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1 - Introduction Plasma rotation appears to improve plasma performance by increasing
the ExB flow shearing rate, thus decreasing radial correlations in the microturbulence.
Also plasma rotation can increase the stability to resistive MHD modes. In JET, toroidal
rotation rates wy, with high Mach numbers are generally measured in NBI-heated plasmas
(since the neutral beams aim in the co-plasma current direction). They are considerably
lower with only ICRH (and Ohmic) heating, but still surprisingly large considering that
ICRH appears to inject relatively small amounts of angular momentum. Either the
applied torques are larger than naively expected, or the anomalous transport of angular
momentum is smaller than expected. Since ICRH is one of the main candidates for heating
next-step Tokamaks, and for creating burning plasmas in future Tokamak reactors, this
paper attempts to understand ICRH-induced plasma rotation.

The spin-up in the core region during the diagnostic NBI is in quantitative agreement
with the NBI torques. The steady rotation near the pedestal is in qualitative agreement
with a theory of X-point ion loss. The largest steady rotation, measured near the outer
mid-radius, is too large in magnitude and has the wrong sign (positive) for the inboard
resonance plasmas to be explained by the theoretically proposed ICRH-induced torques.

2 - Experiments Recent experiments in JET have produced careful measurements of
Wior [1,2], and preliminary measurements of poloidal rotation profiles v,,, [3] of the carbon
impurity in a variety of plasma conditions with H-minority ICRH schemes. Brief blips
of NBI are used for the charge-exchange measurements of T;, Z.ss, and wi,r. The wy,,
measurements are corroborated with measurements from the Doppler broadening and
shift of Ni emission lines and with the frequency of MHD modes.

Waveforms for a JET deuterium plasma are shown in Fig.1a. This plasma is one of four
[2] in which the ICRH resonance layer was tuned to be either inboard or outboard of the
major radius of the magnetic axis, and the relative phasing of the four ICRH antenna
straps was altered between either +7/2 or —7/2. The spectrum of toroidal wavenumber
of the ICRH waves for the +/2 case is calculated to peak at kj; = +4/m and -10/m, and
for the —7 /2 case to peak at k; = -4/m and +10/m [2]. At 18.4s, the central T;, T,, n,,

and Z.;y are 2.2[keV], 2.5[keV], 3x10*[m™?], and 1.5.

These four very-similar plasmas had relatively low energy confinement, remaining in
L-mode for most of their durations. Examples of wy, during the first NBI blip are
shown in Fig.1b. Even though the NBI power was kept low to minimize the NBI torque,
the NBI tends to spin-up wi,, near the magnetic axis [1,2]. wy,, peaks near the mid-
radius, in the region between the computed q=1 surface (R~3.3m) and the q=3 surface,
(R~3.73m), and where the measured carbon density peaks. The Mach number (ratio
of vy and thermal speed) is near 0.22 at the peak, and sufficiently high to dominate
over the pressure gradient and neo-classical v,, contributions to E,. In ELMy H-mode
plasmas, the wy,, profiles also tend to be broad, co-rotating in the direction of the plasma
current and toroidal field with peak magnitude about 15 per cent of that measured in
similar NBI-only plasmas [1]. The measured w;, tend to decrease as the perpendicular
temperature of the H-minority ions increases.
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FIG. 1.: o) Waveforms and b) rotation profiles of one of the four similar plasmas studied near 18.4s

3 - NBI torques and anomalous angular momentum transport - Three classes of
torques are considered: T, Trr, and Tx caused by the NBI, ICRH, and ion loss near
the X-point. For the plasmas studied, these torques are largest in the core, mid-radius,
and near the pedestal, respectively. The increase of wy, near the axis can be understood
from Tvg. The TRANSP plasma analysis code uses Monte Carlo techniques to calculate
Tnp as the sum of the collisional, JxB, ripple loss, and thermalization torques, shown
in Fig.2a. The collisional torque dominates in the core, and is approximately the same
magnitude as the JxB torque outside the core region. The thermalization torque is small
for brief NBI blips, and the ripple-loss torque is generally negligible in JET. Ty is close
to the measured rate of increase of the angular momentum density mR2wy,, during the
NBI. This confirms that the rotation measured for the carbon is about the same as that
of the bulk deuterium, at least in the core. The volume-integral of Typ increases roughly
linearly with the toroidal flux label x = y/(normalized toroidal flux) to ~0.5 [Nt-m] at
the qgg flux surface (x=1). The volume integrals of mass and mR?wy,, during the NBI
blip peak at 4imgm] and 0.004 [Nt-s/m?] respectively.
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FIG. 2.: o) TRANSP NBI torques and b) TRANSP/SPRUCE ICRH power depositions in two plasmas



The decay rate of the central angular momentum after the NBI measures the central
anomalous angular momentum transport, x:». JET plasmas with NBI-only heating have
Xtor = 0.5x;. Using xior around 1-5 times x; in TRANSP gives roughly the measured
decay rate.

4 - ICRH power deposition - The SPRUCE [4] modules in TRANSP are used to
calculate the ICRH interactions. Typically the 2D grid has 256 radial and 128 poloidal
nodes. The electromagnetic waves are modeled approximating &, with two symmetrically-
placed peaks at 10/m. The actual asymmetry in the spectra is not modeled since w,,
appears to be very comparable for all of the four plasmas. SPRUCE calculates that 90
per cent of the ICRH power is absorbed by the H-minority, 8 percent by the D ions,
and 2 per cent by the electrons. Contours of the heating for one of the inboard and
outboard plasmas are superimposed in Fig.2b. The heating of the thermal plasma by the
fast ions is also computed by TRANSP. The distributions of the ICRH power deposition
along the vertical position on the resonance surface are very similar for the four plasmas,
approximately proportional to exp[—(y — 0.4)?] where y [m] is the height in the plasma.

5 - ICRH-Induced Rotation - Recent theories of ICRH-induced toroidal rotation have
been applied to measurements of central wy,, in Alcator-CMOD [5,6]. This paper extends
and tests these theories using detailed modeling of the ICRH power deposition on the
minority ions in the highly shaped, up/down asymmetric flux surfaces in the JET plasmas
discussed above.

The distributions of the ICRH power deposition along the vertical position on the res-
onance surface are used in the ORBIT Monte Carlo Hamiltonian code [7] to calculate
the neoclassical trajectories of the heated ion guiding centers. The H-minority ions are
launched with a fixed energy (2 keV) and with a uniform distribution in pitch angle in
the region of space where their orbits intersect with the resonance layer. Their ener-
gies are increased as they pass through the layer, while they slow down and pitch angle
scatter during the rest of their orbit. This is continued until they obtain the average
(perpendicular) energy given by the SPRUCE modeling (~ 20-80keV).

As the fast ions pitch-angle scatter, their radial displacements cause a compensating
current in the thermal plasma. The Rj,B,, torque generates plasma rotation. Also
the collisional slowing-down of the fast ions deposits angular momentum to the thermal
plasma. In ORBIT, these effects are computed by subtracting the net torque with ICRH
heating from the result without the heating. The pitch-angle scattering effect is about
three times the slowing down drag term. A non-dimensional function I(x) was introduced
in Ref. 6 for the net toroidal rotation. Profiles for the four plasmas are shown in Fig.3a.
These functions depend only weakly on the value of the average perpendicular energy
assumed. The rotation is assumed to be zero (no slip) at the plasma boundary (x=1).
The conversion of I(x) to the rotation frequency profile is given by :

Wor _ CnW (Tm0m> (1)
I |eBR3a?n(27)2 \ 7g

Here W is the total energy, and C,, is a parameterization of y;,. as C,,q". We use C,=4.
The factor 7,0 /7E is the ratio of the confinement times for the toroidal angular momen-
tum and energy. This is expected to be of order x;/xior, Wwhich tends to be approximately
4 near the mid radius of JET ELMy H-mode plasmas with NBI-only heating. Thus we
assume Tyom/Te = 4. The resulting estimation of wy,, /I is approximately 10°/s. Multi-
plying by I(x) in Fig.3a gives the magnitude of wy,, too small in magnitude and with the
wrong sign in the case of the inboard resonance layer. The corresponding profiles of I(x)
for a CMOD plasma with off-axis ICRH, shown in Ref. [6] are similar in magnitude to
the JET results.
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FIG. 3.: a) Non-dimensional I(z) from ORBIT and b) schematic orbit of an X-point lost ion

Part of the discrepancy for the outboard cases might be due to the no-slip assumption.
The measurements in Fig.1b show a systematic offset of about 3 kradians/s near the
pedestal. If the predicted rotation rate is scaled up by this offset, the magnitude would
be in closer agreement, but the sign remains wrong for the inboard resonance.

6 - X-point Ion Loss - Since B, vanishes near the X-point, ions with small and negative
Vior are not expected to be confined there [8]. For these JET plasmas, the collisionless
hole in velocity space 8 cm above the X-point is calculated to have a minimum loss energy
of ~0.5 keV. A collisionless lost ion orbit is shown in Fig.3b. Two adjacent radial layers
are expected to form under the X-loss region. Collisionless loss of counter traveling ions
becomes a source of co-torque at the minor radius just inside the pedestal layer, while the
j»xB force by the plasma return current creates a strong, negative radial E, layer within
this thin pedestal layer. Modeled in the form of a delta function at the pedestal radius
rp,, the co-rotation torque density is evaluated to be ~ 1 x 107 x §(r — rp,) [N — m/m?],
which can be a significant source of co-rotation near the edge.

7 - Discussion - Three classes of torques contributing to the toroidal angular momen-
tum measured in four plasmas with ICRH heating have been studied. Combined with
estimates of x4, the torques from the NBI are sufficient to explain the spin-up and de-
cay of of w;, near the magnetic axis. The torque from the ICRH is calculated to be too
small and to have the wrong sign for the peak in wy,, measured near the mid-radius. The
large positive offset of wy, near the pedestal is qualitatively consistent with a new the-
ory of X-point ion loss. Both the ICRH and X-point loss torques generate both toroidal
and poloidal torques. The torques from rj,. By, and estimates of collisional damping can
be used to estimate the poloidal rotation speed v, and to compare with preliminary
measurements in JET.
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