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Magnetically confined fusion plasmas are mostly heated by small populations of energetic ions. In current
devices these fast ions are mainly generated by auxiliary heating, while in ITER fusion generated alpha particles
will dominate. A multitude of MHD phenomena, some of them driven by the fast ions, can redistribute or eject the
energetic ions prematurely, affecting fusion performance and potentially damaging walls. Theory and modeling
of fast ion dynamics in fluctuating or turbulent plasmas is challenging and needs guidance from - and bench
marking against - measurements of the fast ion dynamics. Collective Thomson Scattering (CTS) can provide
such measurements of the confined fast ions. Here we present CTS measurements of the TEXTOR tokamak
plasma which show fast ions responding to sawteeth and display slowdown evolution of the fast ion velocity
distribution after switch off of neutral beam heating. The toroidal rotation velocity of the bulk ions is inferred
from the measurements. Plans for an ITERfast ion CTS are also briefly discussed.
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1. Introduction
Neutral beam injection (NBI) and ion cyclotron res-

onance heating (ICRH), two of the main heating methods
for fusion plasmas, produce small populations of ions with
energies well above the average particle energy of the bulk
plasma. These fast ions slow down in the plasma because
of collisions with the bulk plasma ions and electrons, heat-
ing the bulk plasma in the process. In the next generation of
fusion experiments, notably ITER, fusion of deuterons and
tritons will produce fast alpha particles at such a rate that
they become the dominant source of heating of the plasma.

The magnetic topology is generally chosen such that
the fast ions remainconfined in the plasma in the absence
of collisions and perturbations. They follow orbits which
drift across magnetic field lines, not only in the gyro-
motion, but also in the average over many periods of gy-
ration. In their drift orbits the fast ions have several char-
acteristic velocities, including the instantaneous velocity
and the toroidal precession velocity for ions undergoing
magnetic mirror motion dueto the higher field on the in-
side of the torus. This variety of velocities permit resonant
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interaction with a multitude of wave phenomena with dif-
ferent phase velocities. Such interaction can shift energy
from the ion to the wave or visa versa. At certain points on
the ion drift orbits a small change in velocity of the ions
can make them change track and follow a drift orbit with a
completely different spatial map. If the new orbit intersects
a wall, the ion is lost promptly. In any case, the confine-
ment of the fast ion has been affected. The fast ions, hav-
ing a substantial fraction of the total kinetic energy of the
plasma, can also drive waves and turbulence which in turn
can affect the confinement of fast ions and bulk plasma.

In ITER on the order of 70 % of the heating will come
from fusion alphas. The production of fusion alphas is de-
pendent on the plasma properties which are affected by
the fusion alphas. The ITERfusion plasma might thus be
quite rich in fast ion related phenomena, and these may be
of considerable consequence to the overall fusion perfor-
mance of ITER. So fast ion populations play an important
role in present devices and they will play an even more
significant role in the next step devices [1–3]. Of particu-
lar interest or concern is the fact that fast ions drive - and
are affected by - Alfvén modes [4–9]. Alfv´en modes are
expected to be particularly prominent in advanced plas-
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mas with reduced central current density (reversed mag-
netic shear profiles)in which the ion drift orbits are also
particularly large and thus more prone to significant redis-
tribution or wave induced transport. Also the ubiquitous
sawteeth are affected by fast ions and may redistribute fast
ions [10–14].

The interaction of fast ions with the highly non-
stationary fusion plasma is complex and rich. To help de-
velop our theoretical understanding of fast ion dynamics
and benchmark modeling, it is essential to have experi-
mental observations of the confined fast ion populations
resolved in time, space and velocity. In ITER this is partic-
ularly important, which is reflected in the ITER diagnostic
requirements [15,16]. The ability of Collective Thomson
scattering(CTS) to provide measurements of the fast ion
velocity distribution wasdemonstrated at the Joint Euro-
pean Torus (JET) [17] and the ability of CTS to provide
detailed measurements of the temporal evolution of the fast
ion velocity distribution under changing conditions was
demonstrated at the TEXTOR tokamak [18]. An extensive
feasibility study covering millimeter-waves to the Infra red
radiation of the CO2-laser, concluded that a CTS with a
probe frequency at 60 GHz could meet the ITER diagnos-
tic requirements [19,20].

CTS is based on the scattering of electromagnetic
waves offmicroscopic fluctuations, principally in the elec-
tron distribution, driven by ion motion. In practice a power-
ful probebeam, for instance in the millimeter-wave range,
is sent into the plasma. Microscopic fluctuations in the
plasma interactwith the incident probe beam and give rise
to scattered radiation emanating from all along the probe
beam. Part of that radiation is collected by a receiver if
the probe and receiver antenna beam patterns overlap. In
that case we have a localized measurement of the fluctua-
tions in thescattering volume where the probe and receiver
beams overlap. They resolve the microscopic fluctuations
with wave vectorkδ = ks − ki , whichprovide information
on the ion velocity distribution, resolved with respect to the
velocity component pointing in the direction ofkδ. Here
ks andki are the wave vectors of respectively the received
scattered radiation and the probe, both in the scattering vol-
ume. Changing the antenna orientations, the location of the
scattering volume can be shifted and the resolvedkδ, and
hence the resolved velocity direction, can be varied from
near parallel to near perpendicular to the magnetic field. A
brief introduction to both the theory of CTS and practical
considerations are given in ref. [22]. Detailed discussions
of the theory can be found in refs. [23–27].

The CTS diagnostic can in principle distinguish differ-
ent ion specie when the scattering geometry is such that the
resolvedkδ is close to perpendicular to themagneticfield.
Distinguishing different ion specie with the same charge
to mass ratio does generally require the added assump-
tion that they are in thermal equilibrium. The later is not
satisfied by fusion alphas and fast deuterons from NBI.
This raised the issue of whether in ITER the CTS signal

from fast deuterons from NBI would mask the CTS signal
from fusion alphas. This question was addressed in a recent
study [21] which concluded that the proposed 60 GHz CTS
system for ITER could resolve the fusion alphas against a
background NBI fast ion population.

The first CTS measurements of ion temperature in
magnetically confined plasmas was done using far infrared
radiation [28] using an optically pumped laser as the source
of the probing radiation. Using gyrotrons as the source
of probing radiation [29] the ion temperature was subse-
quently measured with millimeter-waves [30,31]. The first
CTS measurement of a fast ion velocity distribution was
carried out at JET [17]. Subsequently the temporal evo-
lution of fast ion populations were measured with CTS
at TEXTOR [18]. Other CTS experiments at TFTR [32],
JT60-U [33] and FTU [34], though not yielding ion data,
contributed by widening the experience with operating
CTS diagnostics.

The breakthrough with routine CTS measurements of
fast ion populations in magnetically confined plasma, re-
solving on the order of 100 time slices at intervals of 4 ms
in each plasma shot, was achieved with the millimeter-
wave CTS atTEXTOR [18]. We will discuss some of these
results here. Part of the present discussion will follow
closely part of that of [18], expanding on some elements.
In section 2 we describe the experimental setup. Raw CTS
data and extraction of CTS data are discussed in section 3.
In section 4 the measured fastion evolution at sawteeth and
the slowdown after switch off of auxiliary heating are pre-
sented. Plans for ITER are briefly discussed in section 5
and conclusions are given in section 6.

2. The TEXTOR CTS System
The probing radiation for the TEXTOR CTS is pro-

vided by a 110 GHz gyrotron operated at 150 kW. With a
central toroidal field of 2.6 tesla the CTS spectra are at a
local minimum in the electron cyclotron emission (ECE)
spectrum 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 an-
tenna is located about 20 cm above the entry of the probing
beam. Both transmitter and receiver have steerable, near
Gaussian beam, antenna patterns. The receiver antenna is
shown in figure 1.

Outside the vessel the received radiation is transmit-
ted to the detector by a quasi optical transmission line
which includes a universal polarizer consisting of two ro-
tatable grooved mirrors to select scattered radiation with a
given elliptical polarization and hence select radiation in
one of the plasma normal modes of propagation (ordinary
or extraordinary mode). The probing radiation is transmit-
tedfrom the gyrotron via a quasi optical transmission line
which also includes a universal polarizer permitting the
probe radiation to be coupled to a normal mode. Generally
O-mode is used for both probe and receiver. The steering
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(a) Drawing of CTS receiver antenna

(b) Photo of CTS receiver antenna

Fig. 1 Drawing and picture of the upgraded CTS antenna. The
picture is taken from inside the TEXTOR vessel. Inside
the vacuum the antenna consists of a flat steerable mir-
ror, two curved mirrors and a circular corrugated waveg-
uide for transmitting the received radiation out through
the narrow port. The drawing also shows two external
mirrors which are part of the quasi optical transmission
line to the receiver.

ranges for the probe and receiver beams permit the location
of the scattering volume to be shifted across most of the
plasma cross section and they permit the resolved velocity
direction to be varied from near parallel to near perpendic-
ular to the magnetic field. The radial resolution is approxi-
mately 5 cm when the scattering geometry is such that the
velocity directions near parallel to the magnetic field are
resolved and approximately 10 cm when near perpendicu-
lar directions are resolved. This is corroborated by the data
displayed in figure 2 which show the spectral power den-
sities recorded in a number of channels while the toroidal
viewing angle of the receiver 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
hetrodyne receiver with 32 (upgraded to 42) spectral chan-
nels with bandwidths from 80 MHz to 750 MHz, giving
complete coverage from 107 GHz to 113 GHz. Notch fil-

Fig. 2 (Figure 1 in [18]) CTS spectral data recorded for an
ohmic plasma where the toroidal angleφr 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 andφr. Receiver and probe beams
go through overlap for a variation of 5◦ of φr. With a
distance from receiver antenna to scattering volume of
50 cm this corresponds to a width of the scattering vol-
ume of 4 cm in the direction perpendicular to the probe
and receiver beam directions (perpendicular toki andks).
In the direction ofkδ the extent of the scattering volume
is approximately 5/2 times larger. Shot number 100467.
∠(kδ, B) = 110. Scattering volume atR = 1.8 m, z = 0 m.

ters are used to reduce stray radiation. The diagnostic is
calibrated using thermal emission from the empty vacuum
vessel and ECE. Further details on the diagnostic and its
upgrades can be found in references [35–39].

A 50-channel CTS diagnostic, similar to the TEX-
TOR CTS, hasbeen installed on the ASDEX Upgrade
tokamak. The source of the probe radiation will be the
105 GHz frequency mode of operation of a new gyrotron
with powers up to 800 kW for 10 s. AUG has recently been
equipped with four new electron cyclotron resonance heat-
ing (ECRH) systems. For CTS the probing radiation is de-
livered to theplasma using one of the ECRH systems as the
probe. Another ECRH line (steerable antenna, transmis-
sion line and universal polarizer) is used in reverse as part
of the CTS receiver. For CTS operation the scatterede radi-
ation traveling in reverse in the ECRH transmission line is
intercepted by a movable mirror to direct it to the receiver.

3. Data Analysis
The spectral power density of the CTS signals in the

frequency ranges carrying fast ion information is typically
around 1-10 eV. The spectral power density of ECE and de-
tectornoise is typically 10-100 eV, implying a raw signal
to noise ratio of0.01 to 1. For convenience we will refer
to ECE plus detector noise as ECE. To distinguish the fast
ion CTS signal with spectral power density around 1-10 eV
from the ECE background we modulate the gyrotron with a
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Fig. 3 (Figure 2 in [18]) Raw data time trace for a CTS chan-
nel. Blue indicates ECE background and red refers to gy-
rotronon-time (CTS+ background). The green line rep-
resents the reconstructed background during the gyrotron
probing time.

period of 4 ms and a 50 % duty cycle, giving a time resolu-
tion of 4 ms. Figure 3 shows the calibrated data recording
for the spectral power density in the channel centered at
110.9 GHz plotted versus time for shot 89510. The sam-
ples recorded when the gyrotron was off (on) are shown as
blue (red) and are thus due to ECE (ECE+ CTS). ECE sig-
nals are recorded when the gyrotron is off and continuously
monitored in channels several GHz away from the gyrotron
frequency where no scattered radiation is observed nor ex-
pected. From these signals the ECE during gyrotron pulses
can be estimated for each channel. The green line in fig-
ure 3 shows such an ECE estimate. The CTS signal is es-
timated by subtracting the ECE estimate from the signals
recorded when the gyrotron is firing. At the chosen mag-
netic field very little of the probe radiation from the gy-
rotron is absorbed by the plasma and the ECE is thus not
perturbed significantly by the probe radiation. The accu-
racy and robustness of this procedure is verified by the zero
average estimate of the CTS signal in (a) the frequency
ranges beyond that of the expected CTS spectrum, and (b)
for the full spectrum when there is no overlap between the
probe beam and the receiver beam. From these data we can
also estimate that the ECE subtraction procedure generates
an uncertainty of less than 0.1 eV in the estimated CTS sig-
nal integrated over one gyrotron pulse. In the event that the
ECE is poorly fitted, for instance near in a sawtooth crash,
then the CTS data are automatically discarded. This very
rarely happens though. The quality of the ECE fit is auto-
matically tested as part of the data validation.

The ECE entering the receiver in the frequency bands
of interest for CTS is emitted from the plasma edge and
hence outside the sawtooth inversion radius. The sawteeth
thus give rise to sudden rises in the ECE spectral power
density in the frequency band where the CTS signal is as

Fig. 4 (Figure 3 in [18]) Time traces of the CTS spectral
power densities in five channels. The channels are labeled
by their center frequencies. Uncertainty approximately
0.4 eV. This process is due tothe stochastic process of
scattering, variations in the gyrotron pulse power, varia-
tions in overlap and the ECE subtraction procedure. The
latter contributes less than 0.1 eV to the uncertainty. Shot
number 89510.

seen in figure 3 where sawteeth occur at at 2.03, 2.12 and
2.23 seconds. Despite the resulting strong perturbations
in the background, against which the CTS signals are to
be extracted, the estimated CTS signal at 110.9 GHz has
no visible signature of sawteeth as seen in figure 4. Here
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 GHz to
100.74 GHz clear signatures of sawteeth are present, which
we ascribe entirely to sawtooth related variations in the
CTS spectral power density. We do this on account of the
robustness of the ECE subtraction and because the ECE
variation in all the CTS channels are very similar. This is
clearly brought out in plots of the raw data and can be un-
derstood from the fact that the relative frequency variation
from centre to edge of the CTS spectrum is approximately
1 % corresponding to a 1 cm shift of the EC resonance on
the high field side of the plasma which has a minor ra-
dius of 50 cm. This implies that for all CTS channels the
ECE emission comes from the scrape off layer and is far
removed from the inversion radius wherethe ECE time
traces vary substantially as a function of frequency.

In figure 5 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 the 21 channels
from which data were recorded. No data are shown for fre-
quencies near the probe frequency where the notch filter
blocks signals.

From the CTS spectral powerdensity, the fast ion 1D
velocity distribution is inferred by means of a least squares
fitting procedure (LSN) [40] which provides the estimate
corresponding to the maximum of theposterior; that is the
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Fig. 5 (Figure 4 in [18]) CTS spectral power density as a func-
tion of time and frequency. The central part of the spec-
trum is blocked by a notch filter. Shot number 89510.

most probable values of the parameters characterizing the
ion velocity distribution anda few other parameters of in-
terest. Theposterior and hence LSN integrates the infor-
mation from the CTS measurements withprior (i.e. other)
information with finite uncertainty, e.g. information from
other diagnostics, providing the optimalinference taking
all information, and notably also all uncertainties, into ac-
count. LSN also accommodates a large number ofnui-
sance parameters, parameters which the forward model
(the model of the CTS spectrum) depends on but which we
are not seeking to estimate. Nuisance parameters include
the scattering angle or the electron temperature. The for-
ward model used in the inference is afully electromagnetic
model of CTS with magnetized thermal ions [26]. The in-
ferred distribution is shown in various forms in figures 6,
7, 8 and 9.

In the inference on the ion velocity distribution we as-
sume that it consists of a thermal part and a super-thermal
part. For the thermal part we assume that the velocity
distributions are Maxwellian, characterized by a common
temperature for bulk ions and impurity ions and by the re-
spective densities of bulk ions and impurity ions. The notch
filter blocks a significant part of the feature in the CTS
spectrum containing information on the thermal ions. From
what is present of the thermal ion feature in the recorded
CTS spectra and including information on impurity ion
densities from other diagnostics, it is, nonetheless, possi-
ble to estimate the thermal ion temperature, and the ther-
mal ion toroidal drift velocity. The latter is plotted in figure
6. The assumption about the ion velocity distributions be-
ing thermal at lower velocities is the reason why the plot
in figure 8 shows the ion velocity distribution also at low
velocities, for which inference could not have been made
without this assumption. That the distribution is thermal
at these low velocities is supported by our Fokker-Planck
simulations with NBI heating.

With the recent upgrade of the TEXTOR CTS more
detail of the thermal feature can be recorded and the in-

Fig. 6 Toroidal rotation velocity of thermal ion population vs.
time inferred from wings of thermal ion CTS spectral fea-
ture. Auxiliaryheating is on till 2.2 seconds.

ference on thermal ion properties, including the toroidal
rotation velocity, thus becomemore accurate and reliable.

For the super-thermal part of thevelocity distribu-
tion the functional form of the model function used in
the inference is essentially a trapezoidal function, that is
a curve consisting of straight line segments connecting a
finite set of points which we refer to as nodes. The trape-
zoidal function is rounded for numerical convenance at
the nodes to eliminate discontinuities in the gradient of
the function. The function is thus defined by the coordi-
nates of the nodes. The number of nodes and the abscissae
(that is the velocity values) of the nodes define a particu-
lar type of trapezoidal function. Having selected the num-
ber of nodes and their abscissae, the trapezoidal function is
defined by the ordinates, that is the phase space densities,
of each node. These are the parameters which define our
super-thermal velocity distribution and which are among
the parameters of interest estimated by the LSN fit. In the
inference we select the number of nodes and their abscis-
sae on thebasis of how much fast ion information is in the
CTS spectra. The number of degrees of freedom, corre-
sponding to the number of nodes, is below, but can be close
to, thenumber of channels covering the super-thermal ion
feature in the CTS spectra. The ion velocity distribution
plotted in figures 6 7, 8 and 9 are the sum of the drifting
Maxwellian for the bulk and the trapezoidal function for
the super-thermal part.

4. Discussion of Data
In TEXTOR shot 89510 the fast ions were generated

by ∼1.3 MW neutral beam injection of∼50 keV deuterons
in the co-currentdirection 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 ori-
entations of the probe and receiver beams were such that
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Fig. 7 (Figure 5 in [18]) Ion phase space density vs. time at a
number of velocities. Auxiliary heating is on till 2.2 sec-
onds. Sawteeth are in evidence at lower velocities but not
at higher.

the resolved fluctuation wave vector,kδ, andhence the di-
rection in which the velocity was resolved, made an angle
to the static magnetic field of 113◦. The scattering volume
was atR = 1.61± 0.08 m andz = 0± 0.03 m. These values
were estimated by ray tracing. The scattering volume was
located on the high field side of the plasma center, close to
the tangent radius of the neutral beam injector. The major-
ity 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 distribution of ICRH heated
fast ions is generally predicted to fall off very rapidly on
the high field side of the ICRHresonance layer [41, 42].
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 distribution measured in shot
89510 during the NBI flattop for velocities in the range
0.5 to 0.9 × 106 m/s, but not at higher velocities. This re-
sult 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 activityin the ion velocity distribution. This
despite the presence of sawteeth with the same magnitude
and period as in shot 89510.

The auxiliary heating was turned off at t = 2.2 sec
after which the fast non-Maxwellian part of the velocity
distribution slows down and thermalizes. The measured re-
laxation of the fast ion velocity distribution, shown in fig-
ures 8 and 9, is in remarkableagreement with the results
of Fokker-Planck modelling results [18].
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Fig. 8 (Figure 6 in [18]) Contour plot of the logarithm of the
measured ion velocity distribution. The auxiliary heating
was turned off at t = 2.2 sec. Time traces are shown in
figure 9 for the velocities indicated in this figure with ver-
tical lines.

Fig. 9 (Figure 8a in [18]) Time traces of the ion phase space
density at a number of velocities.

5. ITER CTS
The current CTS experiments are the stepping stone

for a CTS system on ITER to measure fast fusion alphas
in a burning plasma. A comprehensive feasibility study
was carried out [19] to identify the CTS design, includ-
ing choice of probe frequency, which would satisfy ITER
measurement requirements for confined fusion alphas. The
study concluded that a dual forward and back scatter-
ing system with a probe frequency around 60 GHz is the
only CTS system that satisfies all criteria with present or
near term technologies. A summary of the feasibility and
conceptual design study can be found in references [20]
and [44]. The proposed design was optimized to satisfy
requirements on accuracy and detail of the inferred fast
ion velocity distribution (which can be summed up in the
resolving power [43]), spatial resolution, time resolution
and robustness over a broad range of plasma parameters.
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Fig. 10 Beam traces for the low field side-back scattering CTS
for ITER. Scattering volumes shown in read.

Fig. 11 The CTS design in port plug # 12 with the 3D Gaussian
beams. The two extreme LFS-BS receiver beams are in
brown, the LFS-BS probe beam is shown in pink, and
the HFS-FS probe beam in light green. The black ellipses
are the scatteringvolumes at thetwo spatial limits of the
measurement.

The 60 GHz frequency chosen in the ITER CTS system
is a compromised between low ECE levels (favoring low
frequencies) and acceptable refraction (favoring high fre-
quencies) for a wide range of operating scenarios envi-
sioned for ITER. The system is capable of measuring the
fast ion velocity distribution parallel and perpendicular to
the magnetic field at 10 different radial locations simul-
taneously. The design is robust technologically, with no
moveable components near the plasma. The fast ion CTS
diagnostic consists of two separate systems. Each system
has its own probe launched from the low field side and
separate set of detectors on respectively the low field side
(LFS) and the high field side (HFS). The Low Field Side
- Back Scattering (LFS-BS) system system, shown in fig-
ures 10 and 11, measures the fast ion distribution resolved

(a) Top view of beam traces

(b) Zoom on one scattering volume

Fig. 12 Probe and receiver beams of the ITER CTS with high
field side receivers. (a) Top view of beam traces for the
HFS-FS with a LFS probe launcher and HFS-FS detec-
tor. (b) Zoom inon one of the scattering volumes (in red).
Shown are the wave vectors of the received scattered ra-
diation ks, the incident probe radiationki , and the fluc-
tuation vectorkδ = ks − ki which is near parallel to the
magnetic fieldB.

with respect to the component of the ion velocity which
is near perpendicular to the magnetic field. It consists of
near radially directed probeand receiver antennae, both
located in the equatorial port #12. The High Field Side -
Forward Scattering (HFS-FS) part of the CTS diagnostic,
illustrated in figures 12 and 13, measures the fast ion distri-
bution resolved with respect to the ion velocity component
near parallel to the magnetic field. It consists of a probe
launcher located in the mid-plane port #12 and a receiver,
mounted on the inner vacuum vessel wall, that views the
plasma from between two blanket modules.

The HFS-FS comprises a set of quasi-optical mirrors
mounted on the vacuum vessel wall viewing the plasma
through the gap between the blanket modules. In order to
ensure enough CTS signal to satisfy the ITER measure-
ment requirements [19], a blanket cut-out is required cre-
ating an effective vertical height of the slot of 30 mm. The
radiation is collected and coupled to an array of horns. The
earth strap mounting block, used for electrically grounding
the blankets, limits the distance between the mirror and the
horn array. The vertical distance available is 303 mm. The
limited space available necessitates a multi mirror beam
conditioning system for coupling the received radiation
into wave guides viahorns. The first mirror, in direct view
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Fig. 13 The CTS HFS-FS receiver viewed from the plasma. The
blanket #4 is not shown.

of the plasma, is cooled by the vacuum vessel wall through
conduction. Each horn collects scattered radiation from a
different location in the plasma. This radiation is transmit-
ted upward along the vessel wall via fundamental wave
guides, behind the first mirror, connecting to tapers that are
couple to overmoded waveguides. The transmission line
consists of 2 sets of five overmoded waveguides that reside
along the vacuum vessel wall.

6. Conclusions
In conclusion, current fast ion CTS experiments at

TEXTOR demonstrate the ability of CTS to provide de-
tailed information on the dynamics of confined fast ions.
The evolution of the ion velocity distribution in connec-
tion with sawteeth was measured and notable dependen-
cies on velocity, resolved velocity direction and spatial lo-
cation were apparent. The relaxation of the ion velocity
distribution after switch off of auxiliary heating could be
resolved. These results represent a breakthrough for the use
of millimeter-wave collective Thomson scattering for diag-
nosing confined fast ions in fusion plasmas, and is an im-
portant milestone in preparing this diagnostic method for
use at ITER.
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