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Abstract

High transient heat loads to plasma-facing components, as they occur during plasma disruptions, edge localized
modes (ELMs), or vertical displacement events, can cause damage such as thermal erosion, cracking, or melting. The
incidence of high heat flux from a plasma onto a material surface triggers a sequence of dynamic plasma–material
interaction processes of a non-linear character, commonly termed ‘vapour shielding’. As a consequence, the further
incident heat flux and the resulting ablation are strongly reduced. To study these effects, fast probe experiments were
carried out in the TEXTOR tokamak. The materials exposed to the plasma were carbon fibre composites with and
without silicon addition. The duration of the plasma exposure was 80 ms at a depth of up to 9 cm into the boundary
plasma. Together with a strong decrease of the electron temperature in the boundary plasma, strongly localized
emission of radiation was observed in front of the probe tip. The incident heat flux to the probe was strongly reduced,
which was also found as result of numerical modelling of the local shielding processes. © 1998 Elsevier Science S.A.
All rights reserved.

1. Introduction

During the operation of tokamak fusion
devices, instabilities of the plasma can occur
which cause the deposition of transient high heat
fluxes to the plasma-facing components. Events
such as edge localized modes (ELMs), vertical
displacement events (VDEs) and disruptions lead
to increased fluxes of plasma particles on local
areas, especially on divertor and limiter surfaces.
In a next-generation tokamak such as the Interna-
tional Thermonuclear Experimental Reactor

(ITER), the theoretical thermal energy deposition
in such cases can be of the order of 10–150 MJ
m−2 on a time scale of 1–300 ms, depending on
the kind of plasma instability [1]. The material
damage and the thermal ablation resulting from
such heat loads would limit the lifetime of the
plasma-facing components and require impracti-
cably short maintenance intervals. In recent years,
however, investigations employing laboratory ex-
periments [2–4] and numerical analyses [5–9]
were carried out, which indicate that shielding
processes may take place in front of the highly
heat loaded material surface so that only a frac-
tion of the incident energy density is actually
deposited in the material and that the major part
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of the incident energy is dissipated to larger sur-
face areas by radiation processes. As a conse-
quence, the material damage and ablation can be
reduced strongly. The effects which are responsi-
ble for the shielding of the loaded material surface
are mostly caused by atoms and clusters of eroded
matter which form a strongly radiating local
cloud in front of the heated surface. In addition,
transport of the eroded particles within the torus
leads to increased energy loss by radiation of the
plasma boundary and thus to a reduction of the
boundary plasma temperature [9,10].

Experiments in the TEXTOR tokamak have
been carried out to investigate the plasma–mate-
rial interaction processes which take place, if a
material surface is transiently exposed to a high
incident heat load from the plasma. The aim of
the investigation was to measure the local shield-
ing which occurs directly in front of the material
surface as well as the cooling effect which takes
place throughout the plasma boundary. The ex-
periments were carried out by mounting speci-
mens of carbon fibre composite (CFC) with and
without Si-addition to the tip of a fast reciprocat-
ing probe (UCSD-probe). Results of initial exper-
iments on a different carbon material which
describe the evolution of the discharge parameters
in the plasma boundary were reported by Scholz
et al. [9]. For the present paper, local measure-
ments were carried out in the vicinity of the probe
tip by optical emission spectroscopy and by fast
CCD camera measurements. The local measure-
ments were compared with numerical calculations
of the ablation, vapour cloud evolution and local
radiation processes. For the calculations, an up-
graded version of the A*THERMAL-S code was
applied [11].

2. Experimental

The exposure of material specimens to high
heat fluxes from a tokamak plasma was per-
formed by using a pneumatically driven fast probe
of the UCSD team which is mounted on the
TEXTOR tokamak. The duration of the in and
out movement was about 20 ms each. The dwell
time at the end position was 80 ms with the

material specimen being introduced into the TEX-
TOR tokamak plasma up to a depth of 9 cm in
front of the main limiter radius (rmin,probe=37 cm,
rlimiter=46 cm). The specimens had a quadratic
cross-section of 16×16 mm with a length of 120
mm. The probe tip was at floating potential and
electrically isolated from other components. The
probe was inserted into the plasma such that two
specimen faces were placed perpendicular to the
magnetic field lines and thus received the highest
incident heat fluxes compared to the specimen
surfaces aligned parallel with the magnetic field.

For the experiments described here, two CFC
materials were used, SEP N11, a two-dimensional
felt CFC with needling reinforcement and high
thermal conductivity (r=1.76 g cm−3, lRT=180
W m −1K−1 across planes, lRT=220 W m−1K−1

in plane) and SEP NS11, a similar CFC with 10%
Si added during the impregnation process (r=2.2
g cm−3, lRT=180 W m−1 K−1 across planes,
lRT=200 W m−1 K−1 in plane).

The effects of the probe insertion on the evolu-
tion of the plasma parameters in the plasma
boundary were investigated by HCN-interferome-
try and by He-beam diagnostics for electron den-
sity and temperature measurements.
Measurements of the local emission of the radia-
tion directly at the material probe were carried
out by local optical emission spectroscopy (OES).
This measurement allowed detection of thermal
continuum radiation as well as line radiation
emitted from neutral C-atoms (l=908.85 nm,
909.48 nm, 3s3P0–3p3P) which were eroded from
the probe surface. The local observation area at
the probe had a diameter of 1 cm and was ad-
justed to a radial position of r=42 cm.

For the fast imaging of the radiating cloud
which forms in front of the specimen surface
during plasma exposure, a high-speed CCD cam-
era was used with a frame rate of 330 s−1 and an
infrared filter (l\950 nm) to observe thermal
continuum radiation. With this camera, a field of
3×3 cm in front of the specimen shaft was
observed. The observation field covered the radial
positions of r=44–41 cm. Before the experiments
the CCD camera was calibrated with a white-light
lamp.



H. Bolt et al. / Fusion Engineering and Design 39–40 (1998) 287–294 289

Fig. 1. ECE measurements of electron temperature at r=37 cm: (a) discharge c64246, insertion of N11 to r=37 cm at 4.1 s; (b)
discharge c64386, insertion of NS11 to r=40 cm at 4.6 s.



H. Bolt et al. / Fusion Engineering and Design 39–40 (1998) 287–294290

Fig. 2. He-beam measurement of the electron temperature at r=43 cm; discharge c64246, insertion of N11 to r=37 cm at 4.1 s.

3. Experimental results

3.1. Plasma boundary processes

The tests of the N11 material and of the Si-con-
taining NS11 material were carried out in ohmic
plasma discharges of similar characteristics, i.e.
plasma density and temperature profiles before
probe insertion. The N11 specimen was intro-
duced to a depth of 9 cm in front of the main
limiters without causing plasma disruptions (10
shots). With the Si-containing NS11, most expo-
sures (30 shots) were performed at an insertion
depth of 6 cm to avoid the occurrence of disrup-
tions. The corresponding plasma parameters elec-
tron temperature, Te, electron density, ne, and
heat fluxes, q, of the undisturbed plasma in the tip
region of the probe were: for N11 (9 cm penetra-
tion), Te=300–350 eV, ne=5×1012 cm−3, q=
23 kW cm−2; and for NS11 (6 cm penetration),
Te=150 eV, ne=5×1012 cm−3, q=8.5 kW cm−2.
For the calculation of q, an energy transmission
factor of 8 was assumed [10].

During the insertion of the probes, material is
thermally eroded under the incident heat flux,
which causes an increase of the impurity radiation
in the edge boundary [9]. This energy loss leads to
a reduction of the plasma edge temperature dur-
ing the probe insertion (Fig. 1). Both for the N11
and NS11 materials, the electron temperature

measured by ECE at a minor radius of r=37 cm
is reduced by about 20–30%. For N11 this reduc-
tion is more significant, since the probe tip had
been inserted up to r=37 cm and NS11 was only
introduced up to r=40 cm.

Further into the shadow of the probe (r=43
cm), the decrease of the electron temperature is
much stronger as the results of He-beam measure-
ments of the electron temperature show (Fig. 2).
Before probe insertion, the electron temperature
at this position was about Te=80 eV with a very
strong decrease upon insertion of the probe. Due
to the simultaneous increase of the electron den-
sity in the plasma edge, the Te value measured
during probe insertion cannot be given in absolute
values, but the measurement shows that the
plasma edge temperature in the shadow of the
probe and, thus, also the incident heat flux from
the plasma decrease drastically.

3.2. Local processes near the probe surface

In the direct vicinity of the probe, the OES
measurement in the range of l=907–910 nm
shows a distinct sequence in which continuum and
line radiation are detected (Fig. 3). This sequence
can be explained by the motion of the hot probe
tip through the observation area during the in-
ward and the outward stroke of the probe. With
the tip staying in the end position, only the vicin-
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ity of the probe shaft at r=42 cm can be ob-
served. Since the probe shaft is obviously not hit
by high heat flux due to the strongly reduced
electron temperature in this region, the shaft re-
mains cold and does not emit thermal radiation
nor C-impurities which could emit line radiation.
The line radiation from eroded neutral C-atoms,
together with intense continuum radiation, ap-
pears only when the hot tip is moved through
the observation area. When being withdrawn
from the plasma at t=4.26 s, the tip is heated to
a higher temperature and emits more radiation
than during the movement into the plasma at
t=4.12 s.

The calibrated CCD camera measurements
gave further insight into the local shielding pro-
cesses near the probe tip. Fig. 4 shows a se-
quence of five images during the inward stroke
of the probe tip. In the images, the material
surface of the hot probe tip passes on the left
edge of the frames. In front of the hot probe tip,
a local and strongly radiating zone of 10–20 mm
extension develops which travels, together with
the hot tip, downward through the observation
field. Between the in and out sequences, no radi-
ation was detected for 100 ms, which is the dwell
time of the probe in the end position plus the

time of the probe tip needed to travel from the
observation field to the end position and vice
versa. The radiation pattern measured during the
outward stroke of the probe tip is similar, but
more intense.

The temperature in the centre of the observed
cloud as derived from the radiation intensity
measured with the CCD camera was 3600 K.
Thus the cloud temperature is higher than the
surface temperature of the exposed material,
which can be calculated from the measured ma-
terial erosion to be approximately 3000–3200 K
[10].

4. Numerical results

The numerical simulation of shielding effects
in front of the heated target was performed by
calculating the ablation as a function of the inci-
dent heat flux and the resulting carbon vapour
density distribution in front of the substrate.
Based on this, the stopping power of the vapour
and the radiation emission was calculated tran-
siently under moving boundary conditions in a
one-dimensional finite element mesh up to 10 cm
in front of the heated carbon surface. Because of
the importance of radiation transport in the

Fig. 3. Radiation in the range of l=907–910 nm emitted at r=42 cm in the direct vicinity of the probe surface, discharge c64246.
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Fig. 4. Sequence of CCD camera images of probe insertion
into discharge c64386, material NS11 (inward stroke). The
moving probe surface passes the image frame on the left side.
Strong continuum radiation is emitted in front of the probe
surface as the probe is increasingly heated by the plasma, and
ablation occurs (frames at 9, 12 ms).

dense vapour cloud, the actual radiation field in
the cloud was determined for each time step from
the balance of radiation emission and absorption.
A detailed description of the complex features of
the code can be found in Hassanein and
Konkashbaev [6].

From the time-resolved calculations, it was
found that during the exposure of the CFC mate-
rial, a quasi-equilibrium of energy shielding and
energy transmission by radiation from the inci-
dent plasma to the probe surface was reached.
The radiation spectra towards the probe surface
and in the direction of the vacuum vessel during
this steady-state condition are shown in Fig. 5(a)
and (b) for an incident heat flux from the plasma
of 22 kW cm−2. Because of the radiation trans-
port taking place within the dense vapour cloud,
the intensity of the radiation into the vacuum is
about 10 times higher than the radiation towards
the probe surface. This is caused by the radiation
of higher energy photons (\10 eV) at the outer
cloud edge, which are produced by the interaction
of the hotter plasma particles with the cloud
particles.

In Fig. 5(a) the sensitivity range of the CCD
camera is noted on the x-axis. By comparing the
radiation intensity in this range with the measured
intensity, good agreement is found, since the cal-
culation also predicts radiation corresponding to
a black body temperature of 3600 K.

5. Summary

Pure and Si-containing CFC materials were
exposed to incident heat fluxes of up to 23 kW
cm−2 in the TEXTOR tokamak for durations of
approximately 80 ms. The thermal ablation of
material caused strong plasma radiation and thus
decreased the electron temperature in the
boundary plasma, which resulted in a reduction of
the incident heat flux.

The local measurements using OES and CCD
camera imaging allowed direct observation of the
local vapour shield effect in front of plasma-ex-
posed materials in a tokamak. The efficiency of
the vapour shielding in reducing the incident heat
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Fig. 5. Calculated radiation spectra of the vapour cloud in front of the probe, incident heat flux from plasma q=22 kW cm−2.
Dotted line gives envelope for black body radiation. (a) Radiation spectrum from vapour cloud towards vacuum vessel; (b) radiation
spectrum from vapour cloud towards the specimen surface.

flux was also verified by numerical calculations of
the local plasma–material interaction processes
which showed quantitative agreement in terms of
the radiation intensity of the vapour cloud as it
has been measured by the CCD camera.
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