


DRFC-SCP EUR-CEA-FC-1060 

SPECTROSCOPIC STUDY OF OHMICALLY 
HEATED TOKAMAK DISCHARGES 

C. BRETON C. DeMICHELIS M. MATTIOLI 

July 1980 ^ r ^ 0 Q ^ [ ^ ^ 

Presented by M. MATTIOLI at thfc Xth Summer School and Symposium on the Physics of 
Ionized Gases (SPIG 80) Dubrovnik, Yugoslavs, August 25-30,1980 
(to be published in the Proceedings of the School) 



SPECTROSCOPIC STUDY OF OHMICALLY - HEAÏED TOKAMAK DISCHARGES 

C. BRETON, C. DE MICHELIS, M. MATTIOLI 

ASSOCIATION EURATOM-CEA SUR LA FUSION 
Dépurtement (te Recherches sur lu Fusiun Contrôlée 

Centre d'Etudes Nucléaires 
Boite Postale n° (,. 92260 FONTENAY- AUX - ROSES (FRANCE) 

ABSTRACT 

Tokamak discharges interact strongly with the wall and/or the cur

rent aperture limiter producing recycling particles, which penetrate into 

the discharge and which can be studied spectroscopically. Working gas 

(hydrogen or deuterium) is usually studied observing visible Balmer lines 

at several toroidal locations. Absolute measurements allow to obtain both 

the recycling flux and the global particle confinement time. With suffi

ciently high resolution the isotopic plasma composition can be obtained. 

The impurity elements can be divided into desorbed elements (mainly oxygen) 

and eroded elements (metals from both walls and limiter) according to the 

plasma-wall interaction processes originating them. Space-and time-resolved 

emission in the VUV region down to about 20 A will be reviewed for ohmi-

cally-heated discharges. The time evolution can be divided into four phases, 

not always clearly separated in a particular discharge : a) the initial 

phase,lasting less than 10 ms (the so-called burn-out phase), b) the period 

of increasing plasma current and electron temperature, lasting typically 

10 - 100 ins, c) an eventual steady state (plateau of the plasma current 

with almost constant density and temperature), d) the increase of the 

electron density up to or just below the maximum value attainable in a 

given device. For all these phases the results reported from different 

devices will be described and compared. 
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1. INTRODUCTION 

A Tokamak is an axisymmetrical toroidal system in which a hot and 
rather dense plasma is confined within a poloidal magnetic field B 
created by a current I flowing through it (typical values are 
I "V 100 - 500 kA and B " ^ 1 - 5 kG). The plasma column remains stable P P 
against magnetohydrodynamic motions provided a strong toroidal magnetic 
field B_ (some tens of kilogausses) exists uithin the plasma. The magne
tic field lines formed by the superposition of poloidal and toroidal 
fields are helices which revolve around a toroidal axis on surfaces 
called the magnetic surfaces (see figure 1). 
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Fig. I : Magnetic configuration in a Tokamak 
device. 

The toroidal field B_ is produced by external coils surrounding the 
plasma column, whereas the plasma current is produced by an inductive 
coupling with coils which have the same axis as the torus. Plasma expan
sion along the major radius is prevented by a programmable vertical ma
gnetic field B_. The current channel is limited by a limiter tangent to 
the magnetic surface with minor radius r « a (the most used materials 
are tungsten, molybdenum, stainless steel or similar alloys, and carbon), 
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the* vacuum chamber liner has a radius b larger than a ; Lhe region in 
between is callod the scrape-off layer. Comprehensive reviews can be 
found in Refs. I 1-2 1 as far as the physics of the discharge is concer
ned, and in Ref. I il as far as the needed diagnostics are concerned. 

The eli'i-tron density, n (r), has generally a roughly parabolic 
radial profile within the limiter radius, with peak values n (o) ^ 

1 4 - 3 e 

(0.3 - 10) x 10 cm s the electron temperature profile, T (r), is 
somewhat narruwer, often exhibiting a flat top, with peak values 
T (o) "^0.8 - 2 keV. Since in ohmically-heated discharges the electrons 
are heated by the current I and since the ions are heated through 
electron-ion collisions, the ion temperature T. is lower than or equal 
to the electron temperature [typically T.(o) "*•* - •* T (o) in low den
sity discharges (with T.(r) profiles resembling to the n (r) profiles) 
and T.(o) ^ T (o) at the highest electron densities 1 . Two very impor
tant features of Tokamak discharges are the power and particle input 
distributions (the latter input being the ionization of particles that 
either are deliberately added during the discharge or result from re
cycling of plasms neutralized on the limiter or on the walls). In a 
steady state situation electrical conductivity, current density and 3/2 power input density all behave as T (r) , i.e. the ohmic power is 
deposited predominately near the center (typical peak values are in 

3 
the uatt/cm range), the peripheral plasma being heated either by con
vection or by thermal conduction. On the other hand, the particle input 
occurs predominately near the periphery. 

Besides the base gas ions (generally protons or deuterons) the 
plasma contains impurity ions ; ions of elements as heavy as tungsten 
or gold have been detected. These elements are produced by interaction 
with the limiter or the liner (these interactions are generally referred 
to as plasma-wall interaction phenomena [41 ). Impurities can be broadly 
divided into two classes according to the mechanism responsible for their 
production : i.e. desorption and erosion. Impurities affect the plasma 
mainly by determining the effective charge Z „ = J] ! n /n (where the 
sum is over all the existing ions of charge Z and density n ) and the 
radiated power. Z -* enters into the formula of the resistivity, i.e. it 
plays a role in shaping the plasma current and, consequently, the in
put power distributions. The radiated power can be an important loss 
channel in the electron energy balance. Other effects of impurities are 
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changes in collisional transport coefficients across the confining ma
gnetic field and reduction of the ratio n. /n (n, being the proton or 
deuteron density), chus reducing the neutron yield of deuterium plasmas 
at a given electron density. 

In section 2 we shall describe studies of the working gas emis
sion ; Balmer lines are generally observed in the visible at several 
toroidal locations. Absolute measurements allow the flux of recycling 
particles at the edge of the plasma and the global particle confinement 
time T to be estimated. By using sufficiently high spectral resolution 
(e.g. capable of separating the H and D lines),it is also possible to 
perform isotopic exchange experiments. 

In section 3 impurity line emission (down to about 20 A) from 
ohmically-heated discharges will be studied. A few recently developed 
highly sophisticated apparatus, allowing space-and time-resolution of 
the impurity emission, will be described. As far as impurity emission 
is concerned, Tokamak discharges can be roughly divided into four phases, 
which are not always well separated in a particular discharge : a) the 
initial ionization phase (lasting less than 10 ms), b) the period of 
increasing plasma current and temperature (with typical durations of 
10 - 100 ms), c) an eventual steady state with constant current, d) the 
increase of the electron density up to or just below the value attainable 
in a given device. The four phases will be described separately ; results 
from different laboratories will be reported and compared. 

2. WORKING GAS (HYDROGEN OR DEUIZRIUM) LIGHT EMISSION 

2.1 - Balmer series line emission 

The working gas light emission is generally studied ii the visible 
region by observing the H (D ) or H (D ) Balmer series lines. This is 
much easier than observing the VUV Lyman series lines (and, moreover, 
Ly—< can he affected by st'l f-absorption problems in the peripheral plasma 
region). Standard grating mnnoehromators or, more pimply, photomultipliers 
equipped with inti-rferenco filters arc used ; space-resolved emission 
measurements as function of chord height h are obtained by displacing 
the plasma imagi' un the miimu-liromator entrance slit by means of a rotating 
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mirror or, when photomultipliers are used, by a set of light guides pla
ced in the image plane of the plasma. The absolute radiance B(h) (photons 
-2 —1 -1 

cm s sr ) is obtained by comparison with the emission of a standard 
tungsten ribbon lamp. The experimental function B(h) is then Âbel-
inverted assuming cylindrical symmetry to yield the volume emissivity 

-3 -I 
E(r) (photons cm s ) . Except during the iuitial ionization phase (las
ting about 2 ms), when hydrogen (deuterium) light emission is a volume 
emission due to the, more or less uniform, breakdown of the working gas, 
the function B(h) has a central depression since the excited neutral par
ticle emission comes mainly from the plasma periphery where atoms either 
are injected (to maintain or to increase the electron density) or recycle 
by plasma-wall interaction phenomena. But,as a consequence of chaise-ex
change (and eventually, at high electron density, of radiative recombina
tion),neutral atoms exist also in the hot plasma center. The Abel-in
version can give the central emission only when the ratio of the maximum 
radiance to the central radiance for h - 0 is not too high; but also in 
this case the central emissivity is not accurate, since the uncertainties 
in the measurements become amplified by the Abel-inversion process. Since 
hydrogen (deuterium) light emission is not uniform along the toroidal 
direction (see later on), measurements of the central emissivity are only 
possible at observation ports where plasma-wall interaction is negligible. 
Figure 2 shows two examples obtained by vertical scanning of TFR-400 
deuterium discharges [ 5] . The (not-shown) volume emissivity E(r), obtai
ned by Abel-inversion, is equal to A " _(r), where A is the transition 
probability and n (r) is the density of the excited atoms in the upper 
level of the observed transition. Two physical parameters can be calcu
lated starting from the function n

e x c ( r ) : a) t n e ground state density 
n (r), and b) the number of ionizations per cm and per s N. (r) = 
n (r) n (r) S. (r) (where S. (r) is the ionization rate coefficient, 
function of radius through its dependence on T ) . In order to perform 
these calculations, the radial profiles n (r) and T (r) must be known ; 
this is always the case in Tokamak plasmas, where T (r) is obtained by 
Thomson scattering and n (r) either by Thomson scattering (which is a 
local measurement) or by interferometry (which needs Abel-inversion) 
[3] . At the electron densities prevailing in Tokamak plasmas n (r) and 
N. (r) are deduced from collisional-radiative calculations of the ion 
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excited level populations (for N. what is usually given is the number 
of ionization per emitted photon) [6,7|. In addition, the excited levels 
are not highly populated and the ground state density is practically 
equal to the total neutral particle density. 

[phcm"2s"1sr_1 

10x1012 
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10*10' 

0 L L 

1 0 20 h,r(cm) 
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Fig. 2 : Chord-integrated D radiance B(h) and 
neutral particle density n (r) from 
TFR-400 deuterium discharges ; a) a = 19 em, 
b) a = i5 cm. Figure from Réf. t5| . 

The calculated density profiles n (r) are also shown in figure 2, 
n Q(r) is flat over approximately 10 cm ; at the plasma periphery where n 
increases, the precision is low (dotted lines) due to the poor knowledge 
of the exact n and T radial profiles, e e 

Hydrogen (deuterium) emission due to recyiling of the working gas 
adsorbed by the walls and/or the limiter is observed during the entire 
discharge. The recycling processes have been recently reviewed by Marmar 
[8], including discharge cleaning;, titanium getterin,», and wall tempe
rature effects. 
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CURRENT 

Fig. 3 : Typical high n , highly 
recycling Alcator discharge. 
Plasma current I , pulsed gas 
pressure F, average electron 
density n , and H signals at e' a ° 
three different toroidal loca-

-2 -1 -I tions (B = photons cm s sr ). 
Figure from Kef. [8] . 
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Figure 3 from r high density, highly recycling Alcator discharge shows 
H emission at various toroidal locations along with the plasma current, 
the gas pressure pulsed in order to increase n , and the average elec
tron density n • Absolute radiances are shown for the gas injection port 
(located 180° from the limiter), for the Thomson scattering port (90° 
from both the limiter and the gas port) and for the limiter port. In this 
last location the emission is much higher, indicating larger interaction 
with the walls ; the toroidal extension of the enhanced emission region 
is roughly estimated, following [9] , to be equal to the mean free path for 
2 eV neutrals. For the described Alcator discharge it was estimated that 
the limiter region contributes about one third to the total recycling 
particle source. 

3 From the knowledge of the number of ionization N. (r) per cm and 
per s [where are included both ionization of the recycling particles 
(corrected for toroidal inl'iômogeneities) and ionization of the gas in
jected at the injection port] it is possible to obtain the global par
ticle confinement time T from the following equation : 

d N e 

d t 
2"r Nion ( r> d r ' (0 



where N is the number of electrons per unit length, and hydrogen e 
(deuterium) ionization is the source of plasma particles (impurity 
ionization must obviously be added for iiî h ^ l f c discharges). 

Fig. _4 : Global particle 
confinement time T as f m c -

P 
tion of the average electron 

^ ^ # density n . The measurements 
•P \ • • e 

•'v̂ . were made during the .steady 
* ""^^ . state (dN /dt = 0) portion 

^^* » of the discharges. 
»^* Figure from Ref. | £ | . 

>! 
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Figure 4, also from the Alcator device , shows the variation of T as 
function of the average electron density n . The decrease of T at high 
n values is associated with a much more rapid recycling at the plasma 

2.2 - Isotopic plasma composition 

A method to study recycling and its effects on the discharge is to 
use both hydrogen and deuterium as alternate working gases and to monitor 
the variations of the hydrogen to deuterium intensity ratio in a series 
of discharges following a change of working gas (see again the review 
article [8] ) . The gas injected into the vacuum vessel during a discharge 
can in fact be adsorbed by the walls and he released in subsequent dis
charges. Knowledge of the hydrogen to deuterium ratio is a sensitive 
parameter for plasma heating in ion-cyclotron resonance heating experi
ments. 
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Its possible to follow spectroscopically the isotopic plasma com
position by means of a high resolution Fabry-I'erot interferometer by 
determining the ratio of the H to D line intensities. An example, ta
ken from Ref. f I0|, is shown in figure 5 ; a Kurloiu,h RC 110 

AA [iliii] 

Fig- 5 i Two successive scannings of the D line from 
a D, TFR-600 discharge are shown in the upper 
photograph ; the two lateral peaks are due to 
a He - No laser and give the instrumental Airy 
function. In the lower drawings (taking into 
account convolution witli the instrumental func
tion) ihe components due to the He - Ne laser, 
the liC component (equivalent Doppler width 
of 28 eV), the NC component (equivalent Doppler 
width of 0.3 - I cV), and the H - Jr and 

a 
D - o residues are individually decomposed. 
Figure from Ref. [ I0|. 
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piezoelectric scanning Fabry-Perot interferometer is used with à 

0.3 A resolution and a scan repetition time of about 30 ms. As the 

Zeeman splitting in the toroidal magnetic field is comparable to the 

isotope displacement, a * - polarizer is used. The profile can be 

decomposed in a narrow component (NC) and a broad component (BC) with 

residues from D - o and H - ir. In the case shown of pure plasma the 
a a if 

minority hydrogen is near the detection threshold of 5 %• The equiva

lent Ooppler widths of the BC and NC components are, respectively, 

about 30 eV and about 1 eV. The NC component structure (studied in 

Ref. [ 10] with higher resolution) has been associated with a molecular 

origin of the slow neutrals ; the BC component, on the other hand, is 

associated with plasma particle back-scattered from the walls. 

A •' 
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H D H D 

ÊÊ 
Ha Da 

b 

H D H D 

ÊÊ 
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b 

H D H D 

ÊÊ 
Fig. 6 : Isotope exchange experiments from TFR-600 dis

charges. Hydrogen and deute.ium line scannings 

are shown for the first discharge folluwing a 

change in working gas : a) H and D scannings, 

b) Ly-a scannings. Figure from Ref. [111. 
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Figure 6 from Ref. I 11 ! gives examples of isotopic exchange experiments in 
the first TFR-600 discharge following a change in working gas. Figure 
6a is obtained using the Fabry-Perot interferometer, figure 6b shows 
l,yman-u scanning using a high-resolution normal-incidence monochroma-
tor (working at shorter wavelength has the advantage that polarization 
problems can be avoided). The monochromator used has been described in 
Ref. I 12] ; it is of the Czerny-Turner type ; the spectral lines are 
scanned by a vibrating mil ir positioned in front of the exit slit. In 
the examples shown in figure 6 it is used with a 0.15 A resolution, 
with a one millisecond scanning time, and with a scan repetition time 
of ^ 5 0 ms ; the minority isotope detection threshold for this instru
ment is also in the range of 5 %. Since most of hydrogen and/or deute
rium light comes from the plasma periphery, strickly speaking the des
cribed spectral analyses give mainly the isotopic composition of the 
boundary plasma. 

3. IMPURITY LIGHT EMISSION 

3.1 - General considerations 

As already said in the introduction, we shall discuss impurity 
o 

studies in the VUV region down to about 20 A. We shall not mention some 
problems encountered in this type of measurements, such as line identi
fication, absolute calibration and atomic data. The first two problems 
have been largely discussed in Ref. [3], and the state of the art on the 
needed atomic data (i.e. ionization, recombination, and excitation cross-
sections-" and rate coefficients; excited state population and light 
emission from the different isoelectronic sequences) can be found in 
Ref. [131. 

After having discussed the procedure followed by plasma spectros-
copists to treat experimental data and having described a few recently 
developed spectroscopic apparatus, we shall present in thiB section the 
experimental results obtained in normal Tokamak discharges, where normal 
discharge means an ohmically-heated hydrogen or deuterium plasma, in 
which impurities are not purposely added. 
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The observed impurity elements (elements as heavy as tungsten 
or gold have been detected) can be divided broadly into two classes, 
according to the mechanism responsible for their production at the 
walls and/or the limiter : i.e. desorbed and eroded impurities [ 4). 
This is more correct than the customary division between light 
impurities (which are completely stripped in the center of existing 
discharges having T (o) "" I - 2 keV, and which, therefore, do not 
emit central line radiation) and heavy impurities (which can be only 
partially stripped in these plasmas, since the ionization potential 
of their last, hydrogen-like, ion is much higher than the central 
electron temperature).Indeed, it is observed that ions of all the 
desorbed elements or ions of all the eroded elements have, qualita
tively, for similar ionization potentials the same time evolution. 

On the basis of this differentiation carbon, nitrogen, oxygen, 
and chlorine are the most frequently observed desorbed elements. In 
practically all devices oxygen is the most abundant desorbed impurity, 
even when graphite limitera have been used (in this case carbon can 
be released as methane by a process called chemichal sputtering [4]).' ' 
The eroded impurities (erosion including both physical sputtering 
and arcing) are the metallic components of the limiter and/or the 
walls. Typical values, in percentage of n , of oxygen and metal den
sities are, respectively, in the range of 0.5 - 5 % and of 0.5 - 5°/,,. 

The ideal situation would be to have a complete knowledge of the 
impurity density profiles n„(r,t) for all the ionization states of 
charge Z and this for all the atomic species present in the discharge. 
This situation is far from being satisfied in present experiments. 
Even when spatial resolution is available, only the radiances of a 
few ions are measured. 

Figure 7 show schematically the procedure followed by plasma 
spectroscopists in these cases, starting from the observation of a 
few spectral lines of radiance B n(h,t) (in photons cm" s~ sr~ ) 
observed as function of time t and of chord height h. Abel-inversion 
allows to obtain the volume emissivities E n(r,t) (assuming that the 
plasma is emitting isotropically in the solid angle 4ir). E n(r,t)(in 

-3-1 . . 
photons cm s ) is equal to the radiative transition probability of 

* It is worthwhile to remark that carbon is a particular element since 
in TFR discharges quite often increased transient carbon emission is 
observed without any apparerc correlation with either the other impurity 
signals or the other plasma parameters. 
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the considered l ine n multiplied by the emitting upper level density. 

A model is then necessary to connect the emitting upper 

RADIANCE B^h . tJ . /E j (r,t) dr/4Jl[ph cnrr's-'sr-'] 

. Abel inversion 

VOLUME r _ l ( . . ,-, 

Coronal hypothesis 
E;. n en zar n 

ION DENSITY n ? ( r,t ) [cnr 3 ] 

.Ionization model 

IMPURITY 
DENSITY 

n imo ( r ' t ) = i n , ( r ' t , f c m " 3 ] imp 
. Ionization model 

RADIATION P f a d ( r . t i [ w cm' 3 ] 
LOSSES 

Fig. 7 : Schematic showing the procedure followed by 
plasma spectroscopists to deduce, from the 
measured radiance B_ of a spectral line n 
of the ion of charge Z of a given impurity 
element, the total impurity density a. and 

imp 
the radiation power density P .. 

level density with the total ion density n_(r,t) ; but for the strongest 
lines it is generally sufficient to use the coronal hypothesis of exci
tation by electron collisions from the ground state (with rate coeffi
cient Q(T ) ) and radiative decay of the excited states (with branching 
ratio T for the observed line). In the case of ions belonging to iso-
electronic sequences without highly populated metastable levels, the ground 
state density is practically equal to the total inn density n_(r,t) and 
Ez"(r,t) « n (r,t) n_(r,t) Q(T ) I' . The ion density can then be obtai
ned using the independently measured values of n and T . For weak 
lines (or when metastable levels are highly populated) one has to rely 
on complete excited-level population calculations ; references on pu
blished calculations for several isoelectronic sequences can be found in 
the review article I 131. An ionization model (ionization equilibrium, 
depending only on T , or space-and time-dependent calculations) is then 
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necessary to obtain both the total density of the considered atomic 
species n. (r,t) - E_ n_(r,t) and also the radiated power P_-j(*iO> 
In the radiation loss evaluations are included bremsstrahlung, recom
bination (both radiative and dielectronic) and line radiations. This 
last term is always dominating if the ions of the considered atomic 
species are not completely ionized. 

3.2 - Recently developed spectroscopic apparatus 

Until recently, space-resolution was obtained on a shot-to-shot 
basis by tilting a mirror or displacing the spectrometer, but the increa
sing complexity of Tokamak devices (with high cost of operation and low 
repetition rate) requires diagnostics having adequate space-and time-
resolution (in the range of 1 cm and 1 ms), capable of obtaining the 
maximum amount of information on a single discharge, thus preventing 
spurious effects due to plasma irreproducibility. We shall mention in 

I 141 this paper three systems developed, respectively, at Princeton , at 
t!ie John Hopkins University and at Fontenay-aux-Roses 

In the Princeton system a rotating-mirror set-up has been cons-
tructed working down to 2000 A (extension down to 1200 A being possi
ble), which allows toroidal or poloidal scans of selected spectral 
lines. This system is shown in figure 8 : the rotating exagonal mirror 
(KM) sweeps the plasma repeatedly in either the poloidal or the toroidal 
direction with a period of 10 - 100 ms (depending on the intensity of the 
observed line) ; the space-resolution, determined by the optics and the time 
integration of the signal, is about I cm. The spectral line selected by the 
monochromator can then be repeatedly scanned across the exit slit by a 
vibrating mirror (VM) with a faster period of 1 - 10 ms. The system has 
been used to observe plasma toroidal rotation generated by unbalanced 
neutral-beam injection in the PLT device [17] , using the Doppler shift 
of Che spectral scan profiles increasing towards both ends of the spatial 
scan, as the component of the rotational velocity increases along the 
line of sight. 

In the John Hopkins University system [ 15 | a small normal-inci
dence monochromator forms monochromatic images of pulsed discharges ; 
a 22 anode microchannel plate detector views simultaneously 22 chords 
of the plasma at the wave length of a given impurity line with a 100 us 
time-resolution. 



- 15 -
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Fig. 8 : Schematic of instrumentation for measurement 
of poloidal or toroidal intensity distribution 
with simultaneous spectral scan of an emitted 
line. Figure from Refs. [14,17] . 

Fig. 9 : Set-up of the spectroscopic apparatus for space-
and time-resolved measurements on a single Tokamak 
plasma discharge. P ! plasma ; M : rotating gold-
coated mirror ; D : rectangular diaphragm ; M, ! 
removable mirror ; UVS : vacuum ultra-violet 
duochromator ; VS : visible monochromator for 
absolute calibration ; M, : mirror ; T : sighting 
collimator. Figure from Ref. [ 16 I . 
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The Fontenay-aux-Roses apparatus works, on the other hand, at 
grazing incidence down to about 100 A. The system is shown in figure 
9 and has been fully described in Ref. [16] . The grazing incidence duo-
chromator (UVS) detects simultaneously two wavelengths separated by at 
least 300 A ; space-resolution is obtained by means of a rotating mirror 
(M), having two parallel gold-coated faces, and working at a grazing 
angle of 5° when set to look at the plasma center. Only the lower half 
of the plasma is scanned by rotating the mirror through a total angle 
of 4°. Because of the large distance between the rotating mirror and 
the plasma, the chord scale is practically linear (i.e. the chord height 
h is directly proportional to the rotation angle and, therefore, also 
to the time). During each mirror rotation two pulses (spaced of one-half 
revolution period and giving directly the radiance profiles D(h) ) are 
stored by the data acquisition system, starting from the plasma center 
down to approximately the liner radius at h = 25 cm. Figure 10 shows 
series of B(h) profiles (^50 ms apart) from TFE-600 discharges, for 
five spectral lines. This example gives a clear idea of the capabilities 

0 

of this system down to the short wavelength limit of 100 A. The left 
column of figure 10 shows, below the plasma current I , the series of 
pulses seen by the photomultipliers each time the rotating mirror sends 
light into the spectrometer ; the stored B(h) profiles are shown in the 
central column, and a few expanded profiles in the right column (the times 
t , starting from the beginning of I , at which the profiles have been 
taken are given along with the chord height h scale derived from the 
time scale through knowledge of the mirror rotation speed). The spatial 
resolution of the set-up allows to discriminate easily the emission 
peaks of two ions like 0 VI and 0 V which are only about 1 cm apart 
(see Ref. [ 16 1 , figure 5). 

The highly-ionized ion lines coming from the hoc plasma center 
(the central electron temperature T (o) was about 1.7 VeV for the consi
dered discharges at the current plateau) are mixed with both stray light 
(increasing towards the short wavelength limit of the apparatus) and 
with radiation from low ionization potential ion transitions. It is 
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!„=106 155 204 ms 

noms ^ n s fnah t 0 20 
h [cm] 

Fig. iO : Time evolution of the radiance profiles of five 
o a 9 

impurity lines (Ni XXV 118 A, Cr XXII 223 A, Ni XVIII 292 A, 
o o 

Cr XIV 390 A and 0 VI 1032 A) from a TFR-600 discharge 
<D2, I = 200 kA, B T - 50 kG, a = 18 cm). 
See the text for further explanations. 

possible to distinguish in the profiles a central part due to the highly-
ionized ion line superimposed on a profile extending up to about the limiter 
radius. This light is more important for the Cr XXII and Cr XXI lines (for 
this last ion not shown in figure 10 see Ref. [ 16] , figure 6) 
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than for the Ni XXV line, since several low ionization potential lines 
have been observed near the highly-ionized chromium line wavelengths I 18] 
The radiance profiles B(h) are then treated, as discussed in the previous 
subsection, to obtain volume emissivity and ion density profiles (cylin
drical plasma symmetry being assumed) . 

E(ph/cmJs] 

/ \ 

". / 

• " / \ / 

/ A \ 
/ .1»/ >. \ 

' : r(cm) 

. Ni XXV 

. Cr XIV 
, , , , Cr XXII Ni XVIII 

0 VI 

Fig. 11 : Volume emissivities E(r) for the five ions 
shown in figure 10- For each ion one profile 
B(h), taken around 150 - 200 ms during the 
I plateau, has been Abel-inverted. 

In figure 11 the absolute volume emissivities E(r) for the five ions of 
figure 10 are shown ; for each ion only one profile B(h), taken around 
150 - 200 ms during the I plateau, has been inverted. The shell struc
ture of the impurity ion emission is apparent ; indeed, in a Tokamak 
plasma, all the ionization states exist (from neutral up to the maximum 
ionization degree reached in the center), the emitting shell positions 
being determined by the electron temperature profile. The central Ni 

21 + and Cr emissions are detected when the T (o) values at the current e ' 
plateau are,respectively, larger than or equal to about 1.4 keV and 



1.1 keV. Ni , Cr and 0 have peak emissivities at radii where T 

is, respectively, of the order of 400 eV, 200 eV, and 40 - 80 eV. 

3.3 - Impurity emission from ohmically-heated Tokamak discharges 

With regard to impurity signals a Tokamak discharge can be divided 

roughly into four phases, which are not always well separated in a par

ticular discharge : a) the initial phase lasting less than 10 ms (the 

so-called burn-out phase), b) the period of increasing plasma current 

and electron temperature with a typical duration of 10 - 100 ms, c) a 

quasi steady state with constant current I and slightly varying density 

and temperature profiles, d) an eventual increase of the electron density 

by gas puffing up to or just below the maximum value attainable in a 

given device. 

3.3.1 - 2yn!i;£ï£_EÊ£i£â 

The VUV deuterium and oxygen signals observed at the beginning of 

a TFR-400 discharge are shown as functions of time in figure 12 
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Fig. 12 : Radiances B of Lyman-a, 0 111(835 A), 0 IV(790 A), 

0 V(630 A) and 0 VI(1032 A) lines, average electron 

density n , and plasma current I as functions of 

time during the initial phase of a D, TFR-40Û dis

charge . Figure from Ref. [19] . 
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along with the average electron density n and the plasma current 1 
[ 19 1 ; similar results have been reported from several other devices. 
Oxygen appears very early in the discharge ; just after the deuterium 
break-down the oxygen lines appear one after the other according to 
their ionization potentials. The same is true for all the other desorbed 
impurities (C, N, and CI), but lines of ions of different impurities with 
approximately the same ionization potential don't have always their peaks 
at the same time (see for example Ref. [ 20 ] , where the peak times of some 
oxygen and krypton ions are compared) ; this is probably the consequence 
of the different ways of injection of the various elements. 

It is not clear when eroded impurities begin to enter the discharge. 
The less ionized observed ions of Cr, Fe, and Ni are. generally those of 
the Na-like and Mg-like sequences and for Mo those of the Cu-like and 
Zn-like sequences ; the lowest ionization potential of these ions is 
about 300 eV. In ST, burn-out peaks of these Mo and Fe ions have been 
observed [21 1 . Ii. Alcator, several Mo XIV peaks were observed during 
the first 10 milliseconds, the peaks occuring at times when the safety 
factor q, reached integral values at the limiter radius, large amounts 
of Mo apparently being introduced into the discharge at these times I 22 | . 
In TFR - 600, we observe Cr, Fe, and Ni signals, due to the mentioned 
ions, appearing practically simultaneously around 10 ms without burn-out 
peaks I 23). Moreover, TFR-600 signals are quite irreproducible, probably 
indicating that the plasma column is not yet well established and detached 
from the limiter. 

In all cases when burn-out peaks have been observed, one has volume 
ionization of impurities, due to the increase of the electron temperature 
(as radial scanning of the emission has confirmed I 24,25 ] ) . In the case 
of volume ionization, it is possible to calculate the impurity density by 
solving the following system of equations, describing the ionization of 
impurities in a uniform plasma : 

n. 
S.n.n e - „ j n . n e - -± (2) 

P 

d n o 

dt 
dnj 

dt 
dn 

-S n n + a.n.n + * o o e l i e o 

S. ,n. ,n + a . , , n . ,n j - 1 j - I e j+1 j+l e 

J* 
— V l " j * - < n e " «jt»J«». 
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where n. is the density of the ion j(n being Che neutral density and n. 

the density of the last ion) ; * is the source term (4> ~ 2q> /a for a 
u-2 -1 o o 

uniform plasma of radius a, <|i <cm s ) being the impurity flux density 

coming from outside the plasma), i is the impurity confinement time 

(assumed to be the same for all inization states), S. (T ) and 

n.(T ) are, respectively, the ionization and recombination (radiative 

plus dielectronic) rate coefficients of the ion j. This system is solved 

by using the experimental average electron density n (t). The quantities 

n (0), f (t), * (t), and T are adjusted such that the peak times of the 

different lines coincide in time with the measured ones. The initial 

amount of the impurity considered (or its flux) is determined by norma

lizing lo the maximum radiance of one of Che measured lines ; however, 

because of thi' presence of metastable levels care must be taken in the 

choice of the line ; for oxygen the line generally chosen is 0 VI 
o 

1032 A, both because it is a Li-like ion emission, thus avoiding pro

blems with metastahlu states, and because of its proximity with the 

Ly-f} 1025 A line used in the branching-ratio calibration technique, 

thus minimizing possible calibration errors. From calculations of this 

type for all the atomic spi-cies it has been possible in several devices 

Co deduce the plasma composition (and, therefore, '/. f f ) in the first 

few milliseconds of the plasma life-time. These results generally show 

that already at these early times (the discharge length generally varying 

between several tens and several hundreds of milliseconds) the plasma 

is substantially polluted. 
3.3.2 - !nçEfa£ing_g]jjsma_current_£eriod 

After the burn-out phase (lasting about 10 ms), the plasma current 

I is increased to its maximum value, typically reached in 10 - 100 ms ; 

afterwards I is generally kept constant until the end of the discharge. 

During the increase of I the central electron temperature Te(0) increa

ses, reaching values of the order of 1 - 2 keV in existing devices. The 

maximum 1(0) reached during this period is an increasing function of I 

and it is larger for highly polluted discharges (i.e., Tfi(0) increases 

with the effective charge Z e f £ ) - There is no general trend in the sub

sequent T (0) evolution ; discharges with increasing, almost constant, 

and also decreasing central electron temperature have been reported. 
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After the initial phase, ions with low and intermediate ionization 
potential with respect to the central T (like 0 , Cr , and Ni in 
figure il) have a shell structure which is maintained throughout the dis
charge by a continuous recycling impurity flux, which must ,te balanced by 
a comparable plasma loss rate, since the total amount of plasma changes 
very slowly compared to the impurity and working gas ionization rates. 
These points will be considered later in detail. 

In the wavelength range considered in this review line emission 
from highly-ionized Ti, Cr, Fe, Ni, and Mo ions (with ionization poten
tials up to about 2.5 keV) has been reported in Princeton ST and PLT 
devices and in Fontenay-aux-Roses TFR-400 and TFR-600 devices. In both 
laboratories puzzling effects have been observed since the highly-ioni
zed impurity signal evolutions are delayed in time compared with the 
predictions obtained from the solution of system (2) using the 
experimentally measured n (o, t) and T e(o, t) values. In TFR-400 I 19], 
the Mo XXXI and Mo XXXII radiance evolutions required the progressive 
arrival at the plasma center of Mo ions during about 100 ms. The same 
effect was observed in TFR-600 for the Cr, Fe, and Ni ions of the Be-like 

Fig. 13 : Plasma current I , central line density n t, central p e 
electron temperature T (0) and three impuritv siunuls 

0 P o o 
(0 VI 1032 A, Ni XVIII 292 A, and Ni XXV 118 A) as 
functions of time for a TFR-600 discharge 
(D 2, B T - 50 kC, a = 18 cm). The BOO profiles have 
been given in figure 10. 
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and Li-like sequences. Figure 13 shows the plasma current I , the central p line density n IS, the central electron temperature T (o) (from electron-
e e o 

cyclotron emission), and the radiances of three impurity ions (0 VI 1032 A, 
Ni XVIII 292 A and Ni XXV 118 A) for a deuterium TFR-600 discharge with 
B » SO kG and a = 18 cm (the radiance profiles of the impurity ions 
have been already given for the same discharge in figure 10). T (o) 
reaches 1.5 keV in about 40 ms and it is then practically constant up to 
the end of the I plateau. The Ni XVIII line emission indicates that 
nickel exists in the plasma as early as 10 ms ; if all these nickel ions 
were uniformly distributed throughout the plasma, solution of system (2) 24+ indicates that the Ni state should be reached as early as 40 - 50 ms ; 

o 

however Ni XXV 118 A line radiation only starts appearing at about 60 ms 
and, then,increases slowly reaching a constant value at about ISO ms 
clearly much later than the attainment of an almost constant central 
temperature. In TFR-600 all the Cr, Fe, and Ni highly-ionized ion emis
sions have similar slowly increasing time evolutions ; it is difficult 
then to discriminate subsequent ionization states of the same impurity 
element either from the times of appearance or from the times of maximum 
emission. Abel-inversion of the B(h) profiles of figure 10 (one inver
ted profile per ion has been shown in figure II) indicates also that, 
from about 50 ms up to the end of the I plateau, the 0 , Cr , and 

17+ . P 

Ni emitting shell positions are constant to approximately 1 cm and are 
also reproducible from one discharge to another with the same accuracy. 
qualitatively the observed phenomena imply a rapid penetration (inward 3 - 1 velocity of the order of 10 cm s ) of the eroded elements in the outer 
plasma half, followed by a slower movement towards the center with an 2 -1 inward velocity of the order of 10 em s . A full explanation requires 
that both space-and time-variations of the impurity ions be taken into 
account (i.e. in system (2) the ion densities n. are also functions of 
r and the terms n./i are replaced by - —s-^-« where I|I. = n. v . and 1 P r Br .1 .1 r.i 
v . are, respectively, the radial flux density and the radial velocity 
of the ion j). Time variations of the n (r) and T (r) profiles have also 
to be considered ; it has to be observed that, during the time interval 
of interest here, T (r) varies considerably, since it flattens out pro
gressively (an example of these variations can be found in Ref. [26], 
figure 17). Since the numerical simulation of the observed phenomena 
has not yet been performed, it is not yet known if such variations of 
T (r) are affecting the eroded element radial movement. 
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It is quite possible that similar phenomena existed also in the 
T - 4 Tokamak discharges, in which Ar gas was injected at different times ; 
it has been in fact reported that noticeable growth of Ar radiation 
is absent near the axis during 50 ins if Ar atoms are injected at the ini
tial stage of a discharge rather than during the current plateau I 27]. 

The PLT results with stainless steel limiter reported in Refs. 
[28,29] are different from chose just described from TFR-600, since they 
indicate clearly a succession of iron ionization states with defined times 
of appearance and times of peak intensity (this fact has been used in the 
identification of forbidden lines); the rate of ionization is significan
tly slower than the predictions of the solution of system (2) taking into 
account the variations of n and T . Between the four possible explana
tions of this qualitative observation [the actual ionization rate coeffi
cients are smaller than those used in the calculations, the electron 
temperature may be in error, recombination (radiative, dielectronic, and 
by charge-exchange with neutral hydrogen) may slow ionization, radial 
plasma motion may be too rapid], the fourth one is thought to be 
the principal reason for the apparent too slow ionization. 

3.3-3 - Steady^statejjeriod 

When a steady state is attained, impurity ion profiles like those 
shown in figure 11 are obtained ; the model used to explain the impurity 
behaviour in Tokamak discharges assumes that the impurity atoms, produced 
at the walls and/or the limiter, are successively ionized as they penetrate 
furhter into the discharge (where they find an increasing electron tempe
rature). The radial velocity of this movement perpendicular to the toroidal 
field is much smaller than the thermal velocity of the unimpeded movement 
along the magnetic field lines which leads rapidly to a uniform spread-out 
over the magnetic surfaces (it is for this reason that the impurity ion 
emission is uniform in the toroidal direction, contrary to neutral atom 

emission). Depending on the radial velocity and on the n (r) and T (r) 
e e 

profiles, the ions can be at ionization equilibrium (IE) or they are an 
ionizing plasma (i.e. the local ionization state is lower than IE predic
tions). Since a plasma steady state without impurity accumulation is ob
served, ihis inward motion and the associated impurity flux require a 
comparable outward motion and outward flux. The outwards moving ions i-an be 
again at IE or they are a recombining plasma (i.e. the local ionization 
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state is higher than IE predictions). It has been reported that in some 
devices part of the impurity flux coming from the walls had to recycle 
in a cold peripheral region without reaching the center [30,31 ] . Of course 
these is no well defined turning point in the plasma ; rather the inward 
flux is reduced as impurities progress towards the center. In Ref. [ 30 ] 
this has been proved by the fact that the impurity particle confinement 
time T was larger for the central plasma than at the periphery (50 and 
20 ms, respectively). 

The impurity behaviour in Tokamak plasmas can be studied using plasma 
simulation codes ; but, since this is beyond the purpose of this review, we 
limit ourselves to a simpler interpretation of the experimental results : 
i.e. the comparison with the predictions of IE, starting from the experi
mental inverted E(r) profiles. 

Let us start with metallic eroded elements ; we have performed in 
TFR-600 a careful comparison of experiments and calculations [ 32 ] , since 
there is some discrepancy in the published results even for the same de
vice. In PLT, in fact, soft X-ray measurements performed by crystal spec
trometry have shown that, within the theoretical uncertainties, IE is 
attained in the central plasma [33] ; subsequent higher resolution work 
has shown some discrepancies (but still not clearly outside IE uncertain
ties) on the satellite spectrum to the resonance line of the He-like iron 
ion [34] ; on the other hand, Refs. [28 and 29] , from VUV spectroscopy 

of iron ions, concluded that the plasma is an ionizing one, which recycles 
3 — 1 with a velocity of the order of 2. x 10 cm s . in Ref. [32) we began by 

considering uncertainties existing in the theoretical rate coefficients and 
their influence on the fractional abundance curves, which give the frac
tional abundances f_ (= n„/En„) of the different ionization states of 
charge Z as functions of the electron temperature (these curves are ob
tained by solving the balance equations n_ S„ = n . a., . ) . The conclusion 
of this comparison was that it is difficult to know what are the appropriate 
rate coefficients to be used. However, their uncertainties and differences 
can be "globally" included in our calculations, reported in Refs. [35 and 
36] , by performing them with a factor of twi error in the S/n ratios 
(i.e. by multiplying S/a by 0.5 or by 2). In this way, we could span the 
range covered by different authors and take into account the uncertainty 
range in rate coefficients at the present time. 
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Fig. 14 : Comparison of the normalized experimental ion density 
profiles (solid lines) for some ions of the Li-like, 
Be-like, Na-like, and Mg-like sequences with the nor
malized fractional abundance curves from ionization 
equilibrium calculations (broken lines) taking into 
account the uncertainty in rate coefficients (curves 
2 are obtained by using the S,/o . ratios from Refs. 
133 and 361 , whereas curves I and 3 are obtained by 
multiplying and dividing, respectively, this ratio by 
a factor of two). Three TFR-600 discharges are consi
dered, the three drawings of each line refer to the 
same discharge having the parameters indicated to the 
right. The discharges are presented from top to bottom 
in order of decreasing T (o). 
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T.ie comparisons we performed are shown in figure 14, where three different 
IFR-600 discharges are considered (three metal ions per discharge are shown, 
the discharges are ordered from top to bottom in order of decreasing central 
electron temperature).Similar results have been obtained for other ions of 
the same elements of the Li-like, Be-like,,Na-like, and Mg-like sequences ; 
the reproducibility of the profiles from one shot to another of nominally 
equal discharges is of the order of one centimeter . The experimental 
n_(r) profiles (normalized to their maximum values) are given by the solid 
lines. The broken lines represent the theoretical normalized f„(r) curves, 
obtained from the theoretical curves f z ( T ) by using the experimental 
Thomson scattering T (r) profile (curves 1, 2, and 3 refer to calculations 
performed by taking the ratio S /a„ as described in Refs. [35 and 36] 
and multiplying it by 2, I, and 0.5 respectively). Figure 14 shows that in 
all cases the ions are, within the stated uncertainty, at ionization equi
librium. If one looks more into the details of the comparison performed in 
figure 14, it appears that for ions of the Li-like and Be-like isoelectronic 
sequences the best agreement is with curves 2 and 3, curve 1 always being 
outside the experimental profile. Additional support to this conclusion has 
been obtained by using the radial profiles of CI and CI tons, which, 
although belonging to the same electronic sequences as the very highly-
ionized nickel and chromium ion considered, exist in shells located at 
intermediate radii (having approximately the same radii as the Ni and 
Ni shells) ;for these two ions also, the best agreement is obtained 

with curves 2 and 3. On the other hand, for Na-like and Mg-like metal ions 
12+ the agreement is better with curves 1 and 2 ; Cr is the only exception 

we have found, but this is also the only case in which the comparison is 
less reliable, since this ion emits around T "* 200 eV, where T (r) either 

e e 
has to be extrapolated (this is Che case for the first discharge since the 
last experimental T point was at r = 13 cm) or can be affected by errors 
(since the detection limit of the system is in the 150 eV range). It is 
worth remembering at this point that a similar conclusion had alsu been 
reached in Ref. [ 37 ] , concerning highly-ionized molybdenum ions (Mo 

31 + and Mo ) belonging to the same isoelectronic sequences (alsu there the 
case S z/a„ +, multiplied by 0.5, i.e. curve 3, was outside the experimental 
uncertainties). When the ions are emitting at intermediate radii (i.e. bet
ween the center and the limiter radius), we have checked if a radial velu-

3 -I city v of the order of 10 cm s (thus is the estimated order of magnitude 
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of the recycling velocities) is compatible with the IE hypothesis. We have 
performed ionization calculations using the simplified model described in 
Ref. [ 38 1, in which an impurity species moves inwards at constant v n for 
given n (r) and T (r) profiles ; for the high density discharges (i.e. in 
figure 14 the second and the third ones) the broken line curves are not 

3 -1 
displaced towards the inside if v < 10 cm s ; for the low density di 
charge (i.e. the first one in figure 14) there is no displacement if v p 

2 - 1 3 - 1 " 
^ 10 cm s , but at v„ ^ 10 cm s the broken line curves are displaced 12+ towards the inside by about 1 cm, i.e. (except For Cr ) slightly less 
than the displacement due to a variation of S /u by a factor of two. 

6+ 7+ Radial profiles of the 0 and 0 Is - 2p line emissions have 
been reported in Refs. [ 27 and 39 ] ; according to these authors radial 
diffusion is important in the profile analysis. If the resonance and in-
tercombination lines of 0 could be resolved, it would be possible to 
study the outward movement, since the triplet levels are more populated 
by recombination than the singlet levels. Preliminary measurements (from 
plate detection) have been reported in Ref. I 40 I and the theory given in 
Ref. I 41 I , but the interpretation was difficult as a consequence of the 
important variations of the T (r) profiles during the di«charge. It is 
worthwhile to mention that up to now the only clear experimental evidence 
of the outward movement has been obtained in the continuum at shorter 
wavelengths, by observing the appearance of a recombination edge at the 
Ar ionization potential wavelength far from the center I 42 ] . 

The peripheral 0, c, and N ion profiles have been much more studied, 
but there the interpretation is made difficult by the practically non-
existing knowledge of n and T . Thomson scattering (at least in the 
existent apparatus) can give with difficulty precise measurements of T 

1 3 - 3 ° 
and n below, respectively, 100 - 150 eV and about 10 cm (interfero-
metry can give n , but peripheral Abel-inverted values are affected by 
possible errors due both to asymmetries not considered in the inversion 
procedure and to the way the line density profile is sent to zero beyond 
the last channel). Classical probe techniques have been used to obtain n 
and T in the scape-off layer ; these values can be used to help the ex
trapolation from the last Thomson scattering point. For the subsequent 
discussion it has to be observed that T values in the 10 eV range are 
currently observed in the scrape-off layer. In Refs. I 24 and 43] the 
peripheral 0, C, and N ion emission peak positions were found displaced 
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towards the plasma interior as compared to IE calculations, inward velo-3 cities of the order of 10 cm/s being estimated. In the case of complete 
spatial scannings (both negative and positive h values) recent measu
rements have indicated for the same ions poloidally asymmetric profiles : 
i.e. the radiance profiles are asymmetric with respect to the h = 0 chord. 
In Alcator f 44 | these asymmetries for 0 , 0 , and N appear when n 

- e j 3 
is increased (see figure 15, where the lower curve is for n = 4. x 10 
-3 - 1 4 - 3 

cm and the upper curve for n = 3 . 6 x 1 0 cm ) . 

Fig. 15 : Two emission profiles of O VI 1032 A emission. 
The abscissa h refers to height of the line of 
sight above or below the torus midplane. For this 
toroidal field direction the ion VIS drift is up. 
(a) Asymmetric high-density profile for discharge 
conditions n 3.6 x lo'^cm"3, Bt|. = 60 kG. (b) 
Symmetric low-density profile with n = 4,0 x 10 
-3 

cm , B T = 60 kG, 
Figure from Ref. [ 44 1 . 

13 

They have been interpreted as due to gradient and curvature drifts of 
highly collisional impurity ions. In P1.T [ 14) , strong top-bottom asym
metries have been found for long-wavelength H, He, C, and 0 transitions, 
their complicated behaviour clearly not being attributable to ion drifts, 
A theory has been proposed in Ref. [ 45 ] , which tries to explain both Al
cator asymmetries due to ion drifts and PLT reversal of asymmetries. Quite 
generally it was concluded in PLT [14] that line of the working gas 
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(Ey or He) have asymmetries opposite to those of the impurity lines, 2nd 
4+ '*+ that also the lines of higher states of ionization (e.g. C or 0 ) are 

more symmetric than those of lower states (e.g. C , 0 , H and He ) and 
that discharges with lower ion edge temperature (which also usually im
plies better hydromagnetic stability) are more symmetric than those of 
high ion edge temperature. 

In TFR-600, working at grazing incidence, we are able to scan only 
the lower half of the plasma. We generally scan in the same direction as 
the ion drift direction which is dawn (i.e. if asymmetries due to ion 
drifts like in Alcator existed, we would be able to scan only the less 
intense radiance half-profile). We have found in TFR-600 two extreme dif
ferent situations : the first one at low plasma current 1 ^ 100 kA, the 
second one at large plasma current I "" 300 kA (for both cases the gas 
was D_, B = 40 kG and a = 19 cm). In the first case (see figure 16 where 
two profiles, spaced by "^50 ms, are shown for the O i l to 0 VI radiances) 

OVI (1032 A) 

OIV (S54À) 

0111 (703 A) 

OH f7«5A) 

Fig. 16 : For the oxygen ions from 0 II to 0 VI are presented 
two emission profiles B(h) separated by about 50 ms, 
obtained during the steady state of a TFR-600 dis
charge (D 2, I = 100 kA, B T - 40 kG, a = 19 cm, 
ae(o) » 6.5 x 10 1 3cm~\ T e(o) = 800 eV). 
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the peripheral oxygen ion emissions can be "meaningfully" Abel-inverted, 
where "meaningfully" indicates the fact that the inverted E(r) profiles 
show a peripheral emitting shell. The ratio between the maximum radiance 
to the central (h «* 0) radiance increases for the less ionized ions, this 
could indicate (by analogy with the profiles of figure 15) an asymmetry 
opposite to the one due to curvature and gradient ion drifts. The emis
sion peak radii vary between 11 cm and 14.5 cm (i.e. they are well inside 
the limiter radius a = 19 cm) ; they are in the right order according the 
ionization potentials, taking into account the 1 cm irreproducibility 
typical of TFR-600 discharges [ the 0 VI and 0 IV profiles have been taken 
during the same discharge, then the distance between the two emitting 
shells (̂  1.25 - 1.5 cm) is free from irreproducibility] . T (r) is not 
well known at the periphery in these discharges : at r = 10 cm T is about 
150 - 200 eV, at r = 13 cm it is not measurable being below or just at 
the detection limit of our set-up. 

Increasing 1 pushes the peripheral oxygen emission towards the limiter. 

OVI (1032 À ) 

OV (630 Â) 

0IV (554 A) 

(703 Â) 

Fig. 17 : For the oxygen ions from O III to 0 VI are presented 
series of emission profiles B(h), separated by about 
50 ms, obtained after the first 50 milliseconds of a 
TFR-600 discharge (D,, I = 300 kA, B„ - 40 kG, 

p 14 -3 a - 19 cm, ne(o) = 1.2 x 10 cm , Tg(o) » 1.1 keV). 
The maximum h for all the profiles is 25 cm. 
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Figure 17 shows the second limit case when I = 300 kA : series of profi
les with a separation interval of ~ 50 ms are shown for 0 III to 0 VI ion 
emissions. When the degree of ionization decreases the "quality" of the 
profiles clearly deteriorates ; for example the 0 III profiles cannot be 
"meaningfully"Abel-inverted. The 0 VI E(r) profiles have peak values at 
r *" 17 - 18 cm, that is quite near the limiter radius a = 19 cm. Carbon 
profiles behave similarly, they are in "quality"comparable with those of 
oxygen ions having about the same ionization potential. We think that 
(and this was also the conclusion of Ref. [ 14) ) all these observations 
imply that impurity sources, due to plasma-wall and/or plasma-1imiter in
teractions and also due to more or less strong disruptive instabilities, 
are localized and that the resulting particle influx has not had tine to 
spread-out uniformly over the magnetic surfaces until a fairly high ioni
zation state is reached (0 IV in the case of figure 17). Order of magnitude 
estimates of the ionization times compared with the times for toroidal 
rotation at thermal velocity (in the scrape-off layer T *v lOeV and 

1 3 - 3 n ^ 10 cm [ 46 ] ) agree with this interpretation. 

3.3.4 - Inçreasing_electron_densitj;_geriod 

Since in Tokamak plasmas the pross energy confinement time -i | defined 
as the ratio of the total (electrons plus ions) plasma energy to the 
input power (ohmic plus, eventually, additional heatings) 1 is found 
experimentally to be an increasing function of n , the tendency in all the 
devices has been to work at the highest possible value of n . Moreover, 
high density discharges have always Z f f values near to one, but it cannot 
be said a priori if also the power radiated by impurities can be neglected 
compared to the ohmic power. In Tokamak plasmas the density cannot be in
creased beyond a maximum value at which the current channel disrupts ; for 
a given device this value depends on the wall conditions, good discharge 
cleaning and, eventually, titanium gettering increase the maximum attaina
ble density. The study and the interpretation of the disruptive instability 
is to-day one of the most controversial point of plasma physics. The influ
ence of impurities on the direct triggering of the instability seems to be 
excluded [47 J ; it is generally assumed, but not yet proved experimentally 
that impurities have an indirect effect, they shape the electron temperature 
profile, and consequently also the current profile, to a situation which is 
marginal for the instability. The main difficulty is that the profile va
riations, if any, between stable and unstable profiles are very small and 
affect mainly the periphery where the local measurements are practically 
either non-existent or uncertain. 
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The highest n values have been obtained on Alcator ; low ionization 
oxygen emission in a discharge reaching an average electron density n ^ 
4.xl0 cm is shown in figure 18 (22] . 

Fig 18 : Observed oxygen emission with plasma current (I ) 
and average electron density (n ) in the discharge 
phases : (1) burn-out ( 0 - 5 ms), (2) low-density 
plateau (5 - 15 ms), (3) transition rise (15 - 80 ms), 
(4) high-density plateau (80 - 120 ms). n is from 
the 0.119 ran alcohol laser interferometer : one 
fringe = 10 cm . Figure from Ref. ( 22 I . 

Four phases can be recognized in the signal evolution : 1) a burn-out phase 
( 0 - 5 ms), 2) a low-density plateau (5 - 15 ms) with very low radiance 
level (then very low recycling flux), 3) a transition rise at 15 ms 
more working gas is introduced into the discharge to increase n , oxygen 
emission increases considerably, but the higher the ionization state the 
sooner the emission increases from the low density plateau [48 J ; similar 
non-simultaneous increases have been observed on Pulsator (49) and FT ( 50 ] , 
it has bee:> suggested that the inverted increases were due to recombination, 
but no numerical simulation has been reported to support this ; it cannot be 
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excluded to-day that charge-exchange with peripheral neutral hydrogen 
(from figure 3 it should attain in the gas port its maximum value during 
the transition phase) could influence peripheral plasma emission as it does 
for the hot central core in neutral-beam heating experiments [ 51 1 I , 4) a 
high-density plateau at about 80 ms a new steady state is reached with 

L 5+ 4+ 
higher recycling flux ; radial profiles have shown that the 0 , 0 , 4+ and N emitting shell peaks are at the limiter radius or at a slightly 
larger radius [25] ; this is not the usual case in other Tokamaks, and 
also in FT {50] which works at very high density, when the same ions 
have always been reported at the interior of the limiter ; heavy element 
(mainly Mo) emission was reported to be irreproducible during this fourth 
phase 
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Fig. 19 : Plasma current, line electron density, loop voltage, 
— * * • o « 

0 VI 1032 A and Mo XXXI 117 A radiances as functions 
of time for two successive discharges with indentical 
parameters. A slow valve injecting deuterium gas 
after plasma formation has been used in the first 
discharge (# 23620). Figure from Ref. ( 30 ] . 
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On TFR , when n was increased by means of gas puffing, the radiances 
from desorbed elements increased, whereas those from eroded elements where 
either constant or more usually decreasing [23,30] . As an example figure 19 
shows two successive TFR-400 discharges (D,, I =• 200 kA, B_ - 50 kG) : in 
the first discharge a valve injected D, gas after the plasma formation, 
whereas the second discharge had no gas injection ; it is evident from the 
example that the rite of increase of the central molybdenum radiance is lower 
in the first case, right from the beginning, thus showing that the inward 
molybdenum flux coming from outside the plasma is decreased by the injection 
of cold gas. In TFR where gas puffing increases n only by a factor 
of two to three, the Thomson scattering T profile modifications, particu
larly in the wings, are quite small ; eventual peripheral cooling affects 

> 10 I Mcmt 

Fig. 20 : Seven 0 VI 1032 A radiance profiles B(h) for a TFR-600 
discharge (D 2 > I - 200 kA, B T - 40 kG, a - 18 cm) in 
which n is increased up to the maximum value allowed e 
by the disruptive instability (the ordinate scale of 
the 6th and 7th profiles are multiplied by 0.5). Also 
shown are the plasma current I , the line electron 
density n I, and the times at which the profiles have 
been taken. 
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only the radii where T is smaller than or equal to about 150 - 200 eV 

(where as already said, the Thomson scattering measurements are affected 

by considerable errors). But this effect should be also very weak at the 

radius of the 0 VI emitting shell as it is shown by the profiles of figu

re 20. The seven profiles peak always at a radius comprised between 13.5 

and 15 cm [E(r) profiles peak usually 1 cm outside the B(h) peaks] ; the 

variations of the peak positions are irregular from one shot to another 

and also from one profile to another ; this could be due either to small 

vertical displacements (since we detect two ions simultaneously» we obser

ve quite often that the relative distance between the radiance peaks of 

two ions ûoes not change in two subsequent profiles) or to fluctuations of 

the peripheral T profile. In some discharges the last 0 VI profile was 

only a few milliseconds before the disruption. In TFR-600 series of pro

files like that shown in figure 20 have been observed regularly in high n 

discharges ; they differ considerably from those observed in JIPP T-II 

Tokamak where the 0 VI emitting shell is pushed by gas puffing towards the 

limiter radius [ 52 I . 

In the language of plasma spectroscopists the effect shown in figure 

19 is usually called anti-correlation between desorbed and eroded impurities 

and it has been observed in several devices. It is generally admitted that 

reduction of erosion is associated with reduced peripheral temperature, then 

energy of the impinging particles on the walls and/or the limiter (in PLT, 

for example, this anti-correlation, in the case of tungsten limiter(was 

correlated with the peripheral C Doppler temperature [531 )• 

Results from high-density Pulsator discharges have indicated the non-

general validity of this anti-correlation [54] . If the rate of increase 

of the electron density dn /dt is comprised between two limits (so-called 

type-A discharges), an increase of the emission in the soft X-ray region 

(that recent wavelength resolved measurements have shown to be due to iron) 

takes place 20 ms before the disruption, this increase is accompanied by the 

disappearance of the so-called saw-tooth activity (this is another much 

discussed subject in plasma physics ; it consists of saw-tooth oscillations 

of the continuum soft X-ray emission, that in most cases are due to saw

tooth Oscillations of T in the central region) ; the observed effects 

have been interpreted as a neo-classical impurity accumulation which is not 

anymore balanced by an anomalous outward diffusion due to the saw-tooth 

activity. 
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Conditions resembling the Pulsator discharges have been observed 
on high current TFR-600 discharges, when the rate of increase dne/dt, 
unlike the case of figure 20, was decreased near the end of the discharge. 
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Fig. 21 TFR-600 discharge (U„, I 320 kA, B T = 40 kG, 
a = 19 cm) in which the rate of increase dn /dt 
was reduced around 300 ms ; increased emission from 
eroded elements was observed after that time. Shown 
are the plasma current I , the line electron den-

* P ' sity n I, and 4 impurity signals (0 VI 1032 A, e o o o 
0 VIII 19 A, Ni XVIII 292 A, and Cr XXII 223 A). 

A few diagnostic signals are shown in figure 21 ; it appears that around 
t » 300 ms the eroded element signals increase [shown are the central 
Cr XXII line (T (o) was about 1.1 - 1.2 keV) and the Ni XVIII line (with 
emitting shell centered at r * 13 cm) 1 : on the other hand, a desorbed 
element signal like 0 VIII (emitting in the same region as Ni XV1II) 
increases regularly during the entire discharge. Since the saw-tooch acti
vity, seen both on soft X-ray diodes and on electron-cyclotron emission 
(which is thought to be proportional to T ), continues after the "eroded 
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element accumulation", we impute the observed phenomena to a change of plas
ma boundary conditions rather than, as done for Pulsator,.to a modification 
of the impurity transport inside the plasma. 

4. CONCLUSION 

Tokamak plasma spectroscopy is a new rapidly developing field ; in the 
last few years several new teams have been formed in the recently built de
vices and large amounts of data are expected to be obtained in the forth
coming years. In this review we have only mentioned the evolution of an 
ohmically-heated Tokamak discharge from the point of view of plasma spec
troscopy. Additional heatings (neutral-beam injection, ion-cyclotron reso
nance, and lower hybrid frequency) have been successfully tested on Tokamak 
devices ; very large enhancements of radiation have been quite generally 
observed at the highest available heating powers ; if ways of reducing ra
diation losses are not rapidly found, in the near future the performances 
of Tokamak discharges could be limited by radiation losses. 

Besides that, Tokamak plasmas are of great interest for atomic 
physics, since, compared to astrophysical or laser-produced plasmas, both 
electron density and electron temperature are known ; it is then possible to 
verify the atomic data used in the calculations, instead of using them to 
diagnose n or T . Several other experiments have been performed in Tokamak 
devices : impurity injection by means of a laser beam, line identification, 
study of the excited level populations of the different isoelectronic se
quences, charge-exchange effects between highly ionized ions and neutral 
hydrogen, study of the satellite spectrum to the resonance line of He-like 
ions. 
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