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The detailed physical mechanisms of hydrogen re-
cycling are not yet completely clear. But, their under-
standing is required for the correct interpretation of
spectroscopic measurements that are intended to provide
us routinely with the total particle fluxes as well as with
sound extrapolations to fusion devices of the next gener-
ation. Thanks to its large observation ports, TEXTOR
provides ideal conditions for the combination of optical
diagnostics based on completely different techniques,
which can be applied simultaneously, with high resolving
powers (l/Dl� 2 � 104 to 2 � 105).

It is shown how Zeeman spectroscopy on the Balmer-
alpha transition (l656.1 nm) and laser-induced fluores-
cence at Lyman-alpha (l121.5 nm) both point to the
presence of a substantial amount of cold hydrogen atoms
(with kinetic energy �1 eV ) in front of plasma-facing
components, which is a phenomenon that, surprisingly,
is largely independent of the local plasma parameters.
This has led to a strong development of the spectroscopy
of hydrogen molecules (Fulcher band), which may be a
dominant source of atomic hydrogen in the plasma edge,
and, as a final result, to an explanation for the phenom-
enological correction applied to the inverse photon effi-
ciencies S/XB that are commonly used in the conversion
of the photon fluxes into particle fluxes.

KEYWORDS: hydrogen recycling, laser-induced f luores-
cence, plasma-wall interaction

I. INTRODUCTION: THE BASICS OF RECYCLING

Hydrogen and deuterium are the fuel of present-day
tokamaks. It is still a rather complex task, though, to

determine how neutrals and ions of these isotopes behave
in the vicinity of the main chamber wall or in front of
plasma-facing components like limiters or divertor plates.
On one hand, a steady particle flux of atoms and ions,
which escape the core plasma owing to imperfect con-
finement, impinges onto the exposed surfaces; on the
other hand, the same particles are eventually released
back into the plasma after neutralization, building in turn
a comparable inward flux. This process is called re-
cycling. The recycling coefficient is given by

R �
particle flux from the wall

particle flux onto the wall
. ~1!

The order of magnitude of the recycling fluxes ~R'1
for a coarse estimate!, which obviously depend on the
plasma parameters but also depend very much on the
considered area in case of limiters, may be given for
typical discharges in TEXTOR ~Refs. 1 and 2!. The total
particle fluxes on the second line are only indicative and
correspond to appropriate mean values of G on the re-
spective first line, hence the “larger than0equal” signs:

limiter:

GD, lim � 1021 to 1024 m�2{s�1,

FLim � �GdA � O~6 � 1021 !s�1 ,

wall:

GD,wall � 1019 to 1020 m�2{s�1 ,

FWall � �GdA � O~1.5 � 1021 !s�1 .

Taking the particle confinement time into consideration,
tp � O ~60 ms!, and the flat-top plasma duration of the
order of 6 s, one sees in a rough estimation ~neglecting
net pumping and external fueling! that a particle under-
goes the recycling process about 100 times on average
during the plasma pulse.*E-mail: Ph.Mertens@fz-juelich.de
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It is clear that deviations from R � 1 cannot last
forever for the intended, steady-state plasmas, although
hydrogen pumping by the walls can take place without
interruption over long discharges as shown in different
fusion devices, for instance, in Refs. 3, 4, and 5. Fig-
ure 1a shows a tangential view of a poloidal cross section
of the tokamak in Balmer-alpha light during a plasma
discharge. This is the light that is emitted by hydrogen
atoms upon excitation by electron impact to their n � 3
level, where n denotes the principal quantum number.
The corresponding recycling process on the toroidal belt
limiter Advanced Limiter Test ~ALT-II! is depicted sche-
matically in Fig. 1b.

As a matter of fact, the ratio of ions to atoms in the
incident flux is not known accurately a priori; also not
known are the ratio of atoms to molecules in the flux of
released particles and whether this release corresponds
to bare reflection or, for instance, to desorption after

recombination. The physical mechanisms underlying the
recycling process are not yet completely identified.

Important quantities that have to be measured to elu-
cidate the question are, among others, the spatially re-
solved atomic density nD0 and velocity distributions f ~v!
in front of the plasma-facing components, i.e.,

nD0~r;u,w! and fD0~v, r,u,w! ~2!

at the radius r, with u and w the poloidal and toroidal
angles, respectively.

Derived values are the penetration depth � ; ^v&0
~ne^sv&ion!, where ne stands for the local electron den-
sity and ^sv&ion stands for the rate coefficient for electron
impact ionization, and the flux GD0 ~for a discussion of �,
see Ref. 6!. Note that deuterium will be used in the fol-
lowing as representative for all hydrogen isotopes, from
hydrogen to tritium @as the case arises, for instance, in the
Joint European Torus ~JET! tokamak#; hence, the D0

subscripts denote atomic deuterium in the foregoing for-
mulas. The importance of recycling effects is stressed in
the recent literature, for instance, in Refs. 7, 8, and 9 and
detailed processes in Ref. 10.

II. LIF IN THE VUV: A NOVEL EXPERIMENTAL SETUP

With the aim of complementing the techniques of
emission spectroscopy, which owing to signal integra-
tion along the line of sight miss the spatial resolution, a
dedicated laser-induced fluorescence ~LIF! setup was de-
veloped and installed on TEXTOR ~Refs. 11 and 12!.
This system takes advantage of the high accessibility of
the different ports, a remarkable feature of the tokamak
in Jülich that is especially desirable for LIF: Whereas the
excitation by laser light takes place selectively in the
direction of the laser beam, the subsequent spontaneous
emission of fluorescence light is distributed over the full
solid angle of 4p ~steradians!. Clearly, one has to make
a point of collecting as much light as possible. The gen-
eral LIF setup on TEXTOR is described elsewhere in the
present volume, especially as far as it is used for mea-
surements at a limiter lock. Similar fluorescence mea-
surements carried out on former fusion devices, albeit at
the Balmer-alpha wavelength, ought to be mentioned,
such as Refs. 13 and 14. An overview of the different
laser techniques is given in Ref. 15.

The case of deuterium implies a sophisticated ar-
rangement when the laser is supposed to excite atoms
from the ground state ~see below, Fig. 8 on p. 166, the
Grotrian diagram of the hydrogen atom!. This can be
done with a two-photon scheme, as demonstrated earlier
on Heliotron E ~Refs. 16 and 17!, or by means of single-
photon excitation as performed on TEXTOR.

According to this requirement, the laser system de-
livers La radiation ~Lyman-alpha! at the wavelength of
l � 121.5 nm, i.e., in the vacuum-ultraviolet ~VUV!

Fig. 1. Recycling at the toroidal belt limiter in TEXTOR:
~a! live picture of the poloidal cross section in Balmer-
alpha light and ~b! schematics of the recycling process.
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spectral range. Such radiation in the VUV range is not
within the reach of commercially available lasers. The
system that was developed for this particular goal is based
on an excimer-pumped dye laser that produces at least
50 mJ0pulse ~DtLAS'15 ns! at a typical repetition rate of
20 to 50 Hz—the higher the better as far as time resolu-
tion or statistics is concerned. The wavelength lies in the
near-ultraviolet range around l� 365 nm. The recently
improved unit relies on a double-grating arrangement to
ensure a narrow spectral width. The frequency of this
laser radiation is tripled in a mixture of krypton and
argon,18,19 in a noble gas cell, giving routinely .200 W
for;5 ns ~Ref. 20!. The three units used are sketched in
Fig. 2. Thanks to the narrow spectral width of DlLAS '
0.6 pm in the VUV range, a so-called resolving power of
R [ l 0Dl � 200 000 is obtained without the need
for inserting and adjusting any additional optical com-

ponent, such as an intracavity Fabry-Pérot étalon or the
like.21 This simply means that the VUV radiation that is
available permits the recording of the velocity distribu-
tions of even the slowest atoms, as will be shown below.

The setup would be useless without an observation
system complying with both of the requirements previ-
ously stated, namely, the collection of far-ultraviolet light
~i! within an appreciable solid angle ~ii!. The complete
experimental setup is shown in Fig. 3. Two cassegrainian
telescopes image the fluorescence volume ~from top,
;1 cm3! onto synchronously gated, solar-blind photo-
multipliers. The main mirror of the upper one can be
tilted back and forth to scan radial profiles along the laser
beam path.12 The other much more compact observation
system ~see diagnostics section! is equally suited to LIF
measurements at La, at some expense of the signal-to-
noise ratio, which is only noticeable in the far wings of
the fluorescence profiles. It is installed in the section of
the torus where a vacuum lock permits insertion of var-
ious plasma-facing components from the bottom. LIF
measurements are thus performed in front of limiter heads
as well, with an enhanced radial resolution, down to 3 mm
~Ref. 22!.

Finally, it should be stressed that thanks to the spec-
trally narrow, selective excitation, the velocity distribu-
tions of atomic deuterium can be measured according to
the Doppler relation v� @~l� l0!c#0l0, where the ref-
erence wavelength l0 corresponds to the laser tuned
to the transition of atoms at rest. The geometry displayed
in Fig. 4 illustrates how a red shift in the selective exci-
tation corresponds to atoms moving against the laser beam

Fig. 2. Schema of the three-step laser system for production of
VUV radiation at La.

Fig. 3. Experimental setup for LIF at La ~l121.534 nm! in front of the first wall of TEXTOR ~liner!; see Ref. 12. The corre-
sponding arrangement at the test limiter is presented in the diagnostics section.
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~escaping the surface!, whereas those that are moving
along with the beam, i.e., toward the plasma-facing sur-
face, exhibit a blue wavelength shift.

A high signal-to-noise ratio could be obtained in the
center of the spectral line with the largest, horizontal
telescope seen in the equatorial plane of the tokamak
~Fig. 3!. Early examples of raw fluorescence signals with
S0N � 30 to 40 are shown in Fig. 5 for two laser pulses in

sequence.11 Although all other compact telescopes natu-
rally tend to degrade the signal quality, values of 5 to 10
can still be obtained at the other locations around the
torus.

III. LIF: RADIAL AND SPECTRAL PROFILES

While the radial profiles looked about as expected
~Fig. 6a, where the solid curve is just to guide the eye,
and Ref. 12!, with a steep decay that starts around the last
closed flux surface ~LCFS!, spectral profiles, that is, those
mapping the atomic velocity distributions, revealed ex-
tremely low wavelength shifts, ;4 pm, i.e., velocities
;1 � 104 m0s or ~in energy units! 1 eV, respective-
ly.11,12,22 This was unexpected,a as the same picture was
recorded equally in front of the TEXTOR liner or in front
of a limiter, i.e., at and within the LCFS, where electron
temperatures lie in a broad range between 20 and 100 eV.
Moreover, it is almost independent of the type of dis-
charge and of the plasma parameters. A few profiles are
shown in Fig. 7. They even display different structures,
the discussion of which is outside the scope of the present
paper. It may be pointed out, though, that these are intri-
cately connected both to the temperature of the limiter
surface ~see Sec. IV! and to possible collisions of the
measured deuterium atoms with the bath of hot deuterons
~;100 eV, e.g., charge-exchange particles! escaping the
plasma.

Noteworthy, again, is that all profiles present a sub-
stantial contribution below the 1-eV limit stressed by the
vertical bar. Other cases are discussed in Refs. 12, 22,
and 25, as far as spectral profiles and their implications
for the penetration depths are concerned. Reference 12
deals exclusively with spatial profiles recorded with LIF
at La in the vicinity of the first wall, the so-called liner of
TEXTOR, whereas Ref. 22 presents results in front of a
limiter head. LIF at La can so far measure atomic deute-
rium shifts up to 17 pm, i.e., below;19 eV, depending on
the local density but definitely not charge-exchange neu-
trals that are expected at much higher energies. This cor-
responds to a detection limit of ;5 � 1014 m�3 in terms
of densities.12,26

aNote that molecular processes were just being included in the
numerical codes at that time, partly on our impulse and as
a result of these very measurements. This explains that the
substantial amount of “slow” atoms, which is satisfactorily
accounted for in the present case, may have been in dis-
crepancy for conditions different from wall vicinity. EIRENE
will be re-run in the future to produce velocity distributions
comparable to the LIF measurement range, keeping in mind
that—the flux being considered equal—low velocities are
“overrepresented” in the fluorescence signal owing to their
higher densities ~see also Ref. 23 where some new simula-
tions can be found!.

Fig. 4. Bare geometry with respective directions of particles
and laser beam ~the plasma-facing component shown is
a mushroom limiter!.

Fig. 5. Two fluorescence pulses ~photomultiplier raw signals,
downward! with high S0N ratio ~see Ref. 11!.
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IV. EMISSION SPECTROSCOPY IN THE VISIBLE RANGE:
POSSIBLE EXPLANATIONS

At the same time, the Balmer-alpha radiation at
656 nm ~see Fig. 8! was also scrutinized in TEXTOR,

with the help of a high-resolution spectrometer—R '
40 000—around the same radius and at only slightly dif-
ferent poloidal locations.27 The tangential direction of
observation was along the magnetic field lines. Thanks to
this configuration, only the s components were showing

Fig. 6. An EIRENE ~see Ref. 23 for details on the EIRENE computer code! simulation of the atomic, radial density profiles in front
of the wall of the plasma chamber ~D0, Fig. 6b, solid curve marked “atoms” for Sne � 1.5 � 1019 m�3 ! is in reasonable
agreement with the atomic densities measured with LIF ~Fig. 6a, triangles!. The simulated area is shaded in gray. Molecular
processes were just being implemented, after their importance had been duly recognized ~see footnote a on p. 164!. Exact
geometry and position of the region of interest in the poloidal cross section of the tokamak are given in Ref. 25.

Fig. 7. Velocity distributions of atomic deuterium in the plasma edge ~here in front of a graphite element; see Ref. 25!. Spectral
profiles at different locations have a common feature: They correspond to very low energies. The vertical bar indicates the
1-eV limit. Note that apparent velocities just below zero are mostly due to the finite laser spectral width and to a lesser
extent to the uncertainty in the laser wavelength scale, which can only be cross-checked against the fluorescence of
thermalized atoms in the laboratory.26

Mertens and Brezinsek MECHANISMS OF HYDROGEN RECYCLING IN TEXTOR

FUSION SCIENCE AND TECHNOLOGY VOL. 47 FEB. 2005 165



in the well-known spectral pattern that is due to the split-
ting of optical components in a strong magnetic field
~Zeeman and Paschen-Back effects!.28 The deepness of
the dip at the position of the missing p component was
surprising, though; it was another indication of the pres-
ence of a substantial amount of extremely cold ~slow!
atoms, to which a temperature ;0.3 eV was assigned
~Fig. 9! ~Ref. 27!. Incidentally, such occurrences are also
observed in other fusion devices25 like Tore Supra29 or
Alcator.24

These findings were gained from two independent
spectroscopic diagnostics with different techniques and
geometries, which makes them indisputable. This was
beyond doubt a strong advantage of combining LIF and
emission spectroscopy for the detection of one particular
species ~moreover, additional information comes from
the fact that the use of two methods allows both the
ground state and higher lying ones to be sampled!.

An explanation of these concordant results is given
by the source of atomic deuterium in the form of molec-
ular dissociation processes.10,25 Potential curves for the
hydrogen molecule help as a support for discussion.
Whereas the products of molecular dissociation along
the lowest possible repulsive curve shown in Fig. 10
~channel 1! are left with a total energy of ;4.4 eV, or
;2.2 eV0atom, other paths that follow upper curves of
the excited electronic states leave energies below 1 eV
after the dissociation has taken place ~channel 2!. This
also means that the detected, slow atoms can be found
mainly in n� states with n � 1 ~ground state, detectable
with LIF excitation! or, for instance, n � 3 ~the excited
state that decays with concurrent emission of the ob-

served Balmer radiation!, hence the name of dissociative
excitation that is used throughout literature.30 The thresh-
old for such dissociation processes, along the upper re-
pulsive curves in the diagram, lies at 17 eV ~Ref. 31!.

A more accurate description with further details can
be found in Ref. 32 where it is also shown that the mo-
lecular ion H2

�0D2
� plays a major role in specific cases.

Among other effects linked to the presence of molecules
is the other, at first surprising, finding that a higher local
electron temperature often results in the production of
colder atoms since electrons in the range of, say, 20 eV
and above are able to bring the molecules up to the in-
volved excited states mentioned in the previous dis-
cussion. To complicate the picture, these atoms can
nevertheless be heated up in the surrounding bath of hot
deuterons.31,33 Moreover, the surface temperature of the
plasma-facing components, from which deuterium is re-
leased, determines to a large extent the ratio of molecules
to atoms in the total flux.34 Detailed discussion can be
found in Refs. 25, 35, and 36 and in Sec. V.

V. SPECTROSCOPY OF HYDROGEN MOLECULES:
AN INDISPENSABLE ADDITION

As indicated in Sec. IV, hydrogen molecules have
been identified as important quantities involved in the
hydrogen recycling process at plasma-facing surfaces
made of graphite. The quantification of these molecules
and of their contribution to the total flux of released
hydrogen particles has, therefore, been an important sub-
ject in the plasma-wall research activities in Jülich.

Fig. 8. Energy levels of the hydrogen atom and corresponding transitions ~a! without consideration of the fine structure and
~b! with consideration of the fine structure. The laser developed for TEXTOR excites the La transition ~n � 1 to n � 2 at
121.5 nm!.
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Fig. 9. Balmer spectrum of both atomic deuterium ~Da, left two peaks! and hydrogen ~Ha, right peaks! at a plasma radius of
43.8 cm. A magnetic field strength of 1.825 T was assumed for the theoretical curves ~dashed0dashed-dotted!. The fit
corresponds to three atomic temperatures of 0.30, 3.03, and 150.0 eV as documented in the left part of the figure with exact
values and proportions. The vertical, dashed-dotted lines indicate the spectral domain covered in the fitting procedure of
the low-energy components ~from Ref. 27!.

Fig. 10. Illustrative potential curves of the hydrogen molecule. According to the Franck-Condon principle, the transitions take
place along vertical lines. Dissociative excitation along channel 2 gives atoms @H~1s!� H~3�!# with much lower kinetic
energy than from the dissociation along channel 1. The threshold for the second channel amounts to 17 eV.
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The most suitable transition for the detection of
molecular hydrogen by spectroscopy in the visible range
is the so-called Fulcher band transition at ;600 nm. In
contrast to the electronic transitions of atoms, the detec-
tion of a single emission line of a molecular transition
is not sufficient to obtain the intensity of an electronic
transition, but on the other hand, the Fulcher band tran-
sition contains several hundred lines. By chance, the
rotational and vibrational populations, which have to be
taken into account for the analysis anyway, may help in
effectively reducing the number of transitions that ought
to be observed. Reference 37 demonstrates that the ob-
servation of the first diagonal vibrational transition of
the Fulcher band is sufficient to determine the total flux
of hydrogen molecules in the parameter range of the
TEXTOR edge plasma.38 Figure 11a shows this first
diagonal transition—the strongest part of the spectrum
of the Fulcher band of D2. The corresponding relative
rotational population in the upper electronic state is de-
picted in Fig. 11b. The population represents a Boltz-
mann distribution for the observed first eight lines. The
spectrum is representative for molecular deuterium in
front of the different types of graphite limiters used in
TEXTOR ~Ref. 38!.

The molecular particle flux GD2 is determined from
the Fulcher band photon flux and conversion factors over
the accessible range of plasma parameters in the TEX-
TOR boundary. The factors for the transfer of photons to
molecular fluxes—the so-called D0XB values—have been
both measured in calibration experiments with gas puff37,40

and calculated by a collisional-radiative model.41 Gas
puff experiments and modeling provide for an edge elec-
tron density of ne � 0.5 � 1018 m�3 and an electron
temperature of Te � 50 eV, a D0XB value of ;1000. The
D0XB value is not constant but varies with the plasma
parameters and amounts, e.g., to 2000 for ne � 5 �
1019 m�3 and Te � 40 eV.

The measured variations of the molecular flux, i.e.,
the increase with the edge electron density, is in good
agreement with results from the EIRENE modeling.23,32

Recombination of deuterium molecules can be neglected
thanks to a high edge electron temperature of .10 eV.
The Fulcher band spectroscopy thus provides, for the
high temperature edge plasma of TEXTOR, the total num-
ber of surface-released deuterium molecules—the mo-
lecular deuterium flux.

The major questions left are as follows.25,35 How
much does the molecular flux contribute to the total flux

Fig. 11. ~a! The strongest part of the D2 Fulcher band spectrum. The light has been detected in front of a graphite test limiter in
TEXTOR. ~b! The corresponding relative rotational population is given in a half-logarithmic Boltzmann plot. The fitted
line represents a unique rotational population temperature.39
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of recycled deuterium particles? What is the ratio of mol-
ecules to atoms released from the surface? Is there a
dependence of type and behavior of the recycled parti-
cles on plasma or surface parameters?

A spectroscopic method based on a combination of
Fulcher band and Balmer spectroscopy has been devel-
oped to determine the recycling hydrogen particle flux.32,42

Thereby, it is not sufficient to measure both photon fluxes
simultaneously. Some of the atoms measured by means
of Balmer spectroscopy might be born at the surface.
Others—possibly the major part—are products of the
molecular dissociation. A double counting of released
particles has to be avoided ~see Sec. VI!. As a conse-
quence, a plasma-independent variation of the atomic-
to-molecular ratio was thought to deduce the recycling
flux.

Laboratory experiments34 predict a change of the
surface-released species with variation of the surface
temperature—starting with molecules only at low tem-
peratures and ending with atoms at the high end. Exper-
iments with an electrically preheated graphite test limiter
in TEXTOR confirmed this change in the release mech-
anism.43,44 Furthermore, these experiments indicate a flux
dependence of the threshold value for the direct atomic
release. The threshold is shifted to higher surface tem-
peratures in the tokamak. Figure 12a depicts the varia-
tion of intensities of different atomic and molecular
transitions of hydrogen and deuterium as a function of
the graphite surface temperature in a series of identical
plasma discharges. The threshold value is ;1100 K. At
1400 K, the direct atomic release dominates.

In Fig. 12b, the measured Balmer-alpha photon flux
is plotted against the molecular particle flux for a series
of identical plasma discharges but different surface tem-
peratures. Above the threshold, the atomic photon flux
increases, and the molecular one decreases. The total
flux of recycling particles is given by an extrapolation to
the temperature case where molecules are totally absent
~.1750 K!. The slope of the curve determines the effi-
ciency factor h to ;1, which means that the average
number of atoms that dissociate from a molecule and that
potentially emit a Balmer photon is about one. The slope
varies only marginally in the accessible plasma param-
eter range of TEXTOR ~Ref. 42!, which indicates that the
dissociation process remains the same. This leads to con-
sequences in the interpretation of Balmer-alpha line in-
tensities for the determination of the total recycling flux
in the case of not-actively heated limiters that are de-
scribed in Sec. VI.

VI. CONSEQUENCES AND OUTLOOK

A major consequence of the molecular content in the
released hydrogen flux is that neglecting the molecular
part when interpreting emission spectroscopy measure-

ments can lead to sheer underestimation of the overall
fluxes. It is a general practice to convert the photon fluxes
measured by emission spectroscopy into particle fluxes
by means of so-called inverse photon efficiencies S0~XB!,
where S, X, and B stand for the integral over the rate
coefficient for electron-impact ionization, the similar in-
tegral but on the excitation rate, and branching ratio of
the observed transition, respectively45,46:

G0 � 4p
I0

hn

�
r1

r2

n0~r!ne~r!^si ve & dr

B�
r1

r2

n0~r!ne~r!^sex ve & dr

� 4p
I0

hn

S

XB
. ~3!

A correction to this value for the bare atomic case, as
given in most databases ~;15 in our case; see e.g.,ADAS!,
was proposed in Ref. 25 to take the molecular contribu-
tion properly into account:

~S0XB!eff � S0XB�1 �
2GD2

hG tot� , ~4!

where h accounts for the number of emitted photons per
moleculeb and GD20G tot for the proportion of molecules
in the total flux G tot � GD � 2GD2.

In most cases, the widely used Balmer spectroscopy
has been taking a similar correction into account with
empirical values, usually .20, depending on the local
plasma parameters. An overview of S0XB values cur-
rently used on different fusion devices is given in Ref. 47.

We propose a correction based on the simultaneous
measurement of the molecular flux ~typically over the
Fulcher band36,48,49!, at least for a few points of the
~ne, Te! parameter space. Careful modeling then gives a
recipe, delivering a so-called D0~XB! value for the
molecules44,50—in analogy to the “atomic” S0~XB!—
and, finally, the value of h to be put into Eq. ~4!. To quote
the value of Sec. V and again give an idea of realistic
inverse photon efficiencies, D0XB for a standard TEX-
TOR case ~ne � 5 � 1017 m�3; Te � 50 eV! roughly
amounts to 1000 ~Ref. 32!.

The questions of observed formation of HD mol-
ecules and of atomic velocities and penetration depths
could recently be addressed more deeply thanks to the
highly diagnosed limiter-lock section of TEXTOR. Results

b For instance, h would be equal to 1 in the case of dissociative
excitation with the products D0~n � 3!� D0~1s!. The “effi-
ciency” quoted in Ref. 25 did not show the precise meaning
we attribute to h here. Rather, it represented an inverse effi-
ciency, hence, the slight difference in the formulas ~h �
10h‘old’!. We now favor the present definition, owing to its
straightforward physical meaning as extensively discussed in
Ref. 42 @Sec. IV.C, Eq. ~16!# .
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are documented in Refs. 51 and 52. These results, which
are consequences of the presence of molecular species,
are regularly transferred into the EIRENE code for steady
improvement.

Ongoing research focuses on the implications of high
molecular fluxes; on the influence of surface tempera-

ture, which may play a greater role in next-step devices;
and on the complex involvement of hydrocarbons in the
recycling processes. Most of the results were gained with
the simultaneous operation of many different diagnos-
tics, namely, the LIF, emission spectroscopy on atoms
with low and high resolution, as well as molecular

Fig. 12. ~a! Variation of the light emission of different atomic and molecular transitions with increase of the graphite surface
temperature,36 both for hydrogen and deuterium. ~b!Above a threshold of 1100 K, the release from the graphite surface
changes from molecules to atoms.42
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spectroscopy. In addition, recourse to all diagnostics in-
volved in the characterization of the plasma edge, espe-
cially to the atomic lithium and helium beams,38,53,54

proved to be indispensable.
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