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D. Hildebr.mdt, J.S. Bakos, G. Bürger, F. Pászti, G. Petravich: Impurity 
injection into tokamak plasmas by erosion probes. KFKI-1987-51/D 

ABSTRACT 
Exposing special erosion probes into the ed'?e plasma of MT-l the im

purities Li and Ti were released and contaminated the plasma. By the use of 
collector prcbes the toroidal transport of these impurities have been in
vestigated. •'• ' l -

The results indicate a preferential impurity flow into codirection of 
the plasma current. However, the asymmetric component of this flow is much 
larger than expected from the toroidal drift correlated to the plasma 
current. ^ 

Д.Хилдебрант, Я.Ш.Бакош, Г.Бюргер, Ф.Пасти, Г.Петравич: Изучение транспорти
ровки примесных атомов в плазме токамака. KFKI-1987-51/D 
АННОТАЦИЯ 

В периферийную плазму токамака МТ-1 был введен специальный эрозионный 
зонд, вследствие чего в плазму попали примесные атомы Li и Ti. С помощью кол
лекторного зонда изучалась транспортировка этих атомов. Результаты показали, 
что направление транспортировки примесей в основном совпадает с направлением 
плазменного тока. Однако, эта асиметрия больше той, которую можно ожидать при 
учете тороидального дрейфа, вызываемого плазменным током. 

Hildebrandt, D., Bakos J.S., Bürger G., Pászti F., Petravich G.: Eróziós 
anyagmintákkal bevitt szennyező atomok áramlásának vizsgálata tokamak-plaz-
mában. KFKI-1987-51/D 

KIVONAT 
Eróziós próbát helyeztünk az MT-l tokamak perifériális plazmájába. Ennek 

következtében Li és Ti szennyező atomok kerültek a plazmába. Kollektor próbá
val vizsgáltuk ezen atomok transzportját. 

Az eredmények azt mutatták, hogy a szennyező atomok árama főként a plaz
ma áram irányával egyezik meg. Ez az aszimmetria azonban nagyobb mint az, 
amelyet a plazma áram által létrehozott drift alapján várhatnánk. 



1. Introduction 

Successful tokárnak operation requires an ability to control 
the impurity contamination of the plasma. Therefore it is 
necessary to know the mechanisms responsible for impurity produc
tion and to understand the properties of the impurity transport 
in the plasma. An advantageous way in studying the impurity 
transport is, to utilize nonintrinsic impurities. Usually, these 
impurities are introduced into the plasma by different techniques 
as pellet injection /1/, laser blow-off /2/ or gas puffing. 
Recently, it has been demonstrated that controlled metal injec
tion into the plasma can also be performed by arc ignition in a 
special arc source /3/. This paper describes another, very simple 
method of impurity injection by so called erosion probes. In this 
case a probe containing the impurity the transport of which is of 
interest is exposed to the edge plasma. Thereby the desired 
impurity may be a component of the bulk material or that of an 
artificial overlayer. Due to the erosion action of the edge 
plasma itself the impurity is removed and its spreading by the 
plasma can be investigated. The advantage of this method over 
the observation of intrinsic impurities is that the location of 
the source is well known and can be selected. In principle, 
other components of the tokárnak vessel (e.g. limiters, antennae 
and probes) can be used as impurity sources, too, provided that 
the investigated impurity species did not occur somewhere else 
in the tokárnak or cannot get into the plasma from the other 
surfaces. Because of the quick spreading of the impurities 
during tokamak operation, these conditions are only fulfilled 
immediately after the installation of new components. 

In the present experiment the transport of the impurities re
leased from such an artifical erosion probe in the toroidal 
directions was investigated using collector probes in the tokamak 
MT-1 of the Central Research Institute for Physics, Budapest. 

2. Experimental details 

MT-1 is a small-sized tokamak with a major radius of 0.4 m 
нпо a minor radius of 0.1 m. The experiments were made for 
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hydrogen discharges having the following parameters: toroidal 
magnetic field 1.1-1.3 T, plasma current 10-15 kA, line averaged 

19 -3 electron density 1-2x10 m , and discharge length 9 ms. 
The central electron and ion temperatures are about 250 eV 

and 100 eV,respectively. 
The intrinsic metallic impurities are the stainless steel 

components (wall material) and molybdenum as limiter material. 
2 The erosion probe consisted of a 10x10 mm rectangular Ti-

blade on which Li-layers with a thickness of 500 nm were vapour 
deposited. As collectors silicon single-crystals were used which 
were mounted on a probe head of copper. The experimental 
configuration is shown in fig.l. The plasma edge is defined by a 
rail limiter on a minor radius of a,=75 mm.In addition aperture 
limiters on a minor radius of 90 mm are installed. 

In order to investigate properties of the impurit/ transport 
in the toroidal directions the erosion and the collector probes 
were positioned at opposite toroidal and poloidal locations. 

Using a vacuum sample transfer system the collector probe was 
inserted into the edge plasma on a minor radius up to 75 mm. The 
Si-samples were orientated perpendicularly to the magnetic field 
lines facing the ion and electron drift direction (co-and 
counterdirection of the plasma current). Two experiments (A and 
B) were made. The collectors were exposed during 10 discharges 
in each case. 

During exposure A the erosion probe was stepwise introduced 
into the edge plasma up to a minor raoius at which the loop 
voltage was affected. Exposure В was a control experiment with 
the erosion probe retracted about 5 mm behind the wall. 

In addition, the admixture of the working gas by light impuri
ties (0,N) was oifferent during both exposures. In experiment A 
the relative concentration of these impurities was about 7 % 
while it was about 2 X in experiment B. 

After the exposure the collector samples were analyzed by RBS 
and SIMS to detect the deposited impurities and the damage of 
the Si-collectors induced by the plasma which gives additional 
information on the electron temperature via the ion impact 
energy /4/. 
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3. Results and discussion 
3.1. Plasma response 

Typical discharges with the insertion of the erosion probe at 
two different radial positions are depicted in fig.2. It de
monstrates the effect of the plasma-probe interaction on the 
macroscopic discharge parameters. 

Positioning the erosion probe up to a minor radius of 95 mm 
(discharge 26464) has no detectable influence on these parameters. 
A further decrease of the distance between the erosion probe and 
the main plasma by 2.5 mm (discharge 26465) caused an increase of 
the loop voltage by a factor of two during the plateau phase. The 
reproducibility of this effect on the loop voltage indicates that 
the amount of the released impurities did not change strongly for 
the successive five discharges. In contrast, pure gas desorption 
from solid probes inserted into the edge plasma led to an in
crease of the loop voltage for two discharges only /3/. 

Fig.2 shows that the line averaged electron density was af
fected by less than 10 X. However, the temporal evolution of the 
plasma current and the loop voltages reveals that microinstabil-
ities in the plasma were induced by inserting the erosion probe 
at 92.5 mm. 

The plasma flux onto the collector probe in the edge plasma 
seems to be on]у sliqhtly influenced by the insertion of the 
erosion probe as shown by a comparison of the amount of surface 
damage of the Si-collectors obtained for the experiments A and В 
(see fig.3). With the conditions observed here, this damage is a 
measure of the ion impact energy and can be estimated using 
calibration measurements /4/. Because of the acceleration of the 
ions by the sheath in front of the collector probe the ion impact 
energy is related to the electron temperature. 

From the damage amount shown in fig.3 an electron temperature 
of 20-25 eV at a minor radius of 80 mm is derived for experiment 
A with inserted erosion probe as well as for the control experi
ment B. 

However, the comparison of the damage amount on both probe 
sides indicates slightly different ion impact energies, especially 
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in experiment A. Here the ion impact energy near the plasma was 
estimated to be about 90 eV on the ion side and 70 eV on the 
electron side whereas in experiment В the value on the ion side 
is somewhat lower than that on the electron side. 

The following explanations чау be given for these different 
fir.oings. 

Higher impact energies on the ion side may be due to the in
fluence of the external toroidal electrical field which induces 
that the voltage drop in the sheath in front of the probe on the 
ion side is higher than on the electron side /4/. In contrast, 
lower impact energies on the ion side can be explained by 
recycling effects on the aperture limiter not far away from this 
probe (see fig.l) which can cause a local plasma cooling. 

The high value of the loop voltage in experiment A caused 
larger ion energies on the ion side in this experiment, whereas 
recycling effects on the aperture limiter in front on the probe 
ion side compensated the action of the toroidal electrical field 
in experiment B, in which the loop voltage was lower. Evidence 
in support of this conjecture is clearly of a quite preliminary 
and inconclusive nature. 

3.2. Collected intrinsic and injected impurities 

The amount of the metallic impurities detected on the Si-
collectors by RBS after the exposures A and В are shown in fig. 
4a arid b., in dependence on the minor radii. Besides the intrin
sic impurities, Fe and Cr (wall material) and Mo (limiter 
material), copper was found in a considerable amount in both 
experiments indicating an erosion of the collector probe head. 
In addition, a flux of the impurity Ti was detected in experiment 
A, but could not be identified in experiment B. Further results 
obtained by SIMS-measurements are presented in fig.5a and b. 

In this case Ti could also be detected in experiment В but 
with a concentration much lower than in experiment A. Moreover 
the impurity Li was clearly observable 

A comparison of the results obtained by STMS and RBS for the 
elements Ti, Си, and Mo shows a satisfactory agreement. The 
detection of the impurity Li on the collector surfaces gives 
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evidence of the release of this impurity fro« the erosion probe 
and its transport by the plasma to the collector probe. However, 
the Li amounts detected on the collector probe in both experi
ments (A and B) differ only by a factor of two. This is an in
dication of a considerable release of Li from the erosion probe 
even in experiment B, where this probe was positioned behind the 
wall. Moreover recycling of Li from the limiter, the collector 
probe head or the wall on which it was deposited during exposure 
A may also contribute to Li-fluxes in experiment B. 

A largely pronounced difference of both exposures was 'found 
for the collected amount of Ti which was used as base material 
of the erosion probe. It demonstrates that this impurity was also 
injected by inserting the erosion probe into the ridge plasma and 
that erosion at the wall and recycling effects oi Ti in success
ive discharges were negligible. 

Probably the plasma disturbances indicated by an increase of 
the loop voltage and the microinstabilities at inserting the 
erosion probe to a radial position of 92.5 mm are predominantly 
induced by the Ti-contamination. 

3.3. Transport of injected and intrinsic impurities 

For the evaluation of impurity fluxes detected by collector probes 
in ths edge plasma of tokamaks, the geometrical situation must be 
taken into consideration including the locations of the source, 
the collector probes and limiter structures. With the geometry 
chosen, toroidal asymmetries of the impurity flow in the plasma 
are doubtless detectable with the collector probe on minor radii 
smaller than 90 mm, the radial position of the aperture limiters. 

The location of the origin of the detected fluxes of Ti.during 
the exposure A is clearly the erosion probe located 180 toro-
idally and poloidally away from the collector probe. The erosion 
probe is also the primary source of Li and should be the dominant 
one of the detected Li-fluxes during both exposures even though 
in a qualified sense mentioned above. 

The fact that the deposited amount of these impurities is 
larrjnr on the ion side of the collector probe leads to the 
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conclusion of a preferred impurity transport in codi rection of 

the plasma current. This result was also found in experiments on 

the CASTOR-tokárnak where the impurity Mas injected by controlled 

arc ignition /3/. 

As can be seen fron figs.4 and 5 the toroidal and radial 

dependences of the injected and intrinsic impurities are similar. 

Hence the transport of the main portion of the collected intrin

sic impurities was similar to that of the injected impurities. 

Probably the main source of Ho is the rail limiter at the 

opposite toroidal position from the collector probe, in good 

agreement with results obtained at the CASTOR-tokamak /3/. In 

contrast to the results of the experiments on CASTOR the fluxes 

of the impurities Fe and Cr also show the same toroidal asymmetry. 

But in this case a discussion of the location of the source of 

the collected fluxe.; is difficult. 

The preferred Cv-redeposition on the ion side of the collec

tors in experiment A can be explained by the fact that the 

impact ion energy is higher and consequently the erosion of the 

probe head by sputtering is stronger on this side than on the 

electron side. 

An asymmetric flow of the injected and intrinsic impurities 

in the plasma can be caused by the toroidal electrical field. 

Through the action of this field, impurity and plasma ions are 

accelerated in codirecxion of the plasma current. Impurity ions 

can further be accelerated due to friction with the protons. 
Then their final drift velocity depends on the collisionality of 

the surrounding plasma. 

Provided that the motion of the impurity ions along the 

magnetic field lines can be described by a Maxwell velocity 

distribution which is shifted by a toroidal drift velocity Vj, 

this velocity can be estimated using the measured ratio of the 

impurity fluxes to the probe ion side i x and to the electron 

side <£V. 

These fluxes are obtained by integrating the shifted Maxwell-

ian velocity distribution 

$ T - / udn anri <£, /urin with 
о 
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= n -2щк* exp-e(u-VT)2/2kTidu dn 

Hence очг obtains for the flux ratio 
2 

ii = »а(1+{(а))+е'а 

*E ,л */ \\ - a 2 IT a(l-|(o))-e 

1/2 where a=V,/(2kT./*) and J (a) is the error function. 
In the region a$l the correlation of V T to the flux ratio 

§./$£ can be well approximated by the expression 
2kT I 

V T = 2.7 i . i n -кД 
' m I £ 

In table I the values of the measured flux ratio of the injected 

and intrinsic impurities (averaged over all measured radial 

positions) together with the derived values of V T are compiled 

for both exposures. 

Assuming an ion temperature of T.-T ~30 eV at minor radii of 

the collector probe head and using the measured flux ratios 

toroidal drift velocities of the order of about 1-3.10 m/s (see 

also table I) are obtained for the injected impurities Li, Ti 

and for thß intrinsic impurities Mo and Fe-Cr, respectively in 

experiment A. The values for the intrinsic impurities are some

what lower in experiment B. For comparison the corresponding 

drift velocity for protons correlated to the plasma current can 

be roughly estimated using 

I % 
VT "Ä-^H ' mp 

Here I is the plasma current, A - cross seution of the torus, 
P 

e - electron charge, n - plasma density, m and m - the mass of 
e y> 

electron and proton, respectively. 
With I =15 i<A, A=1.75.10"2m and n=2.1019 m~3 one obtains 

p2 -3 

VT= 1.6.NT m/s and rt- 2 Л 0 . 
This indicates that the measured asymmetries of the impurity 

flow and the derived values of the drift velocities of the 
impurities are much larger than the corresponding value of 
protons correlated to the plasma current. 
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3.4. impurity production 

Knowing the deposited amount of impurities and the fluence of 
plasma ions onto the collector probe per discharge the impurity 
concentration in the plasma can be estimated. 

Extrapolating the results from Langmuir probe-measurements on 
CASTOP /4/ the proton fluence at a minor rcuius of 80 mm is 

21 2 estimated to be about 2x10 H/m per discharge. With this 
fluence end the deposited impurity amount of fig.5 observed after 

-4 10 discharges one gets a plasma contamination of 10 /H-atom by 
wall material and 5.1Q~ /H-atom by limiter material in experiment 
A. This estimate does not take into consideration erosion effects 
on the collector probe and is an average over all phases of the 
discharge. 

The occurence of limiter material in the plasma can hardly be 
explained by sputtering of plasma ions which should hit the 
limiter with energies similar to these observed on the collector 
surface. The observed energies, here, are much lower than the 
threshold for hydrogen sputtering of Mo /5/. Probably sputtering 
of impurity ions is the dominant process responsible for the 
release of limiter material. This assumption is supported by a 
comparison of the amount of the impurity species deposited on the 
collector samples in both experiments. With a high level of other 
impurities (0,N,Li,Ti) the released and consequently the deposited 
amount of limiter material is much higher in experiment A 
than in experiment В with the lower level of these impurities 
(see fig 4). However, by the present experiment, it is not clear 
whether the impurities injected by the erosion probe or these 
added by the admixture of the working gas are responsible for the 
enhanced release of the limiter material. 

In contrast, an enhanced release of wall material was not ob
served in experiment A, indicating that another mechanism is 
responsible for the release of wall material. 

Probably sputtering by charge exchange neutrals is the dominant 
process for wall erosion. Thiü assumption also explains the 
release of lightly bounded Li from the erosion probe in experiment 
B, in which this probe was positioned a few millimeters behind 
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the ма11. 
On the other hand the flux of energetic neutrals is not suf

ficient to release considerable amounts of Ti from the erosion 
probe at this positic.i. 

4. Conclusion 

The described preliminary experiment demonstrates the possibi
lity of the injection of nonintrinsic impurities by inserting an 
erosion probe into the plasma edge in order to study some general 
properties of the impurity flow. 

The contamination of the plasma by injected Li did not cause 
an observable effect on macroscopic plasma parameters. In con
trast, the injection of Ti led to microinstabilities of the 
plasma. Here, further experiments are necessary to disclose which 
impurity level the plasma can tolerate. 

A possibility for improving this injection technique is 
given by the selection of appropriate materials which are eroded 
mainly when the erosion probe is biased. 

Thereby it should be possible to control the amount of the 
injected material and the time of injection during the discharge. 

In the present experiment a preferred transport of the inject
ed impurities and the intrinsic ones into codirection of the 
plasma current was observed by use of collector probes. The 
asymmetry is much more pronounced than the effect correlated to 
the plasma current. 

Apart from the impurity transport an influence of added 
impurities on plasma-limiter interaction has been observed by 
enchanced fluxes of limiter material. On the other hand, the 
impurity release from the wall seems not to be influenced by 
plasma impurities. 
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Table I. 

Measured ratio of the intrinsic and injected impurity fluxes 
the ion side and to the electron side of the collector probe 
Jj/Jc and derived values (see text) for the toroidal drift 
velocities v } m p 

experiment А В 

impurities Li Ti Fe-Сг Mo Li Ti Fe-Cr 
$j/$ E 1.3 1.6 1.8 2.1 1.3 - 1.2 1 
VÍ m p/10 3m sec"1 2.3 1.3 1.8 1.6 2.3 - 0.6 1 
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Figure captions 

Fig.l Toroidal and poloidal locations of the erosion probe, 
collector probe and limiter structures. 

Fig.2 Temporal evolution of loop voltage U. , plasma current I 
and line averaged plasma density n for discharges with 
a different radial position of the erosion probe г . 

Fig.3 Radial dependence of the damage amount of the Si-collec
tors in experiment A and B. 

Fig.4 Radial dependence of the retained impurity amount of 
Fe-Cr, Mo, Си and Ti measured by RBS, after both exposures. 

Fig.5 Radial dependence of the retained impurity amount of Mo, 
Cu, Ti and Li measured by SIMS, after both experiment;:. 
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