values normalized such that
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Fig. 2.  Profiles of Ti and ω for the time slices shown in Fig. 1 vs major radius of the CER channel. (a)
through (f) are at the time slices shown in Fig. 1, respectively. The ω profiles have been scaled by
normalizing to Ti for the innermost (R = 1.77 m) channel. The scaling factor for each time slice is given by
(Ti/ ω)1 in eV/(rad/s). Small vertical lines on the abscissae indicate locations where ρ = 0, 0.4, 0.8. In (e)
the Mirnov activity has toroidal mode numbers, n = 1,2,3 and the location of fn/n is shown relative to the ω
profile, and the locations where q = 2/1 and 3/2 are also shown.
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the innermost value overlays Ti there, with the ratio of Ti to ω given for each profile as an
absolute reference. Also shown for each time slice are the locations of the magnetic axis
and the midplane R locations where ρ = 0.4 and 0.8.

The general similarity of these profiles is so apparent that the regions of difference
readily strike the eye. The first slice is the L-mode one, t = 750 ms, and the profiles
overlay well. This profile agreement is generally seen in the DIII-D database for
quiescent L-mode. The second slice at t = 1100 ms is shortly before the L→H transition
and a notable increase of the scaled ω measurements above Ti is seen in the outer region
of the profiles. This also is a common feature of the DIII-D database prior to an L→H
transition. The third and fourth slices, t = 1250 ms and t = 1500 ms, represent times in the
high performance phase, one before the first ELM and one after ELMing has
commenced, respectively. Again, the profiles are similar.

The next slice at t = 2000 ms is taken at a time of growing magnetic activity, as
shown in Fig. 1(e). This has been identified as a time of onset for magnetic tearing modes
[20] and there is seen to be a reduction in normalized ω with respect to the Ti profile in
the mid-range of the profile. The measured frequency of the magnetic fluctuation is fn/n ≅
9.3 kHz, where n is the toroidal mode number. This frequency is marked on the vertical
scale in Fig. 2(e). Also indicated are the outer midplane R locations of the q = 2/1 and q =
3/2 surfaces, both of which could be locations of tearing modes [20]. So there is a
reasonable agreement between the location of the likely surfaces with tearing modes and
the reduction in normalized rotation. It is well known that magnetic activity can result in
a reduction in toroidal rotation [21], especially with other more virulent activity, such as
so-called locked modes [22] and resistive wall modes [23].

In the final slice, t = 2500 ms, the discharge has fallen out of the AT confinement
regime and settled into a more typical ELMing H-mode, with H89 ~ 1.6. The profiles
once again overlay quite well, although there is still tearing mode activity. This profile
similarity is also representative of the DIII-D database for typical ELMing H-mode
operation. By “representative” for the different signatures mentioned here we do not
mean to imply that the specific profiles themselves are representative, rather that the
similarity between the Ti profile and the normalized ω profile is typical for this type of
discharge.

The extracted values of χi and χφ  from a TRANSP analysis are shown or indicated in
Fig. 3 for the times used in Fig. 2. The solid curves with cross symbols show χ i vs ρ.
Here χi is determined from 

r v v
Q i i i i= − ∇ +n T 5 Tχ 2 Γ , where 

v
Q , 

v
Γ  are the radial ion

energy and particle flux, respectively [24]. The broken curves are χCH for comparison,
and the plain solid curves are the dimensionless ratios of χφ/χi. The vertical scales are
logarithmic. At the times with very high confinement (H89 > 2) χi is within a factor of 3
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Fig. 3. TRANSP computed values of ion thermal diffusivity, χi and χ χφ i  respectively,
for DIII-D discharge 98549 at the time slices given in Fig. 2. The Chang-Hinton
neoclassical ion thermal diffusivity is also plotted, χCH.

or less of χCH across most of the discharge, Fig. 3(c,d,e), and is larger relatively for the
ELMing H-mode phase, Fig. 3(f), and largest for the pre-H-mode slices, Fig. 3(a,b). In all
cases χi falls below χCH in the inner region near the magnetic axis, but the rapid increase
in χCH there is perhaps an artifact of the standard neoclassical assumptions being violated
near the magnetic axis [25].

Although there is a large variation, it is seen that χφ/χi tend to lie around unity, at
least in order of magnitude. The signature of the outer region increase in ω/Ti is seen in
the low value of χφ/χi in that region, in Fig. 3(b). At the highest performance timeslice,
Fig. 3(c), χφ/χi is roughly 1 to 3 across most of the minor cross section, ρ > 0.2. In
Fig. 3(e) χφ is not well defined in the mid-region, ρ ~ 0.5, due to the large variations of
the spatial derivative of ω there, presumably the result of the tearing mode activity.
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The variation in χφ/χi appears qualitatively larger than that between the profiles of ω
and Ti, which is understandable in terms of the subtleties involved in the analysis code,
such as in the derivatives of the profiles, the differences in the computed NBI sources of
torque and ion energy, the assumed non-diffusive loss channels for each, and so on.
Nevertheless both pictures are consistent with the accepted conclusion that momentum
and ion thermal transport are of the same order in contrast to what would be expected
from neoclassical theory, at least for NBI driven discharges with a large enough toroidal
torque (not “radial” injection). Neoclassically,   χ χ εφ i ~O 10 1 3 2−( ) , where ε = r R0  is
the inverse aspect ratio [4]. For these data this gives χ χφ i ~O 10 2−( ) . In the next
section we develop a simplified measure of the ratio of local replacement times and apply
it to these data, and then to a large number of discharges taken from the DIII-D database.
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III. Local Ratio of Replacement Times

We will define a local replacement time for ion thermal energy, τi, and momentum,
τφ. The ratio of these times will be seen to be approximately unity for the majority of
discharges in the DIII-D database, especially within the inner half of the normalized
minor radius. What this also means is that the value of the scale factor used to normalize
the inner rotation measurement to the ion temperature measurement at the same location,
in Fig. 2, is determined by this ratio. We take the total momentum and energy input to
come from NBI. No addition is made for Ohmic heating since, in general, this is less than
the NB heating. We take all of the NBI source to go into the ions; the NBI electron
heating is not subtracted off. The energy exchange term between ions and electrons is
also neglected. If Ti is large compared with Te, these approximations are consistent with
the following definition of τi in a one-fluid sense. However, we find that τφ and τi so
defined are approximately equal even if Ti is not large compared with Te.

The local energy replacement time is taken to be τ i = Wi/ ẇb , where the local ion
thermal energy density is Wi = (3/2)niTi, and the local (flux surface averaged) power
density deposited is ẇb  = ṅb  (Mb vb

2 )/2, where ṅb  is the local birthrate of ions from the
neutral beam, Mb the beam ion mass, and vb  the birth speed of the beam ions. Similarly
the local toroidal momentum replacement time is taken as τφ = L/ l̇b , where the NBI
toroidal torque density deposited is l̇b  = ṅb MbRmin vb , where R min is the toroidal
tangency radius for the NBI path, that is, the minimum major radius of the approximated
single pencil beam trajectory. The angular momentum density is given by
L n M Ri i= 2 ω , where 〈R2〉  is the flux surface averaged major radius, and Mi is the
average ion mass. We define the ratio of these replacement times by

τφi ≡ τφ/τ i = (Mi vb /3)( 〈R2〉/Rmin) ω Ti    . (1)

On DIII-D all neutral beams are canted in the same direction toroidally with two
values of Rmin, Rmin = RLb = 1.16 m for the more tangentially oriented sources and Rmin =
RRb = 0.77 m for the others. (The major radius on DIII-D is R0 = 1.69 m.) Equation (1)
follows readily from the above definitions if there is only one NB source, as implied. On
DIII-D the standard NB injection is with deuterium (D) and there are three energy
constituents to a NB, full, half and one third energy. The half and one-third energy
components contribute only approximately 10% and 5% of the injected power,
respectively, and thus are neglected here. We have also neglected the difference in local
ṅb  due to the variation in beam orientation as we have retained the simplest
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approximations in order to cancel ṅb  from the ratio in Eq. (1). In cases where we
compute an effective Rmin to account for a mixed source injection we will simply use the
total injected power fractions. Going beyond this to keep the deposition differences leads
immediately into the beam deposition computations used in the source terms in the
transport analysis codes.  Lastly, regarding Eq. (1), there is no adjustment made for the
time derivatives of Wi and L  in the definitions of the replacement times. These times
could strictly be meaningful only when Ẇi  and L̇i  can be neglected, that is, during
relatively steady state times in a discharge. Yet, we find that τφi is of order unity in the
core throughout time for a great variety of discharge conditions and that the neglect of the
derivatives of energy and momentum appear to make a difference only under strongly
transient conditions.

In order to compute the terms multiplying ω Ti  in Eq. (1) we use the DIII-D standard
D NBI energy of 75 keV to compute vb , and take 〈R2〉  = R0

2 . The result for the more
tangential (“left”) beam where Rmin = RLb is that

τ ωφi iT= ( . )  0 047    , (2)

with Ti measured in eV. For the other (“right”) beam, Rmin = RRb, the coefficient in
Eq. (2) is (0.07). Typically the left beams dominate the total injection in DIII-D
experiments. This is because there are four left sources and only three right sources, and
also because one of the left beams is necessary for the motional Stark effect (MSE)
measurement of the internal poloidal magnetic field and for the core tangential CER
measurements, and is therefore almost always in use to some extent. For NBI at other
beam voltages the coefficients are simply multiplied by (〈Vb〉/75 kV)

1/2
, where 〈Vb〉  is the

source-averaged NB accelerating voltage.

The computed values of τφi for the shot 98549 are shown in Fig. 4 for seven of the
CER channels spanning all but the very edge in minor radius. An effective Rmin is used,
although here this introduces at most a 10% modification to RLb because the left beam
fraction is always above 75% for this discharge. The same time slices are indicated.
Where all τφi values are equal, the Ti and ω profiles will overlay with one scaling value.
But since these values are also near unity we see that the ratio of the simple replacement
times leads to a good approximation for the scaling factor. Across these channels the
minimum τφi is ~ 0.5 and the maximum in the inner half (ρ ≤ 0 5. , channels 1-4) is ~1.6.
The outer four channels have larger values prior to the L→H transition. The differences
in the profiles shown in Fig. 2 can be seen in the τφi traces at the same time slices. The
best match across the profile for τφi = 1.0 comes during the standard ELMing H-mode
phase which starts around t = 2300 ms.



TOROIDAL ROTATION IN NEUTRAL BEAM HEATED DISCHARGES IN DIII–D J.S. deGrassie, et al.

GENERAL ATOMICS REPORT GA–A23968 13

(tφi)7

(tφi)1
R = 1.77 m

(tφi)2
R = 1.90 m

(tφi)3

(tφi)4

R = 1.96 m

R = 2.04 m

(tφi)5
R = 2.08 m

(tφi)6

R = 2.19 m

R = 2.12 m

Ti6 (keV)

Time (ms)

98549
(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

2.0

0.0

2.0

0.0
2.0

0.0

2.0

0.0

2.0

0.0
2.0

0.0

2.5

0.0
5.0

0.0
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750

scaled ω6

Fig. 4. Values of τφi computed from Eq. (1) for discharge 98549, using corrections for
left/right beam fraction and averaged beam voltage. τφi for channels 1-7 shown in (a-g),
respectively. The horizontal line is at τφi = 1 in each frame. Ti for channel 6 is shown in
(h) together with ω for this channel, ω6 scaled by the factor used in Fig. 2(b).

The time averaged values of τφi for the duration 120 < t < 2750 ms in shot 98549 are
plotted in Fig. 5 versus the major radius of the CER channel. The error bars show the
simple standard deviation for each τφi determined for the 263 analyzed equally spaced
time slices available. A general characterization is clearly τφi = 1.

An interesting feature for the set of τφi values, [τφi], for this discharge is the transition
from [τφi] > 1 to [τφi] < 1 for 1100 < t < 1500 ms, which includes the H-mode transition
and the rise to the enhanced performance regime. The change in τφi is largest in the
outermost channels. Before this period the scaled value of ω to Ti is larger than computed
by Eq. (1), and after it is smaller. This is seen Fig. 4(h) which shows Ti (R = 2.12 m) and
the ω value for this channel scaled by the factor used in Fig. 2(b). In the transition to
enhanced performance Ti rises relatively more than ω causing the shift in [τφi]. In the
time periods before and after this rise [τφi] are relatively steady, so it is unlikely that this
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relative difference in the increases is due to the neglected transient terms, Ẇi  and L̇i .
This would indicate that the H-mode transport barrier at the edge confines ion thermal
energy better than toroidal momentum, although both are confined better than in L-mode.

R (m)

τφi

985492.0

1.5

1.0

0.5

0.0
1.7 1.8 1.9 2.0 2.1 2.2 2.3

Fig. 5. τφi averaged over time vs R for discharge 98549.
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IV.  Database Composite

Now we look at τφi values for a large number of discharges taken from the last
10 years of experiments on DIII-D, going back to 1993. The core region CER data
necessary to determine Uφ are almost always acquired on each shot during injection of
one particular NB source intersecting these CER detector views. However, only for some
shots are these data subject to the most detailed post processed analysis, which we refer to
as the “cerfit” technique. Other automatic analysis routines run on all of the data, and one
is based upon a neural net, known as the “cerneur” technique. The archived cerfit data set
for this 10 year period represents shots for which the most rigorous analysis has been
requested by those performing a particular experiment and in this sense form a set of
exemplary discharges which nevertheless represent all types of discharges run in
DIII-D. We have selected the discharges from this period for which at least 20 cerfit time
slices have been analyzed and archived [26]. This set of shots includes a great variety of
shapes, double-null, upper and lower single-null, and limited discharges, all with a
variety of magnetic parameters which specify the shape, such as elongation, triangularity,
etc. The set also includes all types of confinement regimes,  L-mode, H-mode, VH-mode,
core barrier shots, and others.

In Fig. 6 we plot the distribution of all τφi values thus obtained for the innermost CER
channel, channel 1, with Rc1 = 1.77 m. The points making up this distribution have been
taken from 404 different discharges and include 56,025 time slices (each a value in the
distribution set). The distribution has been generated by grouping the τφi values in bins of
width 0.05 between 0 < τφi  < 3. The distribution given by the solid line is derived by
applying the left/right beam and beam energy corrections to Eq. (1). Two vertical dashed
lines mark where this distribution has fallen to 1/e of the peak value, with the region
between the lines given by 0.68 < τφi < 1.22. A vertical dashed line is also at τφi = 1. This
shows the extent to which τφi = 1 near the magnetic axis is observed. For the solid line
distribution the mean value is 0.99 and the simple standard deviation = 0.34.

The dotted line in Fig. 6 is the distribution with neither of the above corrections
applied, and the dashed line is that with only the Left/Right beam correction. Although
these corrections make only a relatively small change it can be seen that the corrections
better center the distribution on 1, and smooth it out. The low τφi values, <0.4, are
possibly due to times in which magnetic activity or locked modes have unduly slowed the
core rotation.
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Fig. 6. Distribution of (τφi)1 values taken from DIII-D discharges over a ten year period.
The values have been collected in bins of width 0.05. The dotted curve is the distribution
obtained by applying Eq. (2). The dashed curve includes the correction for left/right beam
mix, and the solid curve also includes a correction for averaged beam voltage. A vertical
dashed line marks τφi = 1, and the surrounding two where the solid line distribution has
fallen to 1/e of the peak value. For the solid line set the mean and standard deviation are
0.99 and 0.34, respectively.

As the location for τφi moves from the core toward the edge the less likely it is that
τφi = 1. This is shown by the distributions derived from this same data set in Fig. 7. The
seven CER channels used in Fig. 4 are used to construct these distributions, with the solid
line in Fig. 7(a) being the same as that in Fig. 6. The four innermost channels of this set
(channels 1-4) shown in Fig. 7(a) have τφi values centered near 1 with growing spread as
Rci increases. The distributions of the outer three channels shown in Fig. 7(b) have
maxima near τφi ~ 1.5, with even larger spreads. The region of the relatively sharp
maxima derived from channels 5 and 6 consist of τφi values coming from at least some
time portions of most of the 406 discharge data set. That is, this is a preferred τφi value
for these channels rather than an artifact of some particular subset of the shots in this set.
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Fig. 7. Distribution of (τφi)j values for the seven CER channels used in Fig. 4, with the
same data set  of Fig. 6 and binned in the same way. Both left/right and beam voltage
corrections are applied. (a) Channels j=1 to j=4. (b) Channels j=5 to j=7.
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This can be seen in Fig. 4 for channels 5 and 6 before the onset of the H-mode and high
performance phase. (A detailed look at this data set must yet be made to verify that
τφi ~ 1.5 for these locations is an L-mode, or at least ELM-free result.)

One could invoke reasons why the simplistic τφi definition would break down for the
outer channels. Actually, the remarkable result is that with this definition τφi ~ 1 has any
validity at all, in any region of the discharge. Even though we have neglected all possible
corrections to τi and τφ due to Ẇi  and L̇i  ≠ 0, it might be that the relative rates of change
of the NBI source terms matter in some way, that is ˙ ˙l wb b . Transiently, this ratio can be
very different for NBI into trapped versus passing orbits [16,17], with ˙ ˙l wb b  being
~ τ τbth bbounce  larger for trapped injection, where τbth is the beam ion thermalization
time and τbbounce is the prompt beam ion bounce period. Injection into trapped orbits
delivers the torque promptly. An increase in the torque/heating ratio, above the nominal
value of 2  minR vb , reduces τφi for fixed Ti and ω. If this increase is not accounted for,
the computed τφi is too large. However, in steady state the nominal source ratio must be
obtained. Thus, in steady state an enhanced torque/heating ratio may not be due to the
promptness of the torque delivery per se, but rather to other effects which reduce ẇb .
That is, the NBI power delivery is reduced relative to the torque because of some lower
effective fast ion confinement time in the outer region. This could be due to anomalous
fast ion loss, prior to complete thermalization, or to some extent to the charge exchange
(CX) losses since the neutral density increases toward the edge region. (The CX losses
are modeled in the transport codes.) This anomalous process must be ambipolar in order
not to “take back” any of the prompt torque already deposited.

Beam ions born farther out tend to be on trapped orbits. Generally speaking, the
trapped/passing injection divide for “left” beams in DIII-D occurs somewhere between
channels 6 and 7, in major radius, with beam ionization outside of this location resulting
in a trapped orbit. For a 75 keV D beam ion, the inner branch of such a trapped (co
injected) orbit penetrates to a midplane major radius between channels 3 and 4. Of
course, the actual trapped/passing boundary and resultant orbits depend upon the details
of the discharges, but the above approximate locations are qualitatively correct for a large
fraction of the discharges run. Experiments with counter beam injection are performed in
DIII-D by reversing the direction of the plasma current. We show an example of such a
discharge in the next section.

As mentioned, the data set represented in Fig. 7 is taken from CER measurements
analyzed with the cerfit method. We have also applied the same computation of τφi to
CER temperature and rotation measurements derived from the automated cerneur
method. The results are similar. For example, for all shots with cerneur analyzed data
from CY 2001, ~700 K time slices, we find a greater width to the cerneur [τ φi]
distributions, and a shifting of the peaks to lower values. This cerneur set for Rci = 1.77 m
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is shown in Fig. 8 and is equivalent to the dotted line in Fig. 6, that is, with no corrections
applied. This method runs on almost every shot with the prerequisite neutral beam,
through diverse kinds of magnetic mode activity, in shots stressed in various ways as part
of a particular experiment, and so on. It is therefore not surprising that this larger cerneur
set has greater spread and a shift toward lower rotation rates. We conclude that [τφi] ~ 1 is
not an artifact of a particular analysis method, nor of the specific shots selected for cerfit
analysis.

1.00.5 1.50.0 2.0 2.5
0

1×104

2×104

3×104

4×104

(τφi)1

N [(τφi)1]
Set  ~ 1700 shots
~ 700K timeslices

Fig. 8. Automated neural net CER analysis technique used to compute τφi for Channel 1
for most DIII-D discharges from CY 2001.

We note that applying Eq. (1) to the information on the JET data given in Ref. [13]
gives τφi near unity. There, the range for dω/dTi is stated to be 6–8 rad/s⋅eV, which
implies τφi = 0.7–0.9, where we have used R0 = 2.96 m, Vb = 80 kV, and approximated
Rmin ~ 0.5 R0 as stated in Ref. [13]. Here we have applied Eq. (1) for a D beam and
discharge.
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V.  Other Examples

A.  Low NBI power

Given the representation of the DIII-D database of NBI driven toroidal rotation by τφi

~ 1, it is now instructive to look for conditions which produce outlying points in the
distribution. We have mentioned the reduction of τφi with magnetic activity; locked
modes can reduce τφi across the minor radius to near zero and in some cases the discharge
survives and recovers.  Internal magnetic activity, such as tearing modes, may reduce τφi,
usually more in the core, but not always. Yet to be investigated in detail is the correlation
of various types of internal magnetic activity with the resultant changes in τφi, and we
will not say more about this here.

First we look at a discharge with low NBI power, PNBI, and find that τφi ~ 1 is still
valid. The magnitude of the NBI power has not been factored in at all in the distribution
shown in Fig. 7. Generally the NBI power in DIII-D is at or above ~2 MW (the level for
one source) and the majority of the time slices in Fig. 7 would come from such cases. The
CER and MSE diagnostics require various NBI sources. However, these may be injected
for very short “blips” (~10 ms) for the diagnostic measurements and thus there are some
examples with relatively low NBI power. We would expect that as PNBI is reduced to
zero, τφi ~ 1 could no longer possibly hold since the torque is reduced to zero but Ohmic
heating still supplies thermal energy. Indeed, isolated beam blips into an Ohmic discharge
do not produce sufficient core rotation for τφi ~ 1, but the lower boundary in PNBI has not
been clearly determined.

As an example with low PNBI we use a discharge from the Simple as Possible Plasma
(SAPP) series developed for validation of edge physics theory and modeling [27]. The
traces for τφi for the same seven channels are shown in Fig. 9, all nearly equal to 1
throughout a steady sawtoothing period. The time averaged NBI power is ~0.5 MW,
shown in Fig. 8(h), together with the Ohmic heating power, POH, and the total radiated
power, PRAD. Also for these conditions Te is slightly higher than Ti in the core, unlike
shots with high PNBI. Although POH ~ PNBI, which would seemingly require some
adjustment to Eq. (1), it is also the case that PRAD ~ POH, so that the net power input is
~PNBI and the simple concept behind Eq. (1) may hold. But of course the division of the
loss of PNBI and POH between PRAD and transport should be determined by detailed
modeling with the standard transport codes. But POH and PRAD mostly affect the electron
thermal transport so possibly the appxoimations underlying Eq. (1) do hold for this
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Fig. 9. Values of τ φi for discharge 109519, from a series of “simple as possible”
discharges in DIII-D [27]. τφi for channels 1-7 shown in (a-g), where the dashed line
marks τφi = 1. (In all the plots the lower bound for the ordinate is 0.)  (h) Neutral beam
power, PNBI, Ohmic heating power, POH, and total radiated power from bolometry, Prad.
(i) Core electron temperature, Te, and core ion temperature, Ti.

discharge. For our τφi classification we see that τφi ~ 1 holds for quite low PNBI in DIII-D.
Note that βNH89 for this discharge is ~0.2, while it reaches ~10 for the discharge in
Fig. 1.

B.  With added rf electron heating

Next we show an example in which rf electron heating results in a reduction in
toroidal rotation [14]. The ion temperature is also typically reduced with rf electron
heating in DIII-D, but not always as much as the rotation velocity. Two comparison
discharges are shown in Fig. 10, one without and one with fast wave electron heating
(FWEH) [28]. These employ NBI early in the current ramp-up to create the so-called
negative-central-shear type of plasma condition [29]. The vertical lines in Fig. 10 indicate
when the FWEH power is applied. Te in the core increases while ω and Ti there are
reduced, relative to the discharge with no rf heating. The computed τφi values for these
two discharges are shown in Fig. 11. During the rf pulse there is a small but perceptible
drop in τφi of varying level across the minor radius. Note that at the step up in PNBI at t =
1300 ms there is no clear signature in the τφi values, even though ω and Ti increase, as
seen in Fig. 10. In Fig. 12 we plot the ratio of τφi with rf to that without versus the major
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radius of the channel and the ratio of ω with rf to that without, for a time slice just before
the step up in PNBI. The τφi ratios below unity indicate that the relative Ti drop is not as
large as that in ω.

89985 (no FWEH)
89986 (with FWEH)

Ip (MA)

ne (1019/m3)
89985

Te(0) (keV)
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2
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300

0
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Fig. 10.  Comparison discharges with and without FWEH. The vertical lines indicated
show the duration of the FW pulse, during which Te is increased while Ti and ω are
reduced.

The time histories of diffusivities computed with TRANSP for the discharge with
FWEH are shown in Fig. 13, at ρ = 0.3, which on the outer midplane corresponds
approximately to the location of Rc2. The vertical lines at t = 1100 and 1800 ms mark the
FW pulse while that at 1300 marks the step up in PNBI. With the onset of FWEH all of the
experimental diffusivities increase, with χφ roughly doubling χ i. With the PNBI step, χi

recovers to the pre-FW level while χφ remains somewhat elevated. Throughout this
evolution χe tends to follow χφ, reminiscent of the early reported DIII-D results [9,10].
While these local diffusivities, or more importantly the ratio χi/χφ, show large temporal
variations, this is not seen in the τφi characterization.
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Fig. 11. Values of τφi for discharge 89985 (no FWEH) and 89986 (with FWEH, dotted
lines), τφi for channels 1-7 shown in (a-g), where the dashed line marks τφi = 1. (In all the
plots the lower bound for the ordinate is 0.) (h) Neutral beam power, PNBI, (i) fast wave
power, PFWEH.
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Fig. 12.  Ratios of τφi with FWEH to τφi without FWEH at t = 1300 ms for the discharges
shown in Figs. 9 and 10, and the ratios of rotation frequency, ω (open circles).
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Fig. 13.  Diffusivities computed from TRANSP for discharge 89986 with FWEH, applied
between t = 1100 and 1800 ms. PNBI is increased at t = 1300 ms.

C.  Counter NBI

In order to obtain counter NBI in DIII-D the direction of the plasma current is
reversed, so ω has the same sign, with positive being in the toroidal direction of NBI. The
discovery of the so-called “quiescent double barrier” (QDB) mode [30–32] on DIII-D has
led to a number of periods of counter operation in recent years. The QDB combines an
H-mode edge and an internal transport barrier with ELM-free operation and to date has
only been achieved in counter NBI discharges with strong cryopumping to reduce the
density.

The QDB discharges have a somewhat unique signature in the τφi parameterization.
Traces from one such well-analyzed discharge are shown in Fig. 14 [31]. The ELMs
cease at t ~ 1500 ms. The τφi values show an initial rapid rise with NBI turn-on, followed
by a decrease to values below 1. These two general features tend to characterize τφi in this
mode of operation. A rapid rise in τφi could be due to injection into trapped orbits and a
prompt torque effect, as discussed above, but this rise extends all the way to the most
central channels where injection is into largely passing orbits. Greater fast ion loss is
experienced in DIII-D with counter NBI because of the prompt orbit loss and possibly
greater prompt loss from the outer region drives an electric field which develops in the
central region as well.

The fall of the τφi values below 1 may be associated with development of the core
transport barrier and the lack of ELMs. Indeed, for the co-NBI discharge in Fig. 4 the τφi

values also fall below 1 during the high performance phase and rise again after the onset
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Fig. 14.  Values of τφi for discharge 106919 with counter NBI in DIII-D. τφi for channels
1-7 shown in (a-g), where the dashed line marks τφi = 1. (In all the plots the lower bound
for the ordinate is 0.) (h) Neutral beam power, PNBI, and product βNH89. (i) Dα showing
the ELMs to cease at t ~ 1500 ms, entering the QDB mode of confinement.

of frequent ELMing, after t ~ 2000 ms. Neither of these discharges has sawteeth. Low τφi

during the quiescent period implies that Ti is larger than the measured ω would indicate
in the ensemble average sense.

D.  High density

Experiments on high confinement at high density have been performed in DIII-D
[33]. Results from one of these discharges is shown in Fig. 15. With a combination of
divertor pumping and gas puffing the density in an H-mode discharge is driven well
above the Greenwald density, nG [34]. Here the τφi

 signature is that all but the outer
channel values rise above 1, compared with the distributions shown in Fig. 7. For the
inner channel, (τφi)1 is cut off after 2500 ms because of the lack of CER signal strength at
high density due to NB attenuation. The relatively large fluctuations in (τφi)2 and  (τφi)3

are also due to low signal. As the NB penetration is reduced one might expect these core
locations to have lower scaled rotation compared to temperature due to the same
arguments presented above in connection with low PNBI. Yet just the opposite is
observed, Ti is smaller than the measured ω would indicate. The maxima in ω occur at t ~
1600–2000 ms and then slowly decrease with the density increase.
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Fig. 15.  Values of τφi for discharge 98893 investigating high density with good
confinement. τφi for channels 1-7 shown in (a-g), where the dashed line marks τφi = 1. (In
all the plots the lower bound for the ordinate is 0.) (h) Dα, (i) line averaged electron
density normalized to nG.  (j) Neutral beam power, PNBI.
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VI.  Discussion

A.  Relation to Diffusivities

This survey of the DIII-D database reveals the extent to which the confinement of
toroidal angular momentum is intimately coupled to the confinement of ion thermal
energy in discharges with heating by toroidally directed NBI. What is shown is that the
local ratio of Uφ to Ti is a constant (proportional to R at the measurement location),
within a factor of 2 or so, in all discharge confinement regimes. Extrapolating this result
to any detailed conclusion about the diffusivities will depend upon the transport models
used, and also on whether or not neoclassical theory is applicable to predict Uφ for the
bulk ions from that measured for C

+6
. The simple ratio of source NBI torque to total

power is used as a motivation to normalize Uφ/Ti, given by Eq. (1), expressed in terms of
ω = Uφ/R. The fact that the [τφi] so defined are ~1 may be meaningful, or only a
coincidence. The local replacement time ratio interpretation of this definition indicates
that the two transport rates are always approximately the same.

In confinement regimes and regions without transport barriers it is possible that ion
thermal transport is dominated by ion turbulence resulting from ion temperature gradient
(ITG) modes [1]. For ITG turbulence it is theoretically predicted that χφ = χi [35], which
would be consistent with the DIII-D data set for relevant discharges. This theory predicts
a strong scaling of χ with electron temperature [13], Te, increasing ~ Te

3 . This Te scaling
of χi and χφ is consistent with experimental measurements by Petty et al. [36] in the
interior of ELMing H-mode discharges in DIII-D.

However, in discharges with core ion thermal transport barriers the experimentally
computed χi becomes comparable to neoclassical values, indicating that anomalous
transport may not be dominant. Yet toroidal momentum transport apparently remains
anomalous, being improved also but much greater than neoclassical theory predicts [4],
still comparable to ion thermal transport. Indeed, our τφi values in these cases fall in well
with the data set. If there is a general trend here it is that core τφi < 1, as discussed
regarding the two transport barrier discharges shown in Figs. 1 and 14, indicating τφ < τ i.
There is perhaps the remnant of an anomalous process governing momentum transport
that has mostly been abated in the ion thermal transport.

Even if the usually defined χφ = χi it does necessarily mean that [τφi] = 1, primarily
because of the neglect of NBI electron heating in Eq. (1). The details of the NBI
momentum and ion energy deposition will also not in general be in a constant ratio across
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the minor radius, and electron-ion energy coupling will modify the accounting of ion
thermal power flow.

Nevertheless, our results for τφi are approximately borne out in TRANSP analyses for
selected representative discharges which we have tested. Of course, the equivalent
definition of τφi must be used, not the TRANSP computations of χφ and χi. The measured
data for ω and Ti are the same, but now TRANSP computations of the NBI source terms
are used, and also the TRANSP values of plasma toroidal momentum density, pφ, and ion
thermal energy density, ui. These do not include the TRANSP computed fast ion
components. In Figs. 16, 17 and 18 we plot τφi for channels i = 2,4, and 6 for the
discharges shown in Figs. 4 and 14, and also an L-mode discharge, respectively. Also
plotted for each channel with circles is the equivalent value from TRANSP, τφiTR, where
we have defined τφiTR = (pφ/ui) [(Pbi + Pbe + Pbth)/(Tqin)]. Here Pbi and Pbe are the NBI
power density to ions and electrons, respectively, Pbth is the beam ion “thermalization”
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Fig. 16.  TRANSP computed replacement time ratios for the discharge shown in Fig. 1,
for channels 2,4, and 6. There is some variation of ρ through time, but the computed
TRANSP quantities have been mapped to the CER channel. The solid lines show τφi as in
Fig. 4. The circles plot τφiTR, an equivalent to Eq. (1) but using TRANSP computed
source terms, and momentum and ion thermal energy densities. The dashed line is τφiTRφ,
defined by using only the NBI ion source terms from TRANSP and subtracting off the
ion to electron energy flow.
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Fig. 17.  Same plots as described for Fig. 15, here for the discharge shown in Fig. 13.
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Fig. 18. Same plots as described for Fig. 15, here for an L-mode discharge for comparison.
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power density, the rate at which beam ions slow to join the thermal ensemble, and Tqin is
the NBI torque density. We have included only the dominant terms from TRANSP, for
example no CX losses are included as these terms are relatively small.

The agreement of τφi and τφiTR indicates that the approximation ˙ ˙l wb b  = 2 R vbmin  is
useful for the ratio of these source terms. But what about the neglect of ion to electron
power flow, qie, a loss for Ti > Te, and the inclusion of Pbe in the definition of τi? In these
figures we also plot τφiTR0 with a dashed line. This is the definition of a thermal ion
energy replacement time keeping only the ion heating terms, that is replacing (Pbi + Pbe +
Pbth) by (Pbi + Pbth - qie). This value for the ratio of the replacement times is smaller than
experimentally observed, and further from our data than τφiTR. It would seem that the
nominal τφiTR0 value has too small a momentum replacement time, τφ, or too large an ion
thermal replacement time, τi, or both. We note that τφiTR0 becomes the same, by
definition, as τφiTR, if a torque is subtracted off of the nominal input torque by an amount
equal to δTqin = [(Pbe + qie)/(Pbi + Pbe + Pbth)] Tqin, that is, fractionally equal to the ratio
of electron heating to total beam heating.

Although only a possibility at this point, this may indicate that electron transport
plays a role in determining toroidal momentum transport [9,10], or perhaps more
specifically the momentum source itself. Indeed, a relatively small nonambipolar radial
electron current, due to some type of high frequency turbulence or possibly broken
magnetic surfaces [37], could effectively produce a counter torque relative to that from
NBI. In this modified torque picture τφ is larger than we have computed because of the
reduced net input torque. Momentum confinement would be better than computed, but
still below the neoclassical level.

B.  Computation of χi

As noted, the ion thermal diffusivity, χi, has been computed in TRANSP using the
factor 5/2 in accounting for the convective term. As discussed in Ref. [24], this is not a
unique choice when applied to experimental data. The differing methods of handling the
convective term matter for discharges where this term is large, for comparison with
theoretical values. The relevance here is the assumption that being in a regime where ion
thermal transport is computed to be at the neoclassical level implies a lack of anomalous,
turbulent transport. If neoclassical ion transport dominates, then one could expect to have
neoclassical toroidal momentum transport also, but this is much smaller than what is
observed experimentally.

An alternate analysis approach is to define a “total ion diffusivity”, χi
total , in order to

avoid dealing with the convective term, where χi
total  = Qi i in T∇( )  [38]. The diffusivity
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so computed will be larger than any which include the convective power loss (for the
usual case with an outward particle flux). This diffusivity has also been found to be
below the Chang-Hinton neoclassical value in the core, and in some instances throughout
the volume, for high performance NCS discharges in DIII-D [38].

This indicates that it reasonable to conclude that ion thermal transport can be of the
order of the accepted neoclassical value in the core of discharges with good confinement,
in particular those with internal ion thermal transport barriers (ITBs). Yet, NBI-driven
toroidal momentum confinement remains well below that computed neoclassically for the
same conditions. Perhaps turbulent transport is not completely quenched, or another
anomalous process may govern momentum confinement in this regime. There could also
be some anomalous process which modifies the input NBI torque, such as nonambipolar
electron transport. It would seem unlikely that a classical mechanism has been
overlooked in the theory of toroidal momentum transport.

C.  Carbon Versus Deuterium Rotation

Recently, work by Testa and coworkers has shown that in JET discharges the
neoclassical correction to the deuterium toroidal velocity must be used in order to obtain
agreement for the location of internal magnetic modes determined in one way by the
correlation between external magnetic probes and δT̃e , and in another way by the
Doppler shift of the measured mode frequency [39]. Here, δT̃e  is the electron
temperature perturbation caused by the mode. It is stated that this correction between the
C

+6
 velocity and the D velocity is large where the second derivative of Ti is large. The

largest correction described is ~1/3 for an ITB case, and more generally ~10%.

If the distributions for [τφi] shown in Fig. 7 have any value in indicating an underlying
physical mechanism, or mechanisms, then the bulk or average plasma momentum should
be the important parameter. However, in computing this momentum we have used the
measured toroidal velocity of C

+6
. A difference of 10% would not readily be noticeable in

our distribution, whereas a difference of 1/3 probably would. If the correction depends
upon the strength of the spatial gradient or second derivative of Ti, this can vary greatly
depending upon the particular discharge.We have not yet investigated in detail how our
data set would be modified if a neoclassically computed D velocity were used instead.

For discharges with good core confinement in DIII-D, and hence relatively larger ion
pressure gradients, the difference between the C

+6
 velocity, UC, and D

+
 velocity, UD, can

be significant. Simple radial force balance considerations for the two species show that
UD is always greater in the co direction than UC, for the usual case with a monotonically
outward decreasing D

+
 pressure profile. To test what this classical correction would

imply for DIII-D, we use the computational method of Houlberg et al. [40] to compute
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the theoretical neoclassical D
+
 velocity for two of the good confinement discharges

described earlier. Three time slices for the discharge described in Fig. 1 are shown in
Fig. 19, in which UC is in the co-direction. As stated, the computed UD is greater in the co
direction. The three times are at the nominal L-mode, the highest H89, and the ELMing
H-mode phase, respectively. Using UD in Eq. (1) increases all the τφi to some extent for
co NBI discharges. For this discharge the increase in τφi shown in Fig. 4 would be in the
same ratio as UD/UC for the same space and time locations.

Shown in Fig. 20 is the computed D
+
 velocity profile for a single time slice in the

counter NBI double transport barrier discharge with τφi shown in Fig. 14. The sign
convention for this plot is that negative velocity is in the counter Ip direction, the
direction of NBI. Again, UD – UC is in the co direction. Here the difference between the
ratio of velocities and 1 is very large in that UD is relatively small,<50 km/s, for 0.45 < ρ
< 0.7. If this theoretical computation gives an accurate prediction for UD then the plasma
kinetic toroidal momentum must be carried largely by impurities in this spatial region.
Since UD is smaller in absolute magnitude, the τφi, shown in Fig. 14 will all be reduced
by multiplying by the ratio (UD/UC), in that the sign convention for the τφi is that positive
U is in the direction of NBI. These values of τφi, most significantly below 1, will be even
smaller.

Experiments are in progress on DIII-D to measure the toroidal velocities of injected
noble gas impurities and test the neoclassical computational predictions. The outcome of
this work will provide guidance on the overall angular momentum of a discharge.
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VII.  Conclusion

The straight forward interpretation of this demography of the DIII-D database of
toroidal rotation in NBI discharges is that to lowest order the same physics governs the
transport of toroidal momentum and ion thermal energy, in all transport regimes.
Variations of plus or minus a factor of 2 may differentiate different regimes.

The near equality of the simple replacement times for ion thermal energy and toroidal
momentum, especially near the magnetic axis, in discharges in which the computed ion
thermal transport is comparable to the neoclassical value would imply that the
momentum transport is still anomalous, far greater than the neoclassical value. However,
recently Stacey and Mandrekas have shown that a theory of gyroviscous radial
momentum transport gives a prediction for the central velocity that matches well with
that measured [41], in a variety of DIII-D discharges in different confinement regimes.
This then is a classical theoretical model which gives toroidal momentum transport much
larger than the standard neoclassical theory. It will be interesting to see what this same
theory would predict for the thermal ion transport.

The simple replacement time ratio given in Eq. (1) organizes the database with an
absolute value for the ratio of rotation and temperature. When discharges are looked into
in detail the results from Eq. (1) do not disagree with the transport analyses in general.
There are subtle differences that may give important insight into the physical
mechanism(s) at work. Future effort will investigate the correlation of τφi with other
discharge parameters, notably Te.
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