PRL 97, 205005 (2006)

PHYSICAL REVIEW LETTERS

week ending
17 NOVEMBER 2006

Fast-Ion Dynamics in the TEXTOR Tokamak Measured by Collective Thomson Scattering
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Here we present the first measurements by collective Thomson scattering of the evolution of fast-ion
populations in a magnetically confined fusion plasma. 150 kW and 110 Ghz radiation from a gyrotron
were scattered in the TEXTOR tokamak plasma with energetic ions generated by neutral beam injection
and ion cyclotron resonance heating. The temporal behavior of the spatially resolved fast-ion velocity
distribution is inferred from the received scattered radiation. The fast-ion dynamics at sawteeth and the
slowdown after switch off of auxiliary heating is resolved in time. The latter is shown to be in close

agreement with modeling results.
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Fast-ion populations play an increasingly important role
in the dynamics of magnetically confined plasmas as the
conditions for a fusion power plant are approached [1-3].
Approximately one-third of the plasma energy is generally
in the fast-ion populations. This energy must be channeled
into heating the bulk plasma but can also drive waves,
which affect confinement of bulk plasma and fast ions.
Fast ions can, for instance, be prematurely ejected by
Alfvén modes driven by the fast ions [4-8], and sawteeth
are affected by fast ions and may redistribute fast ions [9—
13].

Understanding the dynamics of fast ions and their inter-
action with the bulk plasma requires measurements of the
confined fast-ion populations resolved in time, space, and
velocity. This is expressed in the ITER diagnostic require-
ments [14,15]. Collective Thomson scattering (CTS) has
the potential to provide such measurements [16] and to
meet the ITER diagnostic requirements [17,18] and resolve
the fusion alphas against a background neutral beam in-
jection (NBI) fast-ion population [19]. CTS is based on the
scattering of electromagnetic waves off microscopic fluc-
tuations driven by ion motion [20-24]. The first CTS
measurements of ion temperature in magnetically confined
plasmas were done using far infrared radiation [25]. With
gyrotrons as the source of probing radiation [26], the ion
temperature was since measured with millimeter waves
[27,28]. The first CTS measurement of a fast-ion velocity
distribution was done at the Joint European Torus [16].
Other CTS experiments [29-31], though not yielding ion
data, contributed by widening the experience with operat-
ing CTS diagnostics.

The breakthrough with routine CTS measurements of
fast-ion populations in a magnetically confined plasma,
resolving = 100 time slices at intervals of 4 ms in each
plasma shot, was achieved with the millimeter-wave CTS
at TEXTOR. Some of these results are reported here.
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The probing radiation for the TEXTOR CTS is provided
by a 110 GHz gyrotron operated at 150 kW. With a central
toroidal field of 2.6 T, the CTS spectra are at a local
minimum in the electron cyclotron emission (ECE) spec-
trum between the fundamental and second harmonic ECE
features. The probing radiation is launched from the low
field side in the equatorial plane, and the receiver antenna
is located = 20 cm above the entry of the probing beam.
Both transmitter and receiver have steerable, near Gaussian
beam, antenna patterns. Measurements are spatially local-
ized to the scattering volume where the probe and receiver
beams overlap. They resolve the microscopic fluctuations
with wave vector k® = k* — k' and provide information
on the distribution of ion velocities in the direction of k°.
Here k* and k' are the wave vectors of, respectively, the
received scattered radiation and the probe, both in the
scattering volume. Varying the antenna orientations, the
location of the scattering volume can be shifted across
most of the plasma cross section, and the resolved velocity
direction can be varied from near parallel to near perpen-
dicular to the magnetic field. Depending on scattering
geometry, the radial resolution is 5-10 cm as evidenced
by the spectral CTS data presented in Fig. 1, where the
toroidal angle of the receiver antenna was scanned during a
plasma shot. These data are also good evidence that the
signals are indeed the result of scattering from the probe
beam in the plasma. The received scattered radiation is
detected using a heterodyne receiver with 32 (upgraded to
42) spectral channels with bandwidths from 80 to
750 MHz, giving complete coverage from 107 to
113 GHz. Notch filters are used to reduce stray radiation.
Further details on the diagnostic and its upgrades can be
found in Refs. [32-36].

To distinguish the fast-ion CTS signal with spectral
power density around 1-10 eV from the ECE background
of typically 10-100 eV, the gyrotron is modulated with a
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FIG. 1 (color). CTS spectral data recorded for an Ohmic
plasma where the toroidal angle ¢, of the receiver viewing
direction was scanned during the plasma shot. The plot shows
CTS spectral power density in a number of channels vs time and
¢ .. Receiver and probe beams go through overlap for a variation
of 5° of ¢,. With a distance from receiver antenna to scattering
volume of 50 cm, this corresponds to a width of the scattering
volume of 4 cm in the direction perpendicular to the probe and
receiver beam directions. In the direction of k?, the extent of the
scattering volume is =5/2 times larger. Shot number 100467.
£(k® B) = 110°. Scattering volume at R = 1.8 m, z = 0 m.

period of 4 ms and a 50% duty cycle, giving a time
resolution of 4 ms. This is illustrated in Fig. 2, where the
spectral power density in the channel centered at
110.9 GHz is plotted versus time for shot 89510. The
samples recorded when the gyrotron was off (on) are
shown as blue (red) and are thus due to ECE (ECE +
CTS). The background noise to our measurement is ac-
tually ECE and detector noise. For simplicity, we refer to
the sum as ECE. ECE signals are recorded when the
gyrotron is off and continuously monitored in channels
several gigahertz away from the gyrotron frequency where
no scattered radiation is observed nor expected. From these
signals, the ECE during gyrotron pulses can be estimated
for each channel. The green line in Fig. 2 shows such an
ECE estimate. The CTS signal is estimated by subtracting
the ECE estimate from the signals recorded when the
gyrotron is firing.

The ECE is strongly perturbed by sawteeth at 2.03, 2.12,
and 2.23 seconds. It is noteworthy that despite this the
estimated CTS signal at 110.9 GHz has no visible signature
of sawteeth as seen in Fig. 3, where the CTS time trace for
110.9 GHz is plotted together with CTS signals at four
other frequencies for shot 89510. In the channels covering
the frequencies from 100.58 to 100.74 GHz, clear signa-
tures of sawteeth are present, which, on account of the
robustness of the ECE subtraction, we ascribe entirely to
sawtooth related variations in the CTS spectral power
density.

In Fig. 4, the CTS spectral power density for shot 89510
is plotted as a function of time and frequency over the full
CTS bandwidth with data from 21 channels from which
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FIG. 2 (color). Raw data time trace for a CTS channel. Blue
indicates ECE background and red refers to gyrotron on time
(CTS + background). The green line represents the recon-
structed background during the gyrotron probing time.

data were recorded. No data are shown for frequencies near
the probe frequency where the notch filter blocks signals.

From the CTS spectral power density, the fast-ion 1D
velocity distribution is inferred [37] on the basis of a fully
electromagnetic CTS model [23]. The inferred distribution
is shown in various forms in Figs. 5, 6, and 8(a).

In TEXTOR shot 89510, the fast ions were generated by
~1.3 MW neutral beam injection of ~50 keV deuterons in
the cocurrent direction and by ~1.0 MW minority ion
cyclotron resonance heating (ICRH) of hydrogen with a
frequency of 38 MHz giving rise to a resonance layer
slightly on the low field side of the vessel center. The
orientations of the probe and receiver beams were such
that the resolved fluctuation wave vector k?, and, hence,
the direction in which the velocity was resolved, made an
angle to the static magnetic field of 113°. The scattering
volume was at R = 1.61 = 0.08 m and z =0 * 0.03 m.
These values were estimated by ray tracing. The scattering
volume was located on the high field side of the plasma

CTS TEXTOR #89510

— 110.58
— 110.66
110.74
110.82
— 110.90

Frq [GHz]

Spectral power density / eV

é 2:1 2:2 2.3
Time /s
FIG. 3 (color). CTS spectral power densities in five channels

vs time trace. The channels are labeled by their center frequen-
cies. Shot number 89510.
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FIG. 4 (color). CTS spectral power density as a function of
time and frequency. The central part of the spectrum is blocked
by a notch filter. Shot number 89510.

center, close to the tangent radius of the neutral beam
injector. The majority of the beam ions present in the
scattering volume are thus ionized with a velocity close
to parallel to the static magnetic field. The spatial distri-
bution of ICRH heated fast ions is generally predicted to
fall off very rapidly on the high field side of the ICRH
resonance layer [38,39]. This suggests that the fast ions in
the scattering volume in shot 89510 are mainly beam ions.

Sawteeth are in clear evidence in the ion velocity distri-
bution measured in shot 89510 during the NBI flattop for
velocities in the range 0.5-0.9 X 10® m/s, but not at higher
velocities. This result is reproducible for shots with the
measurement on the high field side and velocities resolved
in a direction near perpendicular to the magnetic field. In
other shots, where either the measurement was on the low
field side and near perpendicular velocities resolved or the
resolved direction was near parallel to the magnetic field
and the measuring volume close to the vessel center, there
was no evidence of sawtooth activity in the ion velocity
distribution. This despite the presence of sawteeth with the
same magnitude and period as in shot 89510.

CTS measurement, TEXTOR #89510
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FIG. 5 (color). Ion phase space density vs time at a number of
velocities. Auxiliary heating is on until 2.2 seconds. Sawteeth are
in evidence at lower velocities but not at higher.
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FIG. 6 (color). Contour plot of the logarithm of the measured
ion velocity distribution. The auxiliary heating was turned off at
t = 2.2 s. Time traces are shown in Fig. 8(a) for the velocities
indicated in this figure with vertical lines.

The auxiliary heating was turned off at t = 2.2 s, after
which the fast non-Maxwellian part of the velocity distri-
bution slows down and thermalizes. The measured relaxa-
tion of the fast-ion velocity distribution, shown in Figs. 6
and 8(a), is compared with a numerical Fokker-Planck
simulation [40] for a homogenous plasma shown in
Fig. 7. The Fokker-Planck simulation uses the electron
density measured by interferometry and the electron tem-
perature from the ECE and Thomson scattering diagnostics
as input. The computed temperature and drift of the bulk
ion distribution are the results of interaction with the
electrons and the fast ions and of an assumed additional
constant loss of energy and momentum intended to repre-
sent transport away from the hot center. The latter two are
represented by confinement times for ion energy and mo-
mentum (200 and 55 ms, respectively), both of which are
set for the best fit in the flattop period. Their values are kept
constant throughout the modeling including the slowing
down period. The beam source rates are best estimates
from the NBI data, and the particle confinement time is
set to match the measured density. The critical velocity

log(F), simulation of TEXTOR #89510
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FIG. 7 (color). Contour plot of the logarithm of the simulated
distribution function. Time traces are shown in Fig. 8(b) for the
velocities indicated in this figure with vertical lines.
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FIG. 8 (color). Time traces of the ion phase space density at a
number of velocities. (a) Experimental and (b) model data are
compared.

above which fast ions mainly heat electrons is greater than
the injection velocity of the beam ions, which is why direct
beam heating of bulk ions is accounted for in the modeling.
When the heating is turned off, the measured slowing down
rates match remarkably well the simulated slowing down
rates as may be seen in Figs. 8(a) and 8(b).

In conclusion, we have obtained for the first time mea-
surements of the temporal evolution of fast-ion velocity
distributions using collective Thomson scattering. Such
measurements are expected to become routine at the
TEXTOR tokamak. The evolution of the ion velocity dis-
tribution in connection with sawteeth was measured, and
notable dependencies on velocity, resolved velocity direc-
tion, and spatial location were apparent. The relaxation of
the ion velocity distribution after switch off of auxiliary
heating could be resolved and agreed remarkably well with
Fokker-Planck simulations. These results represent a
breakthrough for the use of millimeter-wave collective
Thomson scattering for diagnosing confined fast ions in
fusion plasmas and are an important milestone in preparing
this diagnostic method for use at ITER.
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