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Abstract

Changes in the core intrinsic toroidal rotation velocityidaing L- to H- and L-

to I-mode transitions have been investigated in Alcator @dNbkamak plasmas. The
magnitude of the co-current rotation increments is founih¢oease with the pedestal
temperature gradient andsq and to decrease with toroidal magnetic field. These re-
sults are captured quantitatively by a model of fluctuatioinapy balance which gives
the Mach number M2 p,/2 Ly/L7 ~ VT (o5/Br in an ITG turbulence dominant
regime. The agreement between experiment and theory givdilence for extrapo-
lation to future devices in similar operational regimesré&hermal Mach numbers of
~0.07 and~0.2 are expected for ITER and ARC, respectively.



1. Introduction

Substantial co-current intrinsic toroidal rotation (cédach numbers up to 0.3) has
long been observed in enhanced confinement regimes in tékplasmas [1, 2, 3, 4,
5, 6, 7, 8, 9]. This self-generated flow has been associatédplasma performance
through a variety of global metrics such as the pressureedgtnergy and confinement
factor, and more recently with the edge temperature gridéelocal parameter [9].
Generally speaking, intrinsic rotation has been tied tallgeadients of pressure [10]
and temperature [11]. Understanding the drive mechanighi€urious phenomenon
is important since in future devices without neutral beajadtion, input torque will
be low, so intrinsic rotation and its gradient may be neagdsa suppression of MHD
modes and turbulence. Originally a ‘wind tunnel’ approacs\iollowed, using obser-
vations from many devices, relating engineering pararadtethe measured velocity
[7], but for a more reliable extrapolation to future devic@fundamental understanding
of the underlying mechanism is desirable.

It has been argued that turbulence converts thermodynaegcehergy to macro-
scopic flow [12, 13, 14, 15]. Considering the entropy prouurctate balance order by
order [16] gives an expression for the velocity gradient, (V))' +11"** = 0 whereyx
is the momentum diffusivity and"<* is the residual stress. Using a particular model of
I17¢¢ [16] derived considering ITG mode driven turbulence in aasbd cylinder with
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wherep, is the normalized ion gyroradiug; is the ion thermal conductivity, ,cis
the ion sound speed and, lis the magnetic shear scale lengthy@®), (with v;j; =
v/T;/m;), leads (following integration) to an expression for theddaumber [16]
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where Ly is the temperature gradient scale length. This model witielséed in detail
below.

Following a description of the experimental setup in thetisextion will be a pre-
sentation of the observed core velocity scaling with theeg&al temperature gradient,
the edge inverse rotational transforgy @nd the toroidal magnetic field. The observed
scaling with these parameters is quantitatively compaoeBid.(2) and presented in
section 4. Implications of these results are then discysseldding predicted rotation
in future devices.

2. Experimental Setup

This investigation of core intrinsic toroidal rotation infeanced confinement regimes
has been undertaken on the Alcator C-Mod tokamak [17, 1&mepact (major radius



R = 0.67 m, typical minor radius of 0.21 m), high magnetic fiédd- < 8 T) device
which can operate with plasma currents up to 2.0 MA. EDA H-enfi®, 18] and I-
mode [20, 9, 18, 21] were accessed with up to 5 MW of ICRF hgapiower [22],
usually at 80 MHz. At 5.4 T, this allows D(H) minority heating be concentrated at
the magnetic axis. For this scheme to work at 3.5 T, the frequaeeds to be reduced
to 50 MHz, but the maximum available power is the@ MW. At low fields (~2.7 T)
ICRF heating at 80 MHz can be achieved 2"¢ harmonic D(H). At 7.8 T, 80 MHz
enables D{He) on-axis minority heating. A common feature of both H- dmdode
is the pedestal structure of the edge temperature profilp Yy@3ch is important in
driving the core intrinsic rotation [9]. Electron tempena (and density) profiles were
measured with Thomson scattering [24, 25]. An example ofetiige electron tem-
perature profile (and gradients) is shown in Fig.1 for a 1.3,/ 4 T (g5=3.4) EDA
H-mode discharge with an average electron density of 533°/m?3 and central elec-
tron temperature of 2.1 keV, accessed with 3.5 MW of ICRF po®ayesian Gaussian
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Figure 1: From top to bottom, edge profiles of the electronperature, temperature
gradient, temperature gradient scale length and norntalae gyroradius for a 1.3
MA, 5.4 T EDA H-mode plasma. The dark shaded regions reptékent1c uncer-
tainty envelopes for the fits and the light shaded regionstare



process regression [26] was used to fit the electron temperdata from the outermost
19 channels of the Thomson scattering system and the em®rdgresent the sample
standard deviation. The nonstationary Gibbs covarianceekevith atanh covari-
ance length scale function introduced in [26] was used téucaghe rapid change in
temperature at the pedestal, and both the temperature apeitature gradient were
constrained to go to zero at the location of the limiter. Tiyediparameters which dic-
tate the spatial structure of the profile were inferred uditagkov chain Monte Carlo
sampling in order to obtain a complete accounting of the tacgy in the gradient.
The uncertainties in the gradient, gradient scale lengthdnd p.. were computed us-
ing the uncertainty propagation equation. Pedestal eledcagmperature gradients up
to 250 keV/m have been observed, with electron temperatutba95% flux surface
reaching nearly 1 keV, and pedestal temperature gradiete kmgths from 13 mm to
as small as 2.5 mm have been seen. With magnetic fields beRvéand 7.8 T, values
of px (~ 107*\/u;[AMU]|T;[eV]/B[T]a[m]) in the pedestal have been measured in
the range from 1 to 4 10~3. The working gas in all of the cases presented here was
deuterium. A sample profile ¢f, in the plasma edge is shown in the bottom frame of
Fig.1. For this study, plasma currents were in the intem@if0.46 to 1.7 MA, and
with B in the range described above leads ¢g loetween 3.0 and 6.7. Magnetic flux
surfaces and q profiles were calculated using the EFIT codle [Representative q,
magnetic shears(= r/q dq/0r) and L profiles for two discharges (0.9 MA at7.8 T
and 0.7 MA at 3.5 T) are shown in Fig.2. For the 7.8 T dischakgegt the 95% flux
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Figure 2: From top to bottom, radial profiles of the inversetional transform, mag-
netic shear and magnetic shear scale length for 7.8 (dastegdahd 3.5 T (solid line)
plasmas.



surface was 0.71 m while for the 3.5 T plasma it was 0.37 m. Bbthese discharges
exhibited sawtooth oscillations, implying thag was below unity. For the plasmas
presented in this study,;(0.95) varied between 0.37 and 0.88 m; @nd L on the
95% flux surface are well correlated, as is demonstratedjii3Rivhich includes points
from a database e300 H- and I-mode discharges. Core ion temperature andiedroi

0.9 T

Figure 3: L, on the 95% flux surface as a function @fdor H- and I-mode discharges.
Linear and power law fits are shown for comparison.

rotation profiles were measured with a high resolution imggiray spectrometer sys-
tem [28, 29], from observations of He- and H-like argon. Epéea of chord averaged
toroidal rotation velocity, ion temperature and Mach numirefiles for a 1.7 MA, 7.8
T (gos = 3.3) I-mode discharge are shown in Fig.4. While the velogitgt temperature
profiles are centrally peaked, the Mach number profile idivelly flat, at least out to
r/a = 0.7. These profile shape are typical, although there lmagome variation with
collisionality. Velocity calibration was achieved by openg locked mode discharges
(accessed with external magnetic field coils), which areyoresd to have null rotation
velocity [30] over the entire plasma cross section. The eatien employed here de-
fines +’ velocity as co-current directed rotation, while *indicates counter-current.
Changes in velocity as high as 110 km/s, with central MachbemM up to 0.3
have been observed in this study. Since the core rotatiatisin the L-mode target
plasmas can vary from20 to —60 km/s [31, 30, 32, 8, 33, 34], all velocity scalings
shown here will be of the difference between the I-/H-modaesand those of the L-
mode target plasmas. A database-@00 discharges has been assembled, representing
plasmas whose parameter ranges have been summarized above.
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Figure 4: Radial profiles (from top to bottom) of the toroidatation velocity, ion
temperature and Mach number for a 1.7 MA, 7.8 T I-mode plasma.

3. Observed Toroidal Rotation Scalings

Shown in Fig.5 are the time histories of parameters of istda a 7.8 T, 0.9 MA
(go5 = 6.3) EDA H-mode plasma accessed with 3 MW of ICRF power at 8zM
Following the H-mode transition at 0.62 s, there were thealsitreases observed in
the plasma stored energy, electron density and tempeyaedestal temperature gra-
dient and core toroidal rotation velocity. In this case tkedgstal electron temperature
gradient increased to about 120 keV/m followed by a changhartoroidal rotation
(co-current) by~60 km/s, consistent with earlier results [9]. Notice thatathe ICRF
fault (~1.15 s), there was a brief drop in the pedestal temperatadiegt and loss of
H-mode followed by a decrease in the core velocity and dgrsifore recovery. The
relationship between the core toroidal velocity and theegl temperature gradient
is explored in Fig.6 for 5.4 T H- and I-mode plasmas. There $rang correlation
between the two, captured by the scaling(VT)?® (solid curve). Data points from
H- and I-mode plasmas are interspersed, indicating verijainotation characteristics
[9]. There is no evidence for a critical gradient necessargrive the rotation. Some
of the scatter is due to the inverse dependence of the welmtiplasma current [3, 7];
the range of currents in Fig.6 is from 0.55 to 1.3 MA, wity dpetween 6.7 and 3.0.
Looking ahead to a comparison of rotation in plasmas witfedéht toroidal magnetic
fields, it is prudent to utilize ¢ as the variable rather thap.l This dependence on
Jos is presented in Fig.7 which shows the velocity increase wjthat fixed pedestal
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Figure 5: Time histories, from top to bottom, of the plasn@ext energy (and ICRF
power waveform), average electron density, central (datsl) pedestal (dashed line)
electron temperature, pedestal temperature gradient@edaroidal rotation velocity
fora 7.8 T EDA H-mode discharge.
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Figure 6: The change in the central toroidal rotation vejoeis a function of the
pedestal electron temperature gradient for 5.4 T H- andderglasmas. The curve
is proportional to ¥'T)%-8,



temperature gradient for 5.4 T discharges, from the regétwéen dotted vertical lines
in Fig.6 (with VT between 110 and 150 keV/m). The nearly linear increaseyitlis
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Figure 7: The change in the central toroidal rotation vejoas a function of g for
5.4 T I- and H-mode plasmas with pedestal temperature gredietween 110 and 150
keV/m.

apparent.

The dependence of intrinsic rotation on toroidal magneéldfhas been investi-
gated in plasmas with a range of-Brom 2.7 to 7.8 T. There are two approaches to
this. The first is to examine the change in velocity with maigrield for fixed values
of both g5 and the edge temperature gradient, independently. Exanapéeshown
in Fig. 8 for two cases: plasmas with edge temperature gneketween 45 and 65
keV/m with 3 < gg5 < 4 (squares) and those cases with edge temperature gradients
between 100 and 140 keV/m angkdrom 4 to 5 (diamonds). There is a clear decrease
in the velocity as a function of magnetic field for fixegkand edge temperature gra-
dient. A drawback of this approach is that the range of magfietd for fixed g5 and
VT is limited. The second approach is to consider a fixed valulkeog); x VT prod-
uct. The change in the central rotation velocity as a fumctibthe product of g and
the pedestal electron temperature gradient, suggesteldebresults from Figs.6 and
7, is shown in Fig.9 for I- and H-mode plasmas with toroidalgmetic field in three
ranges: 2.7 - 3.5 T (triangles), 4.8 - 6.1 T (dots) and 7.8 Teeks). There is a marked
increase of the observed velocity with the produgi>gVT. The points appear to be
ordered by magnetic field, with a larger velocity responsa tiven increase in the
Jos x VT product apparent for lowerB Although the range iivT achieved for low
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Figure 8: The change in the central toroidal rotation véjoas a function of toroidal
magnetic field for plasmas plasmas with edge temperatuciegns between 45 and

65 keV/m with 3< qg5 < 4 (squares) and those cases with edge temperature gradients
between 100 and 140 keV/m witlzgfrom 4 to 5 (diamonds). Curves proportional to
B9 (solid) and 1/B (dashed) are shown for comparison.
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Figure 9: The change in the central toroidal rotation vejoas a function of the prod-
uct gys x VT, sorted by toroidal magnetic field: 2.7 - 3.5 T (triangles® - 6.1 T (dots)
and 7.8 T (asterisks).
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field plasmas was limited by available ICRF power at 50 MHi, jtossible to compare
plasmas for three magnetic fields for a subset of data wikk § T between 200 and
300 keV/m, as depicted by the pair of vertical lines in Fig:Be change in the central
toroidal velocity as a function of Bis shown in Fig.10 for plasmas withygx VT in
this range. There is a marked decrease with increasing riedie&l. Shown for com-
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Figure 10: The change in the central toroidal rotation vigyaas a function of toroidal
magnetic field, with the product ofyg and the pedestal electron temperature gradi-
ent between 200 and 300 keV/m. Curves are proportionalt“Bsolid) and 1/B
(dashed).

parison are curves scaling as® (solid) and 1/B (dashed). This scaling is consistent

with that from Fig.8.
To summarize the results of this section, the change in thealdoroidal rotation

velocity, AV, increases with the pedestal electron temperature gradied g5, and
decreases with toroidal magnetic field&Y ~ VT0-8£0-3 g,1.040.2 / g0.740.4.

4. Comparison with Model

These results may be compared to the model of Eq.(2), ndtatgttsimplifies to

1 L,
e y p— 3
M; e 3)
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assuming a Prandtl numbey;(x ) of unity and T. = T,. Itis very difficult to measure
X4 in plasmas with only intrinsic rotation since the sourceas well characterized,
and modulation experiments are difficult. Some informatian be gleaned from the
rise of the velocity following the L-H or L-I transition, agen in the bottom frame of
Fig.5. The origin of core velocity is in the pedestal [35, 90, fitting an hyperbolic

tangent function to the core velocity rise yields a singleapegeter which can be in-
terpreted as the global momentum confinement time. Thicitgldse time has been
determined for a large number of H- and I-mode dischargakisashown in Fig.11 as
a function of the global energy confinement time. There is@lgmrrelation between
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Figure 11: The velocity rise time following the L-H (dots)da-I (dots with plus signs)
transition as a function of the global energy confinemenétior 5.4 T discharges.

the two, and the values are similar, suggesting that eneryreomentum confinement
are tied together. In the following, the Prandtl numiyety, is taken to be 1, which
is commonly observed in neutral beam heated plasmas ansbisahsistent with the-
oretical fundamentals. Furthermore, the ion temperaturet routinely measured in
the pedestal, but from comparisons when available, it ispdfound that T= T, near
the plasma edge. This serves as justification of the two gstsoms mentioned above.
Eq.(3) reduces to Mx VT qg5/B if q ~ rVq, and nicely reproduces the observed
scalings from the previous section.

An issue of importance regards where in the plasma cros®sédet.(3) should
be evaluated. Since the source of the co-current intriregtion in H- and I-mode
plasmas is at the edge [35, 30, 9], and the temperature péd@shs as a result of
the confinement regime transition, it is natural to choogerttaximum temperature
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gradient in the pedestal, with, and L; taken at the pedestal top. Rotation in the
pedestal is also not routinely measured; the large bodytafiom data is from the core
x-ray system. Since the Mach number profile is relatively(ffag.4), in the following
the central Mach number will be used. With theseeats, it is possible to test the
model of Eq.(3) against the experimental observations ofise 3. Unfortunately
it isn’t possible to varyp,, Ls or Ly independently, holding the other two constant.
For example changing the edge temperature gradient chamgdésmperature at the
pedestal top, which changes. Varying the magnetic field to change also changes
Ls.

Shown in Fig.12 is the experimental Mach number as a funatfdi2p,.L ,/L 1 for
a large number of H- and I-mode discharges. Values for diffemagnetic fields are
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Figure 12: The experimental Mach number as a function 0f,1/2/L+ for H- and
I-mode discharges, sorted by magnetic field.

interspersed. The agreement with the model is outstandivey, nearly an order of
magnitude. This agreement justifies the order by order ppfpooduction rate balance
paradigm, as well as the analytic model of the residual stieshe ITG turbulence
dominated regime given by Eq.(1). The dependence.shown in Fig.12 is opposite
to thep, ~1-> scaling found in DIII-D plasmas [36].
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5. Discussion and Conclusions

The agreement between observations and theory shown i?Rgpports the ITG
mode dominant model driven by the edge temperature gra@iéijtin a sheared mag-
netic field (L;) scaling with the normalized ion gyroradius.j. The basic, scaling
emerges from the relatiofl)’ ~ I1"** /x4, wherell"** is a non-diffusive stress. In
terms of scalingd1"®* ~ (V 4ia)? ~ p.2Cs2, wWhile x4 ~ Vgiap ~ p«Csp ~ Dg . Note
that theS ~ 2 environment of the pedestal motivates the case of the ethegtinder
ITG model. Some caution should be exercised here as adalifigrdependence may
entervia the symmetry breaking factor, which is sensitive to seveoahplex details
and may change with plasma parameters and radial location.

The expression for the Mach number Eq.(3) works very wellGeviod observa-
tions, capturing the scalings with edge temperature gnadigs and Br, and it may be
applied to future devices in order to get an estimate of theebed intrinsic rotation.
For ITER Q=5 and Q=10 H-mode scenarios [37], with pedestalalues of~0.001,
Lt ~0.06 m and L, ~8 m, the predicted Mach number4€.07, which corresponds
to a core toroidal rotation velocity 6£50-75 km/s, depending on the core tempera-
ture and velocity peaking, and is large enough to suppress RWNis estimate is
considerably lower those from a multi-machine scaling carigon [7], which didn't
account for the edge temperature gradient drive. Interggtithese predictions are
very close to those with an opposijig scaling [36]. For ARC [38] (a=1.1m,B=9.2
T), with predicted pedestal, = 0.0016, Ly =0.025 m and L. = 6 m, the Mach number
estimate is 0.2, which yields a substantial core velocitgwer 200 km/s for a central
temperature of 27 keV.
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