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The exploration of plasma-wall-interaction physics
is one of the major tasks of the tokamak TEXTOR. A
characterization of the high-temperature plasma edge is
essential to interpret the interaction processes of the dif-
ferent charged and uncharged particles in the boundary
layer. In the design of the TEXTOR, much effort was
made to optimize diagnostic access to the plasma edge
for the best possible characterization. The major part of
the plasma edge diagnostics presented here is based on
passive and active spectroscopy, in addition to different
types of electrical probes. Thereby, pioneering work has
been achieved in both fields.

In passive emission spectroscopy, the work concen-
trated on the determination of particle fluxes of different
types of atomic (W, Si, C, . . .) and molecular (D,, CD,
C,, .. .) species from the corresponding photon fluxes at
different locations and on the visualization of the local

I. INTRODUCTION

The edge of a fusion plasma is characterized by an
interplay of various physical processes. There the neutral
and charged particles, which move freely or along mag-
netic field lines, respectively, come into contact with
solid objects like limiters, divertor plates, and the wall.
At this point they can release other particles, return to the
plasma in the same form or as molecular compounds,
stick to the surface, or migrate into the solid. Therefore,
plasma physics, surface science, and solid-state physics
are strongly involved in all these processes and interact
with each other.
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impurity sources by means of two-dimensional imaging.
The active spectroscopy with atomic beams was focused
on the determination of plasma edge parameters (n,, T,,
T;, . . .)with good spatial and temporal resolution. There-
fore, different techniques like thermal Li and He beams,
suprathermal Li beams—realized by laser blow-off
techniques—and hydrogen neutral beam injectors have
been employed. Furthermore, laser-induced fluores-
cence measurements in the ultraviolet and in the vacuum
ultraviolet ranges, which were for the first time per-
formed in a fusion plasma, are presented. The continuous
improvement of the different plasma edge diagnostics
over more than a decade of TEXTOR plasma operation
with different types of first-wall materials is discussed.

KEYWORDS: plasma diagnostics, spectroscopy, plasma-
wall interaction

One major topic deals with the particle release from
the objects mentioned above as this influences the purity
and the particle content. The more nonhydrogen particles
can enter the plasma, the more energy will be radiated
and gets lost; in addition, they will dilute the fuel and
reduce the fusion energy gain. Moreover, if the fuel is
badly confined, more energy has to be used for the ion-
ization of the additionally penetrating particles. There-
fore, it is important to provide answers to the following
questions. How many particles of which kind are re-
leased, and where do they move and how fast? Into which
kind of plasma do they enter, and what are the inter-
actions of such a plasma with them?

Unfortunately, the possibilities to investigate these
properties are rather limited in the case of a toroidally
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Fig. 1. Representative poloidal cross section of TEXTOR with two horizontal and two vertical observation lines, all indicated by

arrows, for the plasma edge.

shaped fusion plasma experiment and its hostile surround-
ings for sophisticated diagnostic techniques. These should
be robust and work reliably, should not disturb the plasma
or alter it, and should be able to determine all these quan-
tities mentioned for a variety of particles and plasma
conditions. Since the first days of TEXTOR operation,
spectroscopic methods and after a short while electrical
probes have been employed for these purposes. Whereas
probe techniques may suffer from too-strong interaction
with the plasma, the spectroscopic methods do not touch
objects and have, in most cases, proven their reliability in
the investigations of astrophysical plasmas.! Moreover,
in laboratories active techniques using lasers or low-
current particle beams can also be employed for nondis-
turbing measurements.

Another advantage of the use of spectroscopic meth-
ods is important. The fusion plasma edge is determined
by both a wide range of variations in the plasma param-
eters and their steep gradients within a couple of centi-
meters. For an estimation one may regard the ionization
length of hydrogen as a guide for its width in plasmas
characterized by 107 m™3 <n,<10>'m3,1eV< T, <
100eV, 1073 n, < n; < 107! n,, nyo~ 1073 n, with n, the
electron density, 7, the electron temperature, n; the im-
purity density, and ny the atomic hydrogen density. The
requirements for detecting changes within millimeters
and over orders of magnitude can best be fulfilled by
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optical detection techniques. Therefore, during the plan-
ning of TEXTOR, much care was taken to design ports
for easy optical access to the plasma boundary region.
Figure 1 shows an example of how the access was ac-
complished by a number of tangential viewing lines. The
radial access was then used for the application of photon
or particle beams, which could be observed with high
radial resolution.

1. PASSIVE EMISSION SPECTROSCOPY

Passive plasma boundary spectroscopy on TEXTOR
has begun with the observation of light emission from the
limiters and walls both by spectrometers, fast integrating
diodes, and charge-coupled-device (CCD) cameras,
which—in combination with interference filters (IFs)—
allow one to record two-dimensional intensity distribu-
tions of specific atoms and ions. Figure 2 shows a poloidal
cross section taken in the light of H, with a CCD camera,
in which the observation volumes for the detection sys-
tems are indicated. Whereas the fast diodes integrate the
light emission from the whole volume via an appropriate
IF, the spectrometer also yields radial intensity distribu-
tions (imaging). The latter can also be used to roughly
determine the plasma boundary parameters in front of the
limiters.?
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Fig. 2. TEXTOR discharge in the light of H,. The areas de-
note the regions of integrated and spatially resolved
spectroscopic measurements.

The integrated signal serves to determine particle
fluxes in the case of an ionizing plasma, i.e., that all radi-
ation from particles vanishes by entering the next ioniza-
tion state. In this case the number of ionizations equals
the number of particles penetrating into the plasma, i.e.,
the particle flux. The conversion of photon into particle
fluxes is not always a trivial task and often requires pro-
found knowledge of the population mechanism for the
atomic levels with respective emission and ionization rates.
The principles have been outlined in detail in Refs. 2 and 3.
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Fig. 3. Relative oxygen and chromium fluxes from the poloi-
dal (main) limiter as a function of the line-averaged
central density n,(0) in the “all metal” TEXTOR.

First results? show a plasma, which is governed by
relatively large oxygen and metal fluxes (Fig. 3) and
characterized by a short pulse duration. Thereby, the short
pulse duration was mainly caused by the radiation of
medium-Z impurities in the plasma core. This led to the
replacement of the metal (stainless steel) limiter by a
graphite one accompanied by a carbonization technique,
which resulted in a diamond-like carbon coating of the
wall. The oxygen fluxes were strongly reduced (Fig. 4)
and the pulse duration increased.*
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Fig. 4. Fluxes of several elements after carbonization.
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Fig. 5. Particle flux from limiter and wall after carbonization.
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Also, the plasma entered into a new state, which was
characterized by detachment from the limiters and in-
creased contact with the wall® (Fig. 5). The hydrogen
fluxes to the limiters dropped, and a cold, recombining
plasma layer was formed.

Another interesting feature, combined with the in-
troduction of carbon into the plasma chamber, was the
appearance of organic molecules (hydrocarbons) created
by interaction of the working gas with the graphite sur-
faces. This introduced not only a completely new kind of
spectroscopy into plasma boundary research, i.e., the spec-
troscopy of molecules with their numerous lines and band
structures (Fig. 6), but also, with the chemical erosion
new release mechanisms. Therefore, the edge spectros-
copy was upgraded by highly resolving instruments,’
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Fig. 6. Spectra of the main plasma limiter interaction zone for two types of poloidal limiters: (a) wavelength range ~410 nm and

(b) wavelength range ~620 nm.
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Fig. 7. Tungsten concentration and fluxes during a density scan
with ICRH-power of 1 MW. The poloidal W limiter
was located at the LCFS.

which could resolve the individual structures of hydro-
gen’~? hydrocarbons and molecular carbon.'®

Another improvement of the imaging spectrometers
was achieved by the replacement of the photographic
recording by an intensified CCD camera as detector. An
image processing unit now allowed fast quantitative eval-
uation of the penetration of the different species into the
plasma, which yielded the screening efficiencies for sev-
eral limiter and their released particles. It was found that
even tungsten can be used as material (Fig. 7) provided
that the penetration depth can be kept small by an appro-
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Fig. 8. Projection of diagnostics using atomic beams into one
poloidal cross section showing their location in poloi-
dal direction in TEXTOR.
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Fig. 9. Cut through a double-beam thermal Li oven used for
fluctuation measurement of the electron density.

priate shaping of the boundary plasma.!' Recently, the
video recording system, which worked reliably for >15 yr,
was exchanged for a fully computerized digital recording
system,'? which now allows the storage of hundreds of
gigabytes for a number of cameras for plasma spectro-
scopic purposes.

11l. DIAGNOSTICS WITH ATOMIC BEAMS

The emission signals obtained by passive spectros-
copy already contain much information about tempera-
ture, density, and flux of the main species and impurities.?
The interpretation of these measured line intensities re-
quires a knowledge of atomic physics describing the spe-
cific radiation from the plasma. Tomographic methods
are applied, but they need symmetries for the calculation
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Fig. 10. Setup of the laser ablation system on TEXTOR.
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Fig. 11. Comparison of n, profiles obtained with different
atomic beam diagnostics.

of local parameters. Also, asymmetries and steep gradi-
ents of plasma parameters that appear in the plasma
boundary of a tokamak or stellarator require the direct
local measurement of these quantities. Therefore, the local
addition of atoms, which have known atomic properties,
allows a well-resolved local determination of the plasma
characteristics.

From its beginning many diagnostic ports on
TEXTOR for the observation of the boundary layer have
been designed in cross-beam geometry, i.e., a particle
injection system was installed on one port and observed
through a second one, which looked perpendicular onto
the beam. Figure 8 shows such an arrangement for one
poloidal cross section. Thus, a maximum of spatial res-
olution was obtained. If the beam was confined to a rea-
sonably small size, the integration over the line of sight
could be neglected.!3

The pioneering work commenced with thermal par-
ticle sources. Such sources are easy to produce. Their
energies are below 0.1 eV, and they can deliver a high
continuous particle flux, which can be modulated by me-
chanical choppers. Their disadvantage is the large diver-
gence that can be reduced only by the introduction of
apertures into the beam. Clearly, thermal sources are the
least costly and most reliable beams if solid-state emit-
ters are used. They have a large inventory, and therefore,
they can be operated over long periods of time. An ex-
ample of this kind of source was a thermal lithium beam.
Initially, pure lithium was introduced into an oven and
heated to 600°C. The Li flux (partial pressure ~1 mbar)
was so high that the source could be placed ~1 m dis-
tance from the plasma. But, the liquid Li was difficult to
handle, and also, the formation of a solid Li,O and LiH,
layer reduced the reliability of the source. The use of
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Fig. 12. Comparison of penetration depths for thermal Li
(- - -), thermal He (—) and suprathermal Li (-- --- --).

Al/Li (melting point 604°C) or Cu/Li (melting point
1000°C) alloys, which have strong diffusion of Li atoms
to the surface,'* allowed one to build reliable and mount-
able sources in any direction with long operational times
(>500 h). A cut through such an oven used for fluctua-
tion measurements with two beams is shown in Fig. 9.

At a distance 100 mm from the source, which is the
typical distance to the measurement volume, Cu/Li alloy
at a temperature of 700°C delivers flux densities of 5 X
108 m~2.s~!. The corresponding velocity of the Li atoms
is 1.7 km/s so that a density of 3 X 10'> m~3 is possible.!’

“Suprathermal” beams with higher energies up to 10
eV, which allow probing up to 6 cm into the confined
plasma region, are produced by the laser blow-off tech-
nique. Thin films (e.g., LiF) are deposited on glass or
quartz substrates. A powerful laser beam is focused onto
the rear side of the substrate. The material absorbs the
radiation and forms an atom beam with a low divergence
of £5 deg. However, this method allows only pulsed
operation (100 ws). The determination of the background
light from the plasma is done before or after the cloud has
passed the observation volume. Very high particle fluxes,
pre-selected by the spot size, are achieved, but only con-
densing materials can be chosen. Lasers with repetition
rates up to 30 Hz are applied. However, the powerful
laser system and the target movement and control system
are expensive. A sketch of how such a system was ap-
plied on TEXTOR (Refs. 15 and 16) for the injection of,
for instance, Li and Al, is shown in Fig. 10. Lithium was
chosen in both systems because its radiation character-
istics are independent of electron temperatures >10 eV
and allowed, therefore, easy conversion of photon den-
sity profiles into electron density profiles.

Finally, a special solid-state source for Li ions was
used in several experiments.!” A B-eucryptite emitter is
heated to 1300°C. If voltage is applied (20 to 30 kV),
surface ionization occurs, and Li ions are extracted, which
are neutralized in Li or Na vapor. This source is reliable
and can be used for the determination of #n, profiles and
FUSION SCIENCE AND TECHNOLOGY
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Fig. 13. Calculated line intensity ratios of He for the deter-
mination of n, and T,. The vertical lines (—) repre-
sent the singlet/triplet intensity ratio I (728 nm)/
I (706 nm), which is T, dependent, and the horizontal
lines (- - -) represent the singlet/singlet intensity
ratio I (668 nm)/I (728 nm), which is n, dependent.

also for charge exchange recombination (CXR) spectros-
copy. A result'® comparing all methods to determine of
n.(r) is given in Fig. 11.

The disadvantages—a small penetration depth for
thermal atoms and a pulsed operation for the supra-

deflection magnet

neutralization
chamber
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thermal beam—could be overcome by the use of con-
tinuous helium beams. Helium can penetrate quite far
into the plasma because of its high ionization energy of
24.9 eV (Fig. 12) and is applied for the simultaneous
measurement of n.(r) and 7,(r) in the plasma edge.?®
The line intensity ratios of the transitions in the singlet
and triplet systems at the wavelengths A = 667.8 nm,
A3 = 728.1 nm, and A} = 706.5 nm are calculated for a
local position inside the plasma edge and compared with
the values obtained from a collisional-radiative model,2°
shown in Fig. 13. The profiles can be measured quasi-
continuously with a time resolution of 1 ms. Because of
the high divergence, this source cannot be used for fluc-
tuation measurements. This would be possible with a
supersonic He beam with a beam divergence of =1 deg
now established on TEXTOR (Ref. 19).

The most complex atomic beam systems are neu-
tralized ion beams. They are mainly used to measure
impurity densities and temperatures (7, T;m,) and
rotational velocities observing CXR lines. In Fig. 14
the experimental arrangement of a 50-keV H diagnostic
beam at TEXTOR is shown.?! This extraction voltage
was used because the cross section for the CXR of H
atoms with impurities reaches a maximum value at
~50 keV.

IV. DIAGNOSTICS WITH LASERS

In case the excitation by plasma electrons or highly
energetic neutrals is not sufficient or not desired, laser-
induced fluorescence (LIF) can be used. LIF is the most
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Fig. 14. The 50-keV H diagnostic beam at TEXTOR.
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Fig. 15. (a) Arrangement for the measurement of Fe fluxes
from a target plate by means of LIF during ICRH in
TEXTOR at various positions A, B, and C with re-
spect to the magnetic field; (b) Fe densities as a
function of time with ICRH, target position C; and
(c) radial variations of Fe densities during ICRH with
target position B.

sophisticated—and in the case of light detection and
excitation in the vacuum ultraviolet (VUV) range the
most difficult—to determine densities and velocity
distributions of atoms and ions and has, therefore, unfor-
tunately not been performed very often for the diagnos-
tics of fusion edge plasmas. Nevertheless, the high
selective detection sensitivity may enable valuable infor-
mation to be obtained for the population of excited states.
As the laser energy is mostly concentrated in a very nar-
row wavelength band, a scan over the whole line width
for the purpose of Doppler-shift or line-broadening mea-
surements has to be carried out. Commonly, this is ac-
complished by varying the air pressure in the laser,
generating volume that in turn influences the refraction
index and thus the emitted laser wavelength. A further
advantage of LIF measurements is that knowledge of 7,
and n, is in most cases not needed.
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Measurements can be made even at n, =~ 0, i.e., very
near the wall. Because of the small dimensions of the
exciting laser beam, the spatial resolution can be very
good. However, since the resonance lines of the ele-
ments, which are at present of highest interest (H, D,
C, 0O), have their resonance lines in the VUV range, the
measurements are rather difficult, especially if many
spatial points and spectral profiles are desired. The
techniques of how these elements have been diagnosed
on TEXTOR with VUV-LIF are described in Ref. 22.
However, resonance lines of iron, boron, and silicon lie
in a more easily accessible near-ultraviolet range (A =~
250 nm).

Therefore, the first measurements with LIF on ISX-B
by lJiilich scientists were performed on iron atoms near
the wall, where the emission intensities are often too low
to be detected. The resonance lines for excitation lie in
the near-ultraviolet range, and the laser radiation was
produced by a frequency-doubled dye laser.?* The method
was then applied very successfully on TEXTOR for de-
tecting the strong enhancement of Fe sputtering during
ion cyclotron resonance heating?* (ICRH) (Fig. 15).

After the introduction of boronization and siliconiza-
tion of the walls, the interest subsequently turned to the
measurement of densities of the lighter elements (B and
Si), which can still be observed in the near-ultraviolet
range. The diagnostic arrangement for fluorescence mea-
surements on TEXTOR is shown in Fig. 16.

Figure 17 shows the raw fluorescence signal versus
number of laser shots for a typical plasma discharge. The
laser wavelength was continuously scanned over the
flattop part of the tokamak discharge. The distribution
extends far to the left of the picture, to larger wavelength
shifts or higher velocities showing sputtered atoms es-
caping from the limiter. The second profile comes from
particles that are excited by the reflected laser light, so
the Doppler shift extends in the other direction. In fact, it
is a mirrored image, with smaller amplitude, of the first
distribution.

A Thompson distribution can be fitted to the first
curve with a half-width of ~5 pm, which results in a
surface binding energy of U; = 4.9 eV. Additionally, the
(1/e) decay length of the fluorescence signals in the plasma
gives an estimate for the penetration depth of the sput-
tered atoms in front of the limiter, which amounts to
~7 mm. From the Doppler shift a velocity of v = 3 X
10° cm/s can be deduced.

The high magnetic field of a tokamak like TEXTOR
(=2T), however, adds an additional complication to such
measurements. In Fig. 18 a Si I-line at 251.6 nm is shown
with its splitting into two o components and a central 7
component. Therefore, for absolute total intensity mea-
surements, all these components have to be measured
separately and taken into account. For boron such mea-
surements have to be performed only in laboratory ex-
periments?> but will also be carried out on TEXTOR in
the near future.
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Fig. 16. Experimental arrangement for fluorescence experiments on TEXTOR (Ref. 33).
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carbide test limiter during a plasma discharge.3*

V. DIAGNOSTICS WITH PROBES

Soon after the start of TEXTOR, it has been recog-
nized that the use of electrical probes can be a valuable
complement for a full characterization of the plasma edge.
Not only do they offer additional parameters, such as
plasma potential, flows, density, and most importantly
FEB. 2005
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Fig. 18. Zeeman splitting of a Si I-line measured perpendicu-
larly to the toroidal magnetic field in front of a silicon
carbide test limiter during a plasma discharge.

their fluctuating part, but also they can be used to com-
pare the different diagnostics, to deliver complementary
data, and to check the reliability of the atomic data. This
has triggered an extensive research activity, which was
enhanced by detailed studies by different research groups
of various aspects of probe measurements and schemes.
In the following, the three main lines of research activi-
ties are sketched.
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A common problem of probes is the understanding
of the particle flux parallel to a strong magnetic field,
which provides the ion saturation current. Very often a
disagreement in the density profiles among different di-
agnostics has been found. Therefore, a technique has
been developed to calibrate density measurements by
probes in situ. By using different probe sizes, it has been
revealed that a significant current is collected by probe
surfaces, which are parallel to the magnetic field. Taking
into account a correction factor for the effective collec-
tion area of a cuboid good agreement of the measured
density compared with that of the Li beam has been ob-
tained. The in situ calibration has been improved by using
a rotating cylindrical double probe instead of using dif-
ferent probe cuboids.?® Later, it was demonstrated that
this probe can also be used to determine the ion temper-
ature. During the rotation of the probe, the saturation
currents start to decrease, when the two pins shadow
each other. The decrease is caused by the gyro-radius
effect of the ions. The ion temperature can then be de-
termined by comparing the screening calculated from
measurements with the one obtained from a Monte Carlo
simulation.?*27

For a long time, probe measurements at TEXTOR
have been limited by the accumulated heat flux caused
by the fixed position of the probe during the discharge.
This has been overcome by constructing pneumatic probe
drives, which allowed a deeper penetration, even beyond
the last closed flux surface (LCFS), and concomitantly
improved the spatial resolution.?® Since the exposure of
the probe head to the plasma has been shortened, the pin
size and probe head could be minimized such that mea-
surements of edge turbulence became feasible. Among
the common methods to determine the turbulent particle
flux, a new technique has been tested to estimate the
electron temperature using the second harmonic of a high-
frequency sinusoidal voltage-driven current measure-
ment. The advantage of the method is that the temperature
fluctuations can be measured using solely one single tip,
which therefore does not have to rely on the local homo-
geneity of the plasma.?’

Many experimental studies, e.g., H-mode, need the
knowledge about poloidal plasma rotation. However, the
diagnostic means are very limited. Already, Hutchinson
has developed a model to determine the parallel flow
from the ratio of the upstream and downstream saturation
currents of two one-sided—shielded probe collectors.?° It
is obvious that this ratio will change once the angle 6 of
the collectors with respect to the magnetic field is varied,
which makes the probe sensitive to the perpendicular
flow. In order to determine the perpendicular Mach num-
ber, the probe model has been extended by taking into
account the perpendicular flux into the flux tube and
reformulating the Bohm condition at the sheath en-
trance.3! The change of the upstream and downstream
ion saturation currents R with inclination angle 6 is ob-
tained from a one-dimensional (1-D) fluid model and has
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Fig. 19. Upstream and downstream ion saturation current ratio
for different probe inclination angles 6. The experi-
mental data are well described by a 1D-fluid model,
which gives a best fit for the parallel and perpendic-
ular Mach number.

the form InR = 2.21(M; — M, cot §), where M, and M,
are the parallel and perpendicular Mach numbers.
Figure 19 compares the experimental data with the
1-D fluid model. It can be seen that the data follow well
the cotangent dependence on 6. Based on this, the influ-
ence of the plasma flow on the floating potential ¢y
could also be studied. It has been found that for a cylin-
drical tip the contribution of the sheath drop (typically
—3 KkT,) to ¢y is reduced by a factor of 2 at the most.
Furthermore, this effect can be used to determine Mach
numbers from the ¢, of two separated opposite plates.>>

VI. SUMMARY

Diagnostics of TEXTOR edge plasmas either by spec-
troscopic or probe techniques has been an everlasting
and challenging task during the past 2 decades. Optical
spectroscopy with low and high spatial and spectrally
resolving power has contributed considerably to the elu-
cidation of physical and chemical particle release mech-
anisms from either metallic, carbonized, boronized
plasma-facing components or carbon tiles. Especially,
in the high-flux, high-temperature regime, these results
are unique in fusion community research. Pioneering
work has been done on the design and development of
various diagnostics (e.g., He beams and VUV-LIF), and
many theoretical calculations (e.g., collisional-radiative
models for He and H) were performed to interpret the
experimental data. Both the work on edge plasma
characterization—supported also by probe measure-
ments—and on the release mechanisms of impurities,
FUSION SCIENCE AND TECHNOLOGY
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hydrogen, and their molecular compounds have contrib-
uted considerably to the knowledge of particle transport.
New experiments such as the dynamic-ergodic divertor
require higher time and spatial resolution and more so-
phisticated theoretical models for the interpretation of
experimental data.
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