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Abstract

The release mechanisms of noble gases from plasma-facing components were observed spectroscopically in the TEX-
TOR plasma boundary by determining the velocity distribution from Doppler broadening. For the first time, three differ-
ent mechanisms for helium and neon release from graphite and tungsten limiters could be distinguished quantitatively in a
tokamak: thermal desorption, ion-induced desorption and particle reflection. Under the assumption that the thermal
desorption follows a Maxwellian velocity distribution, the ion-induced desorption can be expressed by a Thompson veloc-
ity distribution. Calculating the particle reflection by the Monte-Carlo code TRIM, these processes could be separated in
the measured velocity distribution.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Impurity release and transport is one of the key
problems on the way to controlled nuclear fusion
[1–3]. In addition to particle transport in the plasma
core, processes occurring at the plasma edge,
namely the penetration of impurity neutrals released
from the plasma-facing components into the con-
fined plasma, have a direct and significant influence
on the central impurity density. Helium and neon
are impurities of special interest in this context:
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helium is the product of the DT-fusion process
and, therefore unavoidably present in a burning
plasma, and neon is representative of candidates
in the concept of power exhaust from a radiating
plasma mantle in a next step device like ITER [4].
Carbon and tungsten are presently foreseen as
plasma-facing components in ITER. As a conse-
quence, there is an urgent need to investigate the
plasma surface interaction of these species and their
penetration into the confined plasma volume.

The velocity distribution of helium and neon
atoms has been determined in TEXTOR from the
Doppler shift of atomic line emission. For the first
time three different release mechanisms for helium
and neon from carbon and tungsten limiters could
.
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be distinguished in a tokamak: thermal desorption,
ion-induced desorption and particle reflection.
Under the assumption that the thermal desorption
can be described by a Maxwellian velocity distribu-
tion [5], the ion induced desorption profile can be
approximated by a Thompson velocity distribution
[6], which is normally reserved for physical sputter-
ing. Calculating the particle reflection by the
Monte-Carlo code TRIM [7], these three processes
present in the measured velocity distribution could
be separated.

2. Experimental set-up

The experiments have been performed on the
tokamak TEXTOR with a major radius of R =
1.75 m and a minor radius of a = 0.46 m, a toroidal
magnetic field BT = 2.25 T and a plasma current
IP = 350 kA. The plasma was additionally heated
by neutral beam co-injection (PNBI = 1.3 MW)
and the line-averaged central density was varied
between 2.5 · 1019 m�3 and 5 · 1019 m�3. Neon
feedbacked seeding was applied to keep the fraction
of radiated power with respect to the input power
constant at various levels. The measurements shown
below have been carried out using test limiters made
of two different materials (graphite and tungsten),
which were inserted into the vacuum vessel by the
limiter lock system at the bottom of the torus [8].
The shape of the test limiter has a spherical sector
with a radius of 70 mm, a bottom length of
120 mm and a bottom width of 80 mm. The limiters
Fig. 1. (a) Test limiter sketch with the top and tangential map of the
TEXTOR with the observation geometries. The upper observation dire
lower tangential observation direction is used to measure the radial int
were observed from the top of TEXTOR and, using
another port, tangentially. The test limiter and the
map of the observation are shown in Fig. 1(a).
Fig. 1(b) shows the poloidal cross-section with the
tangential and the top observation. The Doppler
broadened intensity profile of the line emission from
neutral helium and neon has been measured from
the top by guiding the emitted light with fibers to
a high resolution spectrometer (k/Dk = 2 · 105).
The spectrometer is in a Littrow configuration with
an echelle grating of 220 mm width and 75 lines/
mm. The measurements of the He I line at k =
728.135 nm (3s1S � 2p1P0) were performed in the
33rd order and those for Ne I at k = 585.249 nm
3p 0[1/2]J = 0 � 3s 0[1/2]J = 1 in the 42nd order. In
addition to the Doppler broadening, the line shape
is influenced by the Zeeman-effect. For both
observed lines, the r-component (DM = ±1) of the
Zeeman pattern has been filtered out by using a
polarizer. Fig. 2 shows the intensity profile of the
Ne I line in front of a graphite limiter with and with-
out polarizer. The intensity profile measured with a
polarizer still shows small r-components of the Zee-
man pattern, which may originate from the diffuse
light reflection on the rough surface of the limiter.
Neon or helium glow discharges through a Plücker
tube were used for an accurate in-situ determination
of the reference wavelength k0. The remaining
Doppler shift Dk = k0v/c of the line emitted by an
atom moving with the velocity v in the direction
of the observer allows the deduction of the velocity
distribution f(v)dv from the Doppler shifted and
fiber and the spectrometer slit. (b) The poloidal cross-section on
ction is used to determine the Doppler intensity profiles and the
ensity distribution.
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Fig. 2. Intensity profile from a TEXTOR discharge of Ne I at k = 585.249 nm 3p 0[1/2]J = 0 � 3s 0[1/2]J = 1 at the Graphite limiter, with
(dashed line) and without (solid line) polarizer. The dotted line is measured in a glow discharge of a Plücker tube to determine the reference
wavelength k0.
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broadened intensity profile. Atoms with a velocity
distribution f(v) lead to a line shape which can be
described by

LðDkÞdk ¼ f ðvÞdv ¼ ðc=k0Þf ðcDk=k0Þdk . ð1Þ

The integration of L(Dk) over the line of sight cor-
responds to the measured intensity I(Dk). Since the
fast atoms travel a longer path than the slow ones
before they are ionized, the line of sight integrated
profile I(Dk) is in the first approximation [9,10]
not proportional to the local velocity but it is pro-
portional to the velocity distribution of the atomic
flux C(v = cDk/k0).

The limiter is observed tangentially using a
Czerny–Turner mounted spectrometer (Acton
Research SpectraPro 500) equipped with an intensi-
fied CCD camera as detector which yields spectra of
radially resolved line emission (see Fig. 1) in the
wavelength range k = 200–800 nm. The spectrome-
ter was used with a grating of 1200 lines/mm and
a resolution of k/Dk = 2 · 104. An example of the
Ne I line at k = 585.24 nm is shown in Fig. 3. The
profiles of the electron temperature (Te) and density
(ne), which are obtained by means of thermal
helium beam diagnostic [11,12], govern the plasma
sheath and consequently the ion energy distribu-
tion, the ion angle of incidence, the excitation and
the ionization processes of atoms in front of the
limiter.
3. Experimental results

Fig. 4 shows the measured velocity distribution
of helium and neon atoms released from a graphite
and from a tungsten limiter in two different target
plasmas. The measured intensity distribution of
He I on the graphite limiter shows a pronounced
maximum at 3 · 103 m/s (0.2 eV) with a small
amount of fast atoms which decreases with increas-
ing velocities. A second maximum at 2 · 104 m/s is
the result of light reflection on the limiter surface
which leads to insufficient elimination of the r-com-
ponent of the Zeeman pattern. With decreasing elec-
tron temperature the main maximum is shifted
towards higher velocities and a slight increase of
the intensity distribution at higher velocities is
observed (Fig. 4(a)). With the change of limiter
material from graphite to tungsten, a shift of the
maximum and a significantly larger fraction of fast
atoms are detected (Fig. 4(b)).

The intensity distribution of Ne I shows a more
pronounced behavior than He I. With a decreasing
electron temperature an increase of the fast part of
the intensity distribution is observed. The velocity
1 · 103 m/s (0.1 eV), where the velocity distribution
peaks, remains within the accuracy of measure-
ment unchanged (Fig. 4(c)). As in the case of
helium, more fast neon atoms are released from
the tungsten limiter than from the carbon limiter.
The second maximum at 1.7 · 104 m/s has its



Fig. 3. (a) 2D snap shot of the tangential observation. The
horizontal axis shows the wavelength and the vertical one the
spatial resolution which illustrates the radial distribution of
the intensity. The horizontal line marks the position of the test
limiter. The box illustrates the chosen atomic line which will be
horizontally integrated. (b) An example of the measured radial
intensity profile of Ne I at k = 585.21 nm (r+).
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origin in the light reflection on the limiter surface.
This artifact is even more pronounced on tungsten
due to the higher light reflection coefficient of a
tungsten surface compared to a graphite surface
(Fig. 4(d)).

A semi-logarithmic plot of the helium velocity
distribution from the graphite limiter (Fig. 5(a)) at
low energies indicates that the intensity distribution
can be described by a shifted Maxwellian distribu-
tion (Fig. 7). This shape has been observed for all
combinations of recycling gases and limiter materi-
als which are reported here. The double logarithmic
diagram (Fig. 5(b)) of helium on the graphite limiter
shows a E�1.8 dependence in the intermediate
energy range. The analysis of more than 50 intensity
distributions has revealed an average exponent of
�2 ± 0.5. We have found that the accuracy of the
determined exponent strongly depends on the back-
ground subtraction.

The radially resolved intensity profiles of He I as
well as of Ne I depend only slightly on the electron
temperature, but are strongly influenced by the
choice of the limiter material. An example of a
radial intensity profile at k = 587.57 nm of helium
on the graphite limiter and of helium on the tung-
sten limiter is shown in Fig. 6. As it can be seen,
the intensity of helium is higher at smaller radii in
the tungsten limiter experiments compared to the
graphite limiter experiments, which had similar
local plasma conditions. From this, one can con-
clude that helium originating from a tungsten sur-
face penetrates deeper into the confined plasma
than it would originate from graphite.
4. Discussion

The experimental results show that the intensity
distributions of He I and Ne I have dominant max-
ima at low velocities which are only slightly depen-
dent on the plasma parameter and the choice of the
limiter material. The intensity profile at low veloci-
ties can be described by a Maxwellian distribution.

In the intermediate energy (velocity) range (1–
2 eV) an E�2 dependence is observed.

The high velocity (energy) part of the intensity
distribution increases with decreasing electron tem-
perature and with the change of limiter material
from graphite to tungsten.

Taking these three results into account, the inten-
sity distribution of helium and neon will be gove-
rned by the following release mechanism from the
limiter surface:

• thermal desorption,
• ion-induced desorption,
• particle reflection at the limiter surface.

The velocities of the thermally desorbed atoms
are described by a Maxwellian distribution [5], the
velocities of the atoms released by ion-induced
desorption are described by the Thompson distribu-
tion [6] and the particle reflection is numerically sim-
ulated by the TRIM code [7].

One has to take into account that the measured
intensity is proportional to the impurity flux [9,10]
and that the velocity distribution will be influenced
by the geometry of sight [14]. Atoms originating
outside the observation volume may move into it
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Fig. 4. (a) The Doppler-broadening-dominated intensity distribution of He I on a graphite limiter for different plasma parameters. (b) The
comparison of the intensity profiles of He I on tungsten and on graphite limiter shows an increasing part of fast atoms. (c) The intensity
distribution of Ne I on a graphite limiter for a cold and a hot plasma boundary in TEXTOR. (d) Ne I Doppler broadening dominated
profile observed for different limiter materials (top view).
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and emit a photon. The probability of reaching
the observation volume increases with their veloci-
ties. Infrared measurements [9] on the limiter
exhibited two hot spots with radii, R, of 20 mm.
Spectroscopic measurements show the highest inten-
sities in these regions. Therefore it is very likely that
most of the recycling takes place in front of the hot
spots.
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Since the observation volume only covers a part
of the hot spots, fast atoms originating from
outside may influence the intensity distribution
more than the slow ones. Furthermore the
probability of emission depends on the local elec-
tron density and temperature, which are increasing
in the vertical z-direction. This influence is
described by the ratio R/z. The z-value is assumed
to be 0.3 cm, which is connected to the maximum
of the tangential intensity profile (Fig. 3). The cho-
sen Maxwell velocity distribution [13] for ther-
mally desorbed atoms and the Thompson
velocity distribution [14] for ion-induced desorp-
tion are:
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The free fit parameters are the amplitudes A1 and
A2, the surface temperature TS and the velocity vA
which is connected to the activation energy by
vA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EA=mHe;Ne

p
, for the inert gas. The flux pro-

portionality of the intensity will be taken into
account as well as the convolution of the total veloc-
ity distribution ft with the instrument profile Ai.

ft ¼ vðfM þ fT S
Þ; ð4Þ

F i ¼
Z 1

�1
Aiðv� v0Þftðv0Þdv0: ð5Þ

Fig. 7 shows one of the results of a least-square fit.
The numerical fit agrees well with the measured
data. The determined surface temperatures TS show
good agreement with the thermocouple measured
surface temperatures TT (Fig. 8). The thermocouple
is located 5 mm underneath the limiter surface. The
surface temperature is obtained from the measured
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value with the help of the heat transfer equation
[22].

The obtained activation energies for helium on
graphite surfaces are in the range of 0.7–2 eV. The
activation energies are in the same range as those
measured under laboratory conditions [15–17].
The activation energy increases with the particle
flux. The activation energy of helium in tungsten
has been determined to be 2.3 eV. Kornelsen [18]
measured an activation energy of EA = 2.65–
5.4 eV for a W(1,0,0) tungsten monocrystal and
Hino et al. [19] give a value of EA = 2.2 eV. The
activation energy of neon in graphite is determined
to be 1 eV, which agrees well with the values in [20]
(1.1 eV) and [21] (0.4 eV).

The activation energy for neon on tungsten is
EA = 0.4 eV, which is clearly smaller than the acti-
vation energy of 1–4 eV on a clean monocrystalline
tungsten surface reported by Kornelsen [18]. A
detailed study of the activation energy in TEXTOR
[23] shows a complex behavior that depends on par-
ticle flux as well as surface temperature and the
complex composition of the surface during the
plasma discharge. Nevertheless the activation ener-
gies obtained from the measured spectra are in good
agreement with the values in the literature.

Concerning the interpretation of the experimen-
tal results, especially with respect to particle reflec-
tion, the angle of incidence of ions and the ion
energy at the surface of the plasma components
has a large significance. The angle of incidence
5 2.0 2.5 3.0

raphite

easurement
h ion-induced desorption EB = 0.79 eV

bed with T = 829 K
.4

c-1 ]

f the fit result.
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and the ion energy have been determined by solv-
ing numerically the equation of motion in the mag-
netic and the Debye sheath [24]. The application of
this model to hydrogen ions shows a good agree-
ment with the result obtained in [25]. The result
of this numerical calculation for helium, neon
and carbon ions is shown in Fig. 9, where aB is
the angle of incidence of the magnetic field lines
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Fig. 9. The average angle of incidence for different species. The plasm
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with respect to the surface normal and ci is the
angle of incidence of the ions. At the point of
observation at the limiter surface the magnetic field
line angle is about 70�. This means that the angle
of incidence of the helium ions has a value of
50� and that one of neon ions has a value of 60�.
The ion energy distribution on the limiter surface
is discussed in detail in [24].
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a parameters are Te = 30 eV, Ti/Te = 2, ne = 5 · 1012 cm�3 and
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With the assumption that the recycling of the
particles is equal to one, the remaining part of the
measured intensity distribution can, without a fit
to the data, be ascribed to particle reflection. The
integral over this part is associated with the particle
reflection coefficient RN. Fig. 10(a) and (b) shows a
comparison of experimental values with the numer-
ically calculated ones, which were obtained from the
Monte-Carlo code TRIM [7]. The comparison of
the particle reflection coefficient shows for helium
on graphite surface and neon on graphite surface
a good agreement. The calculation of RN for tung-
sten shows an overestimation. The reason for this
may lie in the coating of the tungsten limiter with
carbon during the discharge. This is supported by
the fact that the determined RN of neon is more
strongly influenced by the change of surface mate-
rial than the RN of helium which agree well with
the numerical values Fig. 10(a) and (b).

The penetration of the impurity depends on the
velocity distribution as well as on the plasma
parameters ne and Te, which determine the ioniza-
tion. Fig. 11(a) shows the average velocity

hvi ¼
R

vf ðvÞdvR
f ðvÞdv

as a function of the electron tempera-

ture at the radius of the test limiter. The average
velocity decreases only slightly with increasing Te,
in contrast to the electron density ne which decreases
markedly with increasing Te. On the other hand, a
noticeable increase in the thermal load on the limiter
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can be observed with increasing electron density.
This accounts for the somewhat counter–intuitive
effect that, on the whole, the observed velocity of
released particles increases with decreasing Te.
Helium atoms are 1.7 times faster than neon atoms
released from the same target. The average velocity
of neon on the tungsten limiter is a factor of four
higher than the average velocity of neon on the car-
bon limiter. Using the measured f(v), ne- and Te-pro-
files are used to calculate the neutral density profile
nA(r) in front of the limiter [10], the resulting ion
source distribution Q(r) and the penetration depth
ki can be calculated according to

nAðrÞ ¼ nAð0Þ
Z 1

0

f ðvAÞexp
1

vA

Z r2

r1

neðrÞhrveiidr
� �

dvA;

ð6Þ

QðrÞ ¼ dC
dr

¼ nAðrÞneðrÞhrveiiðrÞ; ð7Þ

ki ¼
R
QðrÞrdrR
QðrÞdr : ð8Þ

The weak dependence of the penetration depth on
local plasma parameters, seen in Fig. 11(b), results
from two competing processes: with increasing
electron density ne, the temperature decreases and,
hence, the ionization rate coefficient hrvei also de-
creases in the considered temperature range. On
the other hand with decreasing temperature the
velocity of the particles increases. The target mate-
rial plays a role via different energy- and particle-
reflection coefficients, which influence the average
velocity hvi.

5. Summary and conclusion

The primary aim of this work was to obtain a
quantitative description of plasma wall interaction
processes of the noble gases helium and neon with
the first wall materials graphite and tungsten. For
the first time three different release mechanisms of
helium and neon recycling at carbon and tungsten
limiters could be distinguished: thermal desorption,
ion-induced desorption and particle reflection.
Assuming that the thermal desorption is represented
by the Maxwellian velocity distribution [5], the ion-
induced desorption can be expressed by the Thomp-
son velocity distribution [6] and calculating the
particle reflection by the Monte-Carlo code TRIM
[7], these three different processes could be identified
in the measured intensity distribution.
Within the experimental error bars, the surface
temperature as determined from the Maxwellian
velocity distribution, is in good agreement with the
temperature obtained from thermocouple measure-
ments. The process of ion-induced desorption is
determined by the activation energy, which has been
found for helium on graphite limiter to be 0.7–2 eV,
for helium on tungsten 2.3 eV, for neon on graphite
1 eV and for neon on tungsten 0.4 eV. The particle
reflection coefficient for both noble gases at the
graphite limiters are well described by TRIM cal-
culations. The measurements of the intensity
distributions on the tungsten surface shows an
underestimated particle reflection coefficient likely
a result of a carbon coating of the limiter. However
the numerical quantitative calculations, which take
the limiter observation-geometry, the ion energy
and the angle of incidence into account describe well
the experimental results.

The choice of target material shows the strongest
influence on the velocity distributions as well as on
the penetration depth. The weak dependence of the
penetration depth on the local plasma parameters
is due to competing processes: with increasing elec-
tron density ne, the electron temperature decreases
and, therefore, the ionization rate coefficient hrveiion
also decreases. On the other hand with a decreasing
temperature the velocity hvi of the particles
increases. Simultaneous variations of these three
factors can compensate, as can be seen from a sim-
plified expression for the penetration depth ki = hvi/
nehrveiion, valid for a homogenous plasma (in con-
trast to Eq. (8) which applies to any plasma profiles).

These results show the importance of the quanti-
tative determination of the release mechanisms of
atoms that influence the penetration depth into the
plasma.
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