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ABSTRACT. A new method of obtaining the temperature of highly charged carbon ions in the boundary layer of 
tokamak discharges is described. Lithium beam activated charge exchange spectroscopy (Li-CXS) has been employed 
to measure the spectral profiles of the optical radiation following the electron transfer between impurity ions and a 
neutral lithium diagnostic beam. By assuming a Maxwellian velocity distribution, ion temperatures are deduced fitting 
a Gaussian profile to Doppler broadened charge exchange emission lines. Additional line broadening caused by magnetic 
fields (Zeeman effect) and collisional P-level mixing of the upper electronic state, which may both give rise to several 
overlapping transitions of slightly different wavelengths, is discussed. The method does not depend on the presence 
of neutral injection heating beams and is therefore useful for investigating various heating situations, such as Ohmic 
discharges, beam heated plasmas and high frequency heated plasmas, as well as combinations thereof. The paper 
presents measurements of ohmically heated and beam heated discharges and discusses their implications with regard 
to the determination of the plasma D+ temperature and the amount of carbon removed from limiter surfaces owing 
to c6+ - c self-sputtering. 

1. INTRODUCTION 

Injection of a beam of fast neutral lithium atoms 
into a tokamak boundary plasma provides a wide range 
of diagnostic possibilities [ 11. Important plasma para- 
meters, such as electron densities, electric and magnetic 
fields, and densities and temperatures of highly charged 
impurity ions, can be measured by analysing the optical 
radiation following collisions of lithium atoms with 
plasma particles. Lithium beam activated charge 
exchange spectroscopy (Li-CXS), for example, gives 
access to the highly ionized states of one of the domi- 
nant impurity species in present day tokamak devices, 
namely carbon [2]. In this paper we describe the appli- 
cation of Li-CXS to the measurement of radial temper- 
ature profiles of the fully stripped C6+ in the boundary 
layer of the TEXTOR tokamak by analysing the spectral 
line shape of the charge exchange induced radiation and 
we discuss the feasibility of deriving the plasma ion 
temperature kT,+ from the data obtained for C". First 
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results are shown for ohmically and beam heated shots 
which, together with the absolute C6+ densities published 
in Ref. [2], allow to estimate the amount of carbon 
eroded from the limiter surfaces owing to physical 
C6+ - C self-sputtering, 

2. METHOD 

The method employed is based on the fact that a 
C6' impurity ion may capture the weakly bound outer 
electron of an injected fast lithium atom, which should 
preferably have energies between 20 and 30 keV. 
Considering the most probable couplings in the colli- 
sional quasi-molecule [C-LiI6+ during the charge 
exchange process, it is concluded that this electron 
will preferentially move into highly excited states of 
C5+  (n, P). Consequently, characteristic line radiation 
of this carbon ion will be emitted: 

C6+ + Lio - (C5+ + hv) + Li+ (1) 

As recently observed spectroscopically [3], this charge 
exchange process specifically leads to hydrogenic C5+ 
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enough, since the detection limit is not defined by the 
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properties of the detector but by the ratio of the beam 
produced charge exchange intensity and the radiation 
originating from the same transition, which is caused by 
charge exchange of C6+ with cold neutral hydrogen at 
the boundary and by collisional excitation of C5+ .  This 
ratio is not expected to differ significantly at 343 nm 
and 529 nm. A more detailed outline of Li-CXS, taking 
into account modelling of the beam-plasma interaction 

1 and the determination of absolute ion densities, is given 
in Ref. [2]. We concentrate here mainly on the measure- 
ment of ion impurity temperatures. For this purpose, 
we use the Doppler broadening of the charge exchange 
radiation emitted according to Eq. (1) and analyse its 
spectral profile. Under the assumption of a thermal 

L 
FIG. 1 ,  Part of the electronic energy level diagram of C5' relevant 
to the charge exchange process studied. Afier charge exchange, 
electrons are captured mainly into the 7th and 8th principal shells 
with high !-values, giving rise to optical radiation at 343 nm and 
529 nm. Owing to !-level mixing (see Section 4), all allowed dipole 
transitions can be observed simultaneously 

ions with their outer electrons in (n = 7, L' = 4...6) and 
(n = 8, l = 5...7) states (see Fig. 1). Thus, a rapid 
radiative decay process can be observed, for example 
at wavelengths of 343 nm and 529 nm. The radiation 
intensity Ix can be estimated in terms of photons/cm3 .s  
from the following expression: 

where NC6+ is the absolute density of the fully stripped 
carbon nuclei, GL, is the flux density of the fast lithium 
probing beam and ux is the charge exchange emission 
cross-section at the respective wavelength. The latter 
quantity has recently been determined experimentally 
[3]. For a monoenergetic beam of 20 keV, for example, 
values of 3.5 x cm2 
(343 nm) have been found; these values are about two 
orders of magnitude higher than the corresponding 
values for neutral hydrogen beams [4, 51. The current 
densities of the fast Lio probing beams necessary to 
ensure a C6+ detection limit of less than 10'' ~ m - ~  
may therefore be relatively low (a few mA/cm2). 
All kinds of plasma heating can thus be studied with 
Li-CXS, including pure Ohmic shots and radiofrequency 
(RF) heated shots, without the necessity of employing 
a HID heating beam, which itself would strongly 
influence the properties of the plasma. Although the 
line at 529 nm has a lower production cross-section 
because the electron transfer predominantly leads to 
(n = 7) states, we concentrate in our discussion on the 
transition corresponding to this line because of experi- 
mental convenience (glass optics and visible light 
throughout) and because the signal intensities are high 

cm2 (529 nm) and 1.2 X 

Maxwellian velocity distribution for C '+, the spectral 
line shape of a single transition is expressed by the 
Gaussian profile 

(3) 

where A. is the central wavelength of this profile and 
AA characterizes the profile width. The ion temperature 
kTc6+ is obtained from a least squares fit of AA, A. and 
a scale factor to Eq. (3) in the usual way by applying 
the relation 

(4) 

where m is the mass of the carbon atom (1.99 x 
and c is the velocity of light. 

kg) 

3. CONSIDERATION OF 
ZEEMAN BROADENING 

Two processes can alter the spectral line shape of 
the charge exchange produced light independently of 
kTc6+ and, therefore, special consideration of these 
processes is needed. In tokamak edge plasmas, we 
usually find magnetic fields of more than 2 T. Conse- 
quently, the Zeeman splitting of electronic energy levels 
and an apparent non-thermal line broadening caused by 
this effect should be examined. The Zeeman shift AAz 
of a transition wavelength A is expressed [6] by 
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TABLE I. LANDE FACTORS FOR THE 
(n = 8, P = 7) + (n = 7, P = 6) TRANSITION 
OF THE C5+ ION 

O'?-/ , , , ~ , , , , , , I - 

J = 7 %  g, = 1.067 

g, = 0.933 J = 6 %  

J = 6% g,  = 1.077 

~ J = 5% ~ g,  = 0.923 
I I 

where pB is the Bohr magneton (9.274 x 
B is the magnetic field, are the magnetic 
quantum numbers of the upper and lower levels 

= - P I ,  . . . + PI ,  2) ,  and g l ,  are Land6 factors 
of the corresponding multiplets. In Ref. [7], theoretical 
g-factors have been tabulated for doublet configurations, 
such as those of C5+ .  Table I presents values of the 
(n = 8, P = 7) - (n = 7, P = 6) transition at 529.1 nm, 
which is the most intense transition for these two shells. 
From Eq. (5) and Table I ,  the mean total splitting of 
the Zeeman lines (2Ahz) can be calculated. 

For the a-component (AM = 0), the spacing is 
negligibly small. The a-components (AM = f l )  can, 
however, show considerable splittings. In cases where 
the line intensity cannot be corrected through suppres- 
sion of the unfavourable a-component by a linear 
polarizer, or where observation is only possible in 
parallel to the magnetic field, the effect of Zeeman 
splitting on the spectral shape of the charge exchange 
line has to be studied in detail. If, however, the line 
splittings are small with respect to the Doppler width 
of the transition, as is the case for temperatures above 
30 eV and magnetic fields below 3 T,  we can simplify 
these studies by treating the total profile of all Zeeman 
lines present as a single, but broadened, 'quasi-Gaussian' . 
With the help of intensity rules for the Zeeman effect 
[8], we have computed the additional broadening with 
respect to pure thermal Doppler widths for typical ion 
temperatures and magnetic fields as expected in tokamak 
boundary regions. Thus, a derating factor qZeeman can 
be derived for the raw kTc6+ values by taking the 
square of FWHM ratios of single and multiple profiles. 
If no account were taken of the Zeeman broadening, 
the temperatures determined would be systematically 
too high. Figure 2 shows correction factors calculated 
in this way for the most intense transition between 
n = 8 and n = 7 (i.e. J = 7f - J = 6 ; )  and magnetic 
fields of 1 ,  2 and 3 T. Here, simultaneous recording 
of the a-component and the a-component perpendicular 
to has been assumed. Use of a-radiation only, for 

J/T), 

example when observation is only possible parallel to 
6, leads to even smaller derating factors. 

be known to an error of 
than 5 %  is required for the calculation of the derating 
factor at ion temperatures between 50 and 250 eV and 
magnetic fields below 3 T (see Fig. 2). At higher tem- 
peratures, the value of B,,,,, influences the value of 
vzeeman by at most 10%. In TEXTOR, the deviation of 
the orientation of the magnetic field from the horizontal 
plane amounts to a maximum of 5-7 O. If the observa- 
tion geometry is chosen perpendicular to the equator, 
the derating factors will not be much lowered because 
of relative growth of a-radiation. 

For convenience in computation, the derating 
factors -qzeeman of Fig. 2 have been fitted by the 
analytical function 

The absolute value of the total magnetic field should 
10% if an accuracy of better 

Vzeeman = a [In (kTC6+ - d)12 + b (kTcs+ - d) + C 

(6) 

where a, b, c and d represent the sets of fitting para- 
meters, given in Table 11, assuming kTc6+ in eV. 

In the boundary region of TEXTOR plasmas, ion 
temperatures of 30-300 eV are expected for ohmically 
heated discharges, while values of up to 500 eV and 
even more may be reached during additional heating. 

1 
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FIG. 2. Corrective derating factors laemon calculated taking into 
account Zeeman splitting for temperatures of C6+ measured by 
Doppler broadening of optical charge exchange radiation. Values 
for the strongest transition between the 8th shell and the 7th shell of 

, i . e .  J = 7; - J = 6; at 529.1 nm, are shown for magnetic 
fields of 1 ~ 2 and 3 T. Simultane_ous observation of the a- and 
n-components perpendicular to B has been assumed. The solid 
lines represent analytical fits according to Eq. (6) and Table II. 
The temperature axis shows non-corrected values obtained from 
the raw data by a least squares fit to a single Gaussian profile. 

c5+ , 
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From the analysis shown in Fig. 2, we realize that the 
Zeeman effect cannot be neglected in this temperature 
range. Magnetic fields of, for example, 2 T lead to 
temperature errors of + 3 % to + 25 % , depending on 
the value of kTc6+. For C6+ temperatures below about 
500 eV, the values obtained by a single Gaussian fit 
have to be corrected using Eq. (6) if a-radiation cannot 
be suppressed in the experiment by utilizing suitable 
polarization filters. 

4. CONSIDERATION OF 
P-LEVEL MIXING 

There is another process which may also give rise 
to non-thermal broadening of charge exchange lines. 
Under certain conditions, C5+ particles resulting from 
charge exchange of neutral lithium with C6+ may collide 
with other plasma ions (predominantly D+) and cause 
transfer between the different electronic P-states of the 
same principal n-shell before the charge exchange 
electrons drop to a lower level under photon emission. 
Depending on the specific plasma conditions, the inverse 
ion-ion collision frequency can be much smaller than 
the lifetime of a level with respect to radiative decay. 
This phenomenon, called ‘collisional !-level mixing’, 
is discussed in Ref. [9] for tokamak plasmas, with 
emphasis on the application of charge exchange 
spectroscopy using hydrogen heating beams. From 
Ref. [9], an empirical expression for hydrogenic ions 
can be derived which gives the critical effective quantum 
number nmlx indicating the lowest quantum level to be 
completely P-mixed, corresponding to a statistical 
population of all (e, m) sublevels: 

( q;e2 ) nmlx 2 -2.14 + 1.71 log,, (7) 

Here, q is the ion charge, kT, is the ion temperature in 
keV, N, is the electron density of the plasma in units of 
l O I 3  ~ m - ~  and Zeff is the effective ion charge. An analysis 
of Eq. (7) for typical tokamak boundary plasmas (q = 5, 
Ne between 1 x 10” and 3 x IOi3 ~ m - ~ ,  kT, between 30 
and 500 eV) shows that C5+ can be regarded as being 
completely mixed above the n = 4 shell, assuming that 
Zeff is between 1.5 and 2. Equation (7) is a linear approxi- 
mation of a more complicated relation and will be valid 
for nmix < 1 1 ,  ‘Complete mixing’ means that the popu- 
lation of all P-levels is proportional to their statistical 
weights (28 + l)/n2 at any time, regardless of the 
process by which the electrons reached the specific 
principal shell and the P-state into which they entered. 
Therefore, cascade processes originating from higher 
shells can be disregarded. Collisional P-mixing implies 
not only that a single emission line will occur after 
charge transfer but also that the whole set of allowed 
transitions between, for example, the 8th and 7th shell 
will be observed simultaneously (see Figs 1 and 3). 
These lines have to be superimposed on each other 
to form a sum profile by using their correct central 
wavelengths and relative intensities. Since the wave- 
lengths differ only very slightly, the various lines cannot 
be resolved, and the result may be treated in a similar 
way as the Zeeman line splitting in Section 3, as a single, 
broadened ‘quasi-Gaussian’ Imix(h), represented by 

FIG. 3. Spectral projiles of the most intense transitions between 
the 8th and the 7th principal shells of C”, calculated for an ion 
temperature of 50 eV on the assumption of pure thermal Doppler 
broadening. 
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FIG. 4. Corrective derating factors vp.mix due to a complete 
statistical P-miring for temperatures of C6+ measured by Doppler 
broadening of optical charge exchange radiation. The solid line 
is an analytical fit according to Eq. (6) and the fitting parameters 
a-d listed above. The temperature axis gives non-corrected values 
obtained from the raw data by a least squares f i t  to a single 
Gaussian profile. 

The sum has to be taken over all 37 allowed electric 
dipole transitions between n = 8 and n = 7, according 
to the selection rules AP = f l  and AJ = 0, r t l .  
Sp, * I (A) is a single, purely Doppler broadened Gaussian 
line represented by Eq. (3), where the central wave- 
lengths X, have been derived from atomic energy levels 
of C5+ found in Ref. [lo]. The Einstein coefficients of 
spontaneous emission, At, i: I ,  have been obtained from 
Refs [ l l ,  121, while the intensity ratios x of the fine- 
structure lines within a given P - P f 1 transition have 
been calculated according to Ref. [13]. Figure 3 shows 
the most intense spectral profiles of the n = 8 - n = 7 
transition calculated in this way, assuming an ion tem- 
perature of 50 eV. The transitions dominating the sum 
profile are those showing maximum P- and J-numbers, 
e.g. 8k7 - 7i6 or 8k6 - 7i5. The central wavelengths 
involved vary over a range of 0.15 nm, justifying the 
treatment of the sum as a single additionally broadened 
line. 

On the basis of previous considerations by Fonck 
et al. [9], a derating factor v p . m i x  due to P-mixing can 
now be computed in the same way as for the Zeeman 
effect. The corresponding values are plotted in Fig. 4, 
where it can be seen that the temperature error ranges 
from +5% to +20% if l-level mixing is neglected for 
typical edge plasma parameters, For convenience, the 
derating values vl.mix of Fig. 4 have also been fitted to 
the analytical function (6), again delivering the fitting 
parameters a, b, c and d (kTc6+ is in eV): 

a -0.008273 

b +0.1422 

c +0.3809 

d +2.868 

5, EXPERIMENTAL 

A high current fast lithium beam injector has been 
installed at TEXTOR (see Fig. 5). The device is based 
on a metal vapour ion source and can produce a Li' 
beam of 20-30 keV energy and a total current of up to 
80 mA at the acceleration grids. At the plasma boundary 
in TEXTOR, the beam diameter is 40 mm; the equi- 
valent total current after mass analysing in a focusing 
magnetic field configuration and neutralizing in a 
thermal lithium vapour cell is 5-10 mA. The resulting 
Lio beam hits the plasma edge radially with respect to 
the torus in the equatorial midplane. To discriminate 
between Li-CXS photons and radiation originating 
from the same C5+ transition, but produced by charge 
exchange with neutral atomic hydrogen in the scrape- 
off layer and by collisions of CJ f  with plasma particles, 
the arc voltage of the discharge chamber of the ion 
source is pulsed with a frequency of 250 Hz. Conse- 
quently, a chopped Lio beam superimposes a charge 
exchange modulation upon the more or less continuous 
background radiation. In TEXTOR the beam has a mean 
penetration depth of typically 25 cm into ohmically 
heated plasmas and roughly 15 cm into additionally 
heated discharges, depending on the plasma parameters. 

Analvsino Nwtrahzation Faradav Cuo ill .'I ,- , -  

cy Magnet 

\ -  1; 'I - I  - 

FIG. 5. Set-up of the Li-CXS experiment at TEXTOR: 
Generation and injection of the neutral lithium probing beam. 
A detailed description is given in Ret [I4]. 
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FIG. 6. Set-up of the Li-CXS experiment at TEXTOR: 
Detection of the optical radiation due to the interaction of 
the neutral lithium probing beam with the edge plasma. 
Spectrometer: 1200 lineshm; blazed at I400 nm, aperture 1:5.5; 
apparatus width 42 pm at 529 nm; accessible: 380-800 nm; 
scanning frequency 4 Hz. 

A more detailed description of the properties of the 
injector and the technical features is given in Ref. [ 141. 

The optical charge exchange radiation is detected 
spectrally and spatially and/or is resolved in time by 
means of a photomultiplier tube (PMT) and a large 
aperture (1 : 5.5) spectrometer with a focal length of 
800 mm, situated outside the TEXTOR bunker and 
coupled to the plasma by means of a low-loss quartz 
fibre optical light guide of 10 m length (see Fig. 6). The 
spectrometer is fitted with a grating of 1200 lines/", 
in first order blazed at 1400 nm. A spectral scan is 
obtained by shifting the spectrum across the exit slit of 
the instrument by means of an electrically driven scanner 
consisting of a rectangular, 30 mm thick, glass block 
which can be tilted by maximally 1 1 5 " .  During the 
experiments described below, the entrance slit was 
adjusted to a size of 0.1 X 10 mm. The measured 
apparatus width of the device was 0.042 nm at a wave- 
length of 529 nm, allowing the ion temperatures to be 
determined to values as low as about 30 eV. A complete 
spectral scan can be made within 125 ms (scanning 
frequency 4 Hz). Close to the entrance slit of the 
spectrometer, a dichroic beam splitter separates the 
wavelengths below and above 600 nm. An appropriate 
interference filter with a central wavelength of 670.8 nm 
permits observation of the basic Lio resonance line and 
thus determination of the beam attenuation [2]. The 
absolute signal intensity of the charge exchange line at 
529 nm is not lowered by this measure. To improve the 
signal to noise ratio, several spectra are averaged over 
the stationary phases of TEXTOR discharges, the detec- 
tion line being at a fixed radial position, which is altered 
stepwise from shot to shot. Radial scans may, however, 

be obtained by means of an electrically driven tilting 
mirror with frequencies of up to 4 Hz. The various 
raw data signals [2] are digitized by an eight channel 
ADC, employing a sampling rate of 10 kHz and a 
resolution of 12 bit. The experimental data are stored 
on a VAX 8800 computer for further digital after-shot 
processing. 

6. RESULTS 

To demonstrate the capabilities of Li-CXS, we show 
in Figs 7 and 8 radial profiles of the C6+ ion temperature 
as measured by the method outlined in the previous 
sections, for different plasma regimes. Each profile 
was obtained in a series of reproducible TEXTOR 
discharges because, at present, only a single radial 
location is recorded during one shot (see Section 5). 
Common features of all the discharges under investiga- 
tion are a plasma current of 340 kA and a toroidal 
magnetic field of 2.25 T. The plasma edge was defined 
at a minor radius of 46 cm by the toroidal belt limiter 
ALT 11, which consists of eight movable blades, and 
covers almost the whole inner circumference of the 
torus, being located at a poloidal angle of -53" below 
the equatorial midplane. The main poloidal limiters were 
withdrawn during all shots. 

Figure 7 shows a radial ion temperature profile 
of C6+ for a 'standard Ohmic' discharge with a long 
flat-top phase of more than two seconds. The charge 
exchange line profiles were integrated over the entire 
stationary plateau. The line averaged central electron 

300 

: 200 
PI 
J 
c m 
0 

E 100 
I- 

O 
30 32 34 36 38 40 42 44 46 48 50 

Plasma Radius Ccml  

FIG. 7. Radial ion temperature projle of C6+ during the pat-top 
phase of an ohmically heated TEXTOR D2 discharge compared with 
the electron temperature. The line averaged central electron density 
was 3 x 1013 cmM3. 
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FIG. 8. Radial ion temperature projles of C6+ during hydrogen 
beam injection of 1.7 MW into H2 and D, plasmas with a line 
averaged central electron densio of 2.5 X 10” For 
comparison, the electron temperature as measured by laser 
ablation of multilayer targets in the scrape-off layer for D2 
discharges is shown. 

density was 3 x l O I 3  ~ m - ~ .  Also plotted, for comparison, 
is the electron temperature obtained from electron cyclo- 
tron emission [15] and by means of another atomic beam 
method - laser ablation of multilayer targets [ 161. Well 
inside the limiter position, at r = 35 cm, the electron 
temperature matches the C6+ temperature quite dell; 
however, near the limiters, at r > 42 cm, kTc6+ exceeds 
kT, by roughly 50-100%. 

TEXTOR plasmas with additional heating by injection 
of hydrogenic neutral beams have also been studied. 
We have used co-injection at a power of 1.7 MW into 
deuterium and hydrogen plasmas with a line averaged 
central electron density of 2.5 X l O I 3  ~ m - ~ .  Using 
different discharge gases (D2 and H2), we have studied 
the appearance of the ‘isotopic effect’ [17], also with 
regard to impurity ion temperatures. Figure 8 shows 
kTc6+ profiles for the neutral injection phase of these 
shots. Near the limiters, the two kinds of plasma show 
almost no difference in temperature between the addi- 
tional heating phase and the Ohmic pre-phase; the 
temperature profile for the latter phase is very similar 
to that for pure Ohmic heating shown in Fig. 7 for D2 
and is therefore not contained in Fig. 8. Inside a minor 
radius of 42 cm, however, the carbon temperatures rise 
during neutral beam injection (NBI) heating by more than 
a factor of two with respect to Ohmic heating. The fact 
that the edge temperatures remain low during NBI can 
be explained by an elevated electron density in this phase 
and an increased carbon concentration, both leading to 
enhanced cooling of the plasma boundary. In all heating 
phases studied, the C 6 +  edge temperatures measured 

in the hydrogen discharges are elevated by a factor 
of up to four compared to the deuterium shots. Inside 
r = 38 cm, however, no major difference between H2 
and D2 can be seen. A similar isotopic dependence has 
been found previously for electron temperatures in 
Ohmic TEXTOR discharges [ 181. The impurity ion 
temperatures roughly match the electron temperatures 
during NBI heating, at least for deuterium plasmas 
directly in the boundary (see Fig. 8). 

7 .  CONCLUSIONS AND SUMMARY 

Some interesting conclusions can be drawn from 

(1) We can compare the C6+ temperatures obtained 

these proof of principle measurements. 

by means of Li-CXS with other plasma temperatures. 
The equipartition time teq, i.e. the time necessary to 
equilibrate the Maxwellian temperatures of two 
different particle species “ f ”  and “z” by collisions, 
is derived from Spitzer [19]: 

7.34 x lo6 AfA2 (9 + 33’2 
(9) N f Z f Z i  lnA teq [SI = 

with 

A =  1.55 X 10” J (k;\T:)’ 
Zf ZZ 

Af.2 denote the atomic masses (in amu) and Zf,2 denote 
the nuclear charges of the respective particles, Ne is 
the electron density and Nf is the density (in ~ m - ~ )  
of the dominating species f (‘field particles’, here 
NC6+ 4 Nf = Ne = N,,), kTe,f,2 are the tempera- 
tures of the different species (in eV). Assuming typical 
Ne and T, profiles for the TEXTOR boundary, i.e. 
1 X loL2 to 3 x l O I 3  and 30-500 eV, and taking 
kTf = kT2 = kT,, we calculate from Eqs (9) and (10) 
an equilibration time of 27-53 p s  for C6+/D+ colli- 
sions, while we obtain 1.3-2.5 ms for collisions between 
C6+ and the plasma electrons, using Af = 1/1823. To 
reach thermal equilibrium, the collision partners under 
consideration must remain in the plasma boundary for 
at least teq, i.e. the time of equipartition has to be small 
with respect to the edge confinement times, which have 
been determined to be of the order of 1 ms in TEXTOR. 
Accordingly, the C6+ ions have sufficient time during 
their stay in the plasma edge to reach a temperature 
equilibrium with the plasma deuterons. Thus, Li-CXS 
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is an excellent tool for determining the ion temperature 
of a fusion edge plasma with reasonable spatial and 
perhaps temporal resolution because, instead of D+ , 
we can analyse an impurity species, which is more 
easily accessible by means of optical methods. However, 
C 6 +  particles need considerably more time to reach 
equilibrium with the plasma electrons. In this case, 
t,, may exceed the edge confinement time by more 
than a factor of two. Consequently, kTc6+ is not 
expected to be equal to the electron temperature 
under all circumstances, as can be seen, for example, 
in Fig. 7,  especially at minor radii >40 cm. 

(2) We can estimate the amount of physical C6+  - C 
self-sputtering that contributes to the erosion of limiter 
surfaces by applying a simple model. C6' ions will be 
accelerated towards neutral solid structures by a plasma 
sheath potential of 6 X 3kT,. In the Ohmic case (see 
Fig.7) we have kT, = 25 eV at a limiter position of 
r = 46 cm, leading to a potential of 450 eV. Hence, 
the stripped carbon nuclei hit the ALT I1 limiter blades 
with mean energies [20] of (E )  = 6 X 3kT, + 2kTc6+ 
= 550 eV, using kTc6+ = 50 eV as measured at the 
limiter radius. The flux density ipC6+-c of sputtered 
neutral carbon due to C6+  bombardment can be expressed 
according to Ref. [21] as 

with 

being the ion acoustic velocity at the plasma sheath. 
NC6+ denotes the absolute density of C6+ ,  and Y((E)) 
is the carbon self-sputtering yield. 9 is the mean angle 
between the ALT I1 limiter surface and the magnetic 
field lines, corresponding to the orientation of ion 
bombardment. The value of 9 has been determined 
by means of numerical modelling [22] to be 88.9", 
averaged over the surface of a single ALT I1 blade. 
Using the C6+ densities published in Ref. [2] for 
the same type of Ohmic shots as studied in Fig. 7 
(2.4 x 1Olo cm-3 at the limiter radius), as well as the 
self-sputtering yields published in Ref. [23] for normal 
incidence (Y = 0.30 at an ion energy of 550 eV, 
neglecting geometric surface structures) and an ion 
acoustic velocity of 2.5 X IO6 cmas-l, taken from 

Eq. (12), we derive a flux density of sputtered carbon 
of 3.7 x loi4 cmW2.s-', which is exclusively caused 
by C6+ irradiation. 

The total fluxes of neutral carbon released from 
the ALT I1 surface have been measured in parallel 
by means of optical emission spectroscopy [24, 251, 
delivering an absolute value of 3 x loi5 cm-2.s-1, 
Therefore, fully stripped carbon nuclei are estimated 
to contribute to the erosion of the ALT I1 surface up to 
12% during the Ohmic shots studied. A more sophisti- 
cated investigation, taking into account also bombard- 
ment by lower ionization states of carbon and carbon 
release by deuterium irradiation, seems feasible, 
employing Li-CXS also for other types of discharges; 
this is, however, outside the scope of the present paper. 

plasmas of present day tokamaks, which have electron 
densities between 1 X I O i 2  and 3 X 1013 ~ m - ~ .  In these 
tokamaks, beam penetration depths of more than 20 cm 
can easily be achieved with acceleration voltages below 
30 kV, which can still be handled safely from the 
engineering point of view. Considering, however, a 
hypothetical application of Li-CXS to NETATER, the 
beam energy has to be increased to approximately 
300 keV in order to maintain a length of 20 cm 
(assuming a central Ne of 5 X lo i4  ~ m - ~ ,  a central 
T, of more than 8 keV, a minor radius of 2.15 m and 
parabolic profile shapes). In spite of these problems 
the development of an appropriate lithium beam source 
delivering a current density of at least 10 mA/cm2 
would be a technical challenge, because the basic 
understanding of impurity transport in boundary 
plasmas, being a major topic of today's tokamaks, 
could perhaps be improved with this kind of diagnostic 
method applied to a future machine. 

Li-CXS is especially suited to investigate edge 

In summary, we have demonstrated the potential of 
Li-CXS to measure temperatures of C6+ impurity ions 
in the outermost 15 to 20 cm of ohmically heated and 
beam heated TEXTOR discharges. We have shown 
that the values obtained can be considered to be equal 
to those of deuterium or hydrogen ions. A first attempt 
to quantitatively analyse the C6+ - C self-sputtering 
on limiter surfaces shows that a fraction of roughly 
12% of the total carbon erosion originates from this 
specific process during the stationary flat-top phase of 
medium density Ohmic shots. Thus, besides delivering 
absolute density profiles of highly charged impurity ions, 
which is of relevance in verifying the theoretical 
modelling of edge transport [26], Li-CXS seems to be 
capable of contributing also to the study of impurity 
release. 
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