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Noticeable correlations were observed between the changes of dis-
charge characteristics, wall conditions and typical mass peaks with
discharge cleaning in the JFT-2 tokamak. Atomic composition of the vacuum
wall surface observed by AES beccmes constant with continuing discharge
cleaning in the level except hydrogen and helium: 30-50 Z C, 20-30 % Mo,
15~-30 % stainless steel elements and 10-15 % 0. The stable reproducible
plasma with Zgfg=4.5 was obtained in this wall condition. The limiter
and vacuﬁm wall materials (Mo and 304 stainless steel, respectively),
carbon and oxygen were observed depositing on the wall in the thickness of
about 300 A at the minimum inner radius of the vacuum chamber and 40 A
nearly at the maximum after 2900 cleaning pulses. The mechanism determin-

ing the wall condition is also discussed.

*) On leave from Research and Development Centre, Tokyo Shibaura
Electric Co., Ltd.
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1. TINTRODUCTION

Plasma-wall interaction plays an important role in the present
tokamak discharges and will be more important in future large tokamaks
with higher plasma temperatures and longer discharge durations. Impurity
concentrations in the plasma should depend on the plasma characteristics,
especially at the boundary region, and the surface condition of the limiter
and vacuum wall. A well conditioned wall surface should therefore be
necessary for attaining a stable plasma with low impurity concentrations.
Baking: of the vacuuﬁ chamber andfor discharge cleaning have been employed
for the purpose in current tokamak devices. It has been shown in the ATC
that an active metal coating evaporated onto the surface of the vacuum
chamber i1s a simple technique to reduce the impurity concentrations in
the plasma [1].

In this paper the effect of discharge cleaning in the JFT-2 tokamak
is studied by observing the changes with cleaning pulses in the discharge
characteristics, the surface compositions of the samples located at the
vacuum wall and the typical mass peaks. We also discuss the mechanism
determining the condition of the vacuum wall surface in view of the
observed depth profiles of atomic compositions in the samples.

The same kind of research was recently iniciated in the PULSATOR
[2,3] mainly as to the material transport during discharges, and the
deposition of the limiter and wall materials and oxygen has been observed
on the target exposed to the plasma. The wall problems of the Inter-
secting Storage Rings (ISR) at CERN have been studied [4]. Some cleaning
methods for stainless steel including glow discharge cleaning have been
studied by SIMS and AES with a view to providing a clean wall surface with

low gas desorption under ion bombardment [5].

2. EXPERIMENTAL DETAILS

The J¥FT-2 device has been described in detail elsewhere [6] except
that the toroidal magnetic field has been increased up to 18 kG. This
experiment was performed in baking the vacuum chamber and following
discharge cleaning after openning the torus to air for three monthes
(Sep. - Dec.; 1975). The base pressure, 5 x 1078 Torr, was obtained after
baking the chamber itself at 150 - 200°C and the observation sections at
about 80°C. The pumping speed by a turbomolecular pump with a liquid
nitrogen trap is about 1000 1/sec in high vacuum pressure ('J_O_L+ - 107°

Torr) but is decreased to 100 -200 1/sec at the base pressure. The
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discharge conditions for cleaning are: toroidal magnetic field = 6-7 kG,
filling pressure = 2 x 1074 Torr {(hydrogen); plasma current = 100 KA; and
repetition time = 1-1.5 min. The total cleaning pulses are 2900 shots.

The discharge characteristics were measured at the typical stages
of discharge cleaning in the same conditions as in cleaning pulses
except that the toroidal magnetic field is 14 kG. We observed the
electron temperature and demsity profiles vertically at ¢ = 270° {starting
clockwise from the limiter) by Thomson scattering; the latter also
horizontally at ¢ = 180° by a microwave interferometer; and radiation
losses at ¢ = 180° by a silicon thermister bolometer [19].

The surface compositions of the samples were measured by Auger
Electron Spectroscopy (AES) at the outer side of the toreidal field coils
{4 =90°), using the movable mechanism of the samples as shown in Fig. la.
The Auger electron spectrometer is a standard cylindrical mirror analyzer
(Physical Electronics Inc.). The primary electron energy for AES is
4 keV. The samples of 304 stainless steel and molybdenum are located as
shown in Fig. 1b, simulating the wall at the minimum and maximum inner
radius of the wvacuum chamber (304ss bellows). The vacuum pressure in the
chamber for AES measurement is 107° -1077 Torr. The depth profiles of
atomic compositions in the samples were also measured after discharge
cleaning, using Auger/sputter techniques [7] in the standard system of
the method (Physical Electronics Inc.). The argorn ion beam was used for
sputter—etching in the conditions: Ar pressure = 5 X 103 Torr; beam
energy = 2 keV; and emission current = 15 or 30 mA. The base pressure of
the system is 1079 Torr.

The time dependence of the mass peaks which are identified to be CH?
and CHI from the mass spectrum, was measured in the intervals of dis-

charges by a quadrapole mass filter located at the evacuation port (6 =0°%).

3. THE EFFECT ON DISCHARGE CHARACTERISTICS

The time behaviours of the loop voltage and total plasma current
including the liner one drastically change with cleaning pulses as shown
in Fig. 2. The initial resistive plasma becomes inductive within 500
shots as observed in the decrease of loop voltage and the increase of
current duration. The time behaviours change gradually thereafter and
become constant at aghout 1500 shots. TFigure 3 shows the changes with

cleaning pulses in the central electron temperature, the plasma resistance

at the peak of plasma current and the radiation losses integrated
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temporally during the discharge and spatially on the assumption that the
digtribution is homogeneous over the wall. The former increases and the
latter two correspondingly decrease with cleaning pﬁlses. This suggests
that the impurities in the plasma considerably affect the discharge
characteristics at the initial stages of discharge cleaning.

7 The discharge characteristics at the end of discharge cleaning (after
2500 shots} are shown in Fig. 4. Fig. 4a shows the time behaviours of
loop veltage, plasma current, mean line-of-sight density and peak
electron temperature and Fig. 4b the electron density and temperature
profiles at the peak of plasma current, 22 msec after the start. From
these results, the energy confinement time ty is 3.2 msec on the assumption
that the ion temperature is one third of the electron, the poroidal beta
for electrons Bpe is 0.17 and the effective lonic charge Zeff is 4.5 with
the effect of trapped-particles included, assuming that the current
distribution is proportional to Te(r)3/2 and Zeff 1s constant over the

plasma column.

4. CONDITIONS OF THE VACUUM WALL
(A) SURFACE COMPOSITION

Quantitative analysis with AES is not fully established yet, but
semi-quantitative analysis is possible with the 2id of standard spectra
of the elements as published in a handbook [8]. In this methed the
relative atomic content Rj, denoted by atomic percents, of the element 1

except hydrogen and helium is obtained by [9]:

Pas n p.
Ry = =/ F — x 100 (1)
Si i=] Sl

where P{ and S4 are the observed Auger peak height and the relative yield
of Auger electrons in each main peak, respectively, and n is the number
of the observed elements. Here we assume that the Auger peak shape, the
escape depth of Auger electrons and the influence of backscattering on
the relative yield in each element are the same as in the cases of
standard spectra. The accuracy of the method is expected to be within a
factor of two [9].

The surface composition except hydrogen and helium in the samples
located at the vacuum wall (Fig., 1b)} changes with cleaning pulses as

show» in Fig. 3. The surfaces are covered by carbon and godium in the
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composition of more than 90 atomic percent (#/5) before discharge cleaning.
This initial contaminated layers are removed with continuing discharge
cleaning and then the surface composition is saturated in the level of
30-50 #/oC, 20-30 ¥yMo, 15-30 ¥, stainless steel elements and 10-15 %/,0
after 200-500 shots in the samples located at the minimum inner radius of
the vacuum chamber and 500-1000 shots in the one located nearly at the
maximum.

Comparing these results with the changes of the discharge characte-~
ristics (Fig. 2), we may consider that the drastic changes of the discharge
characteristics observed in the initial 200 shots and succeeding 300 shots
are mainly caused by conditioning of the wall near the minimum and maximum
inner radius of the vacuum chamber, respectively. We have not enough
regults to discuss the following gradual changes up to 1500 shots, but
homogeneous conditioning throughout the torus may be necessary for obtain-
ing the stable discharges without negative voltage spikes.

We had apprehensions of misunderstanding the surface composition by
adsorption of the ambient gas species and deposition of carbon under
electron bombardment for AES, since it took 1-2 hours to measure the four
samples. These effects were examined in the standard AES/sputter system.
After the samples of 304 stainless steel and molybdenum were cleaned by
sputter-etching, they were exposed to the almost same wvacuum, 2x1077 Torr,
as at the measurement in JFT-2 and to electron bembardment for AES in the
same vacuum. Fig. 6 shows the time dependence of the surface composition
in these processes. Exposed to the vacuum, the cleaned surfaces of both
samples are covered with carbon by 20 - 30 4/, and oxygen by 52, in
less than a minute and have no change thereafter. Exposed to electron
bombardment, the molybdenum surface 1s gradually covered with carbon up
to 60 2/, in 30 minutes. The deposition under electron bombardment cannot o
be found in the other cases such as carbon or oxygen on the stainless
steel surface and oxygen on the molybdenum, since there exists no dif-
ference between the results of adsorption and deposition.

These results suggest that the adsorption of ambient gas species
cannot considerably affect the data of surface composition (Fig. 5),
since it will be almost saturated in the interval of cleaning pulses
(1-1.5 min). On the contrary, the deposition of carbon on the molybdenum
curface under electron bombardment affects the data in such a poor vacuum
pressure for AES measurement as used in J¥T-2. The radiation time of

primary electron beam was therefore shortened in the measurement as far

as possible.
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(B) DEPTH PROFILES

Quantitative analysis with Auger/sputter techniques is not fully
established for mixed layers, since etching speed is difficult to be
estimated and preferential sputtering at etching is inevitable [7]. But
we perform it for semi-quantitative discussion, estimating the former from
the data for each element and neglecting the latter effect.

Figure 7 shows the depth profiles of atemic compositions in the
samples (Fig. 1b) except Mo-B observed after discharge cleaning. Though
the samples were exposed to air for three days before the measurement, the
contaminated layers on the surface mainly composed by oxygen and sodium
is only about 10 A in thickness. Under them there exist the deposited
layers of the typical atomic compositiom: 40- 503/ Mo, 20-30%/, C,

10 -15 2/, Fe, 5-10 %&,o, and 1 -5 8/5 Cr and Ni. TIn deeper regions there
seem to exist semi~bulk layers of each metal (Mo or 304 ss) which contains
carbon by 10 &/ in every samples. In bulk layers of 304 stainless steel
carbon content should be the same order as estimated from the chemical
composition (0.06 %C) [11].

The etching speed of argon don beam (2 keV, 15 mA) is 11 ﬁ/min for
molybdenum and 17 A/min for iron [10}. If the thickness of the deposited
layers in the stainless steel samples is defined by the depth where
molybdenum content is decreased to 10 &8/,, it is 300 ; for 55-B located

L+
at the minimum inner radius of the wvacuum chanber and 40A for SS-B located

nearly at the maximum on the assumption that the etching speed of the
layer is 15 A/min. The deposited layers in Mo-A are similar to those

in §5-A except that the initially adsorbed sodium remains by about 10 2/p
at the depth corresponding teo initial surface and the decrease of iron
content in the layers between the deposited and semi-bulk layers is
steeper than that of molybdenum in the same layvers of $5~A. The detailed

data of Mo-B was not obtained, but it was confirmed that the thickness of

the deposited layers is the same as in the case of S$S-B.

The mechanism in which the deposited layers are produced may he that
the atoms of the limiter and wall materials, leaving each place by
interaction with the plasmas, arrive at the wall as ions and the gas
species of carbon and oxygen are adsorbed by the active surface in the
intervals of discharges. The limiter material may enter into the plasmas
by either sputtering due to ions or evapolation caused by localized
temperature rise and the wall material mainly bv sputtering due to charge
exchange neutrals. The particles arriving at the wall are considered to

be ions from the fact that the thickness of the deposited layers in the
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sample SS-A is about ten times as large as im SS-B. This well corresponds
to the results in PULSATCR [3].

The sources of carbon and oxygen should exist in the vacuum chamber,
since the contents o¢f carbon and oxygen become constant with continuing
discharge cleaning in the surface composition (Fig. 5) and they are also
constant cover the deposited lavers (Fig. 7). The sources méy be the
ambient gas species, considering that gas species including carbon and
oxygen seem to be adsorbed by the surface in view of the difference of
molybdenum content in the region of 20 A from the surface. We can
estimate this difference by applying that the escape depthes of Auger
electrons from melybdenum atom are 5 A and 20 A for the energy of 221 eV
and 2044 eV, respectively [9]. Calculating molybdenum content with these
two Auger peaks, it is suggested that the molybdenum content in the region
of 20 E from the surface is a few times as large as in 5 E, or more
carbon and oxygen exist in shallower repion from the surface. The adsorp-
tion may also be the reason why the carbon or oxygen content in the
surface composition (Fig. 5) is larger than those in the deposited layers
(Fig. 7).

Tﬁe adsorbed carbon seems to form carbide by successive recycling
between the plasmg and the wall, since Auper peak shape of carbide [12]
was observed in the measurement of the depth profiles and of the surface
composition after more than several hundreds of cleaning pulses.

The total amount of deposited material for 2900 cleaning pulses at
the sample SS-A is nearly 6 x 1016 Mo atoms/cm2, 3 x 101 atoms of
stainless steel elements/cmZ, 1017 C atoms/cm?, and 1616 0 atoms/cm?.

If we assume that the molybdenum particles are deposited unifeormly in
toroidal direction, the total deposited amount per discharge throughout

the torus is about 10°% atoms. This nearly corresponds to a tenth of

total plasma particles.

As for carbon and oxygen, assuming that they are adsorbed with the stick-
ing probability of 0.1 during discharge cleaning (4 days), the necessary
partial pressure for deposition is about 10™% Torr for carbon species and
1010 Torr for oxygen species which can be expected from the mass

spectrum at the base pressure shown in Fig. 9.

5. OBSERVATION OF MASS PEAKS

The effect of discharge cleaning has been studied by observing the

changes of mass peaks with cleaning pulses including their differences

— 6 —
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between before and after the discharge {13]. In this experiment we found
that CH, released from the wall surface by the discharge is almost
evacuated, since the mass peaks of m/e = 15 and 16 were observed to
increase instantaneously by the discharge and then decrease in accordance
with the evacuating speed. Such phenomena were not observed in the other
mass peaks, m/e = 18, 28, 32, 44 and so on. The peak heights generated
by the discharge rapidly decrease in initial 500 shots and become constant
thereafter as shown in Fig. 8a. This result is simiiar to the carbon rate
change in the surface composition (¥Fig. 5). We can well understand this
similarity, considering that the peak heights should correspond to the
sources of CH; on the wall surface.

We have another same kind of data shown in Fig. 8b which were
obtained in helium discharge cleaning performed before. The result is
similar to that of hydrogen discharge cleaning (Fig. Ba) except that more
cleaning pulses are necessary for attaining the nearly constant peak
heights.

The constancy of the peak heights observed in both cases suggests
that the sources of CHy exist in the vacuum chamber. This may be
correlated with the sources of carbon and oxygen in the deposited layers
(Fig. 7). As described before, these sources may be the ambient gas
species in which considerable amount of water and acetone exist as
identified from the mass spectrum at the base pressure shown in Fig. 9.
This may be caused by the low baking temperature (~80°C) of the observation

gsections.

6. CONCLUSION AND DISCUSSION

It has been shown that there exists noticeable correlation between
the changes of discharge characteristics, wall conditions and methane
emission by the discharge with discharge cleaning using low toroidal
magnetic field. The surface condition of the vacuum wall becomes constant
with continuing discharge cleaning and the stable reproducible plasma with
Zoff = 4.5 was obtained in this saturated wall condition. The discharge
characteristics, especially Zeff’ will not be further improved by continu-
ing discharge cleaning.

The limiter and wall materials, carbon and oxygen deposit on the
samples exposed to the plasma at the vacuum wall during discharge cleaning.
Considering the results throughout this paper, the saturated level of the

wall condition may be determined by deposition of the metallic materials

e
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during the discharges and adsorption of the ambient gas species in the
intervals of discharges.

In order to obtain a clean wall surface by discharge cleaning, it is
necessary to suppress contamination by the ambient gas specles. Higher
vacuum, higher wall temperature and using more continuous discharges such
as radio frequency and glow ones are preferable for suppreésing adsorption.
Filling gas species for discharges are also important for producing
volatile materials on a wall surface.

Considering from the results of this paper, in-situ coating of the
first wall by suitable material is anether potential method for cbtaining a
clean wall surface as shown in the ATC [1].

The existence of oxygen and carbon as impurities in the plasmas has
been confirmed in JFT-2 [6, 14] and it was recently shown that the main
impurity mav be oxygen [18] as observed in other tokamak devices [15, 16].
It is still an open problem why more oxygen is desorbed from the wall
than carbon in spite of less oxygen on the wall surface. A possible
mechanism is chemical effect such as HoO formation on the wall surface by
particle bombardment [17].

It is interesting from another point of view that the strongly
adsorbed carbon, supposed from the fact that the Auger peak shape of
carbide was observed, may have a small desorption yield with plasma-wall
interaction, comparing with the case of adsorbed oxygen. This may
suggest that the metal, which strongly adsorbs carbon and has negligible

oxygen on the surface, is feasible for the first wall.
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Fig. la Schematic view of the system for surface cobservation
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Fig. 1b Location of the samples exposed to the plasma
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Fig. 4a The time behaviours of plasma current Ip, loop
voltage Vy, mean line-of-sight demnsity <ng>, and
central electron temperature Te(0) after 2500 shots.
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