
DRFC-SCP-STGI 
F6.fi,-^o^e<5• 
EUR-CEA-FC-1160 

HEAVY IMPURITY TRANSPORT IN THE TFR TOKAMAK. 
COMPARISON OF LINE EMISSION WITH 

NUMERICAL SIMULATIONS 
Equipe TFR 

October 1982 

ASSOCIATION FURATOM-.C E.A. 

DEPARTEMENT.DE RECHERCHES 
SUR/LA FUSION CONTROLEE 

http://departement.de


HEAVY IMPURITY TRANSPORT IN THE TFR TOKAMAK. 
COMPARISON OF LINE EMISSION WITH NUMERICAL SIMULATIONS 

Equipe TFR 

ASSOCIATION EURATOM-CEA SUR LA FUSION 
Département de Recherches sur la Fusion Contrôlée 

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

ABSTRACT 

Heavy element ion line emissions have been simulated with a numerical 
code using two adjustable, independent of radius, parameters in the flux density 
expression : an anomalous diffusion coefficient D, and an inward convective 
velocity V». Previously reported results on the laser blow-off injection of 
V, Cr, and Ni have thus been interpreted. The quasi-stationary phase of ohmi-
cally-heated high-density (n e(0) «-'1.5 x 10 cm" ) discharges has also been 
simulated, thus allowing the plasma "chemical" composition and the radiated 
power to be calculated. 
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I. INTRODUCTION 

Comparison of oxygen and carbon line emission in TFR plasmas with 
the predictions of numerical simulations has been recently reported /I/. 
It was shown that for light impurities it is necessary to take into account 
anomalous diffusion ; however, it was not possible to discriminate among 
different anomalous scaling laws (a meaningful1 discrimination would have 
required experimental data not available on TFR, particularly a measurement of 
the central density of fully stripped ions). Anomalous diffusion coefficients 
D. of the order of a few thousands cm 2 s were necessary (the sensitivity of 
the comparison to the chosen D. value'being approximately a factor of two). 

Having now extended the numerical simulation code to heavy elements 
(up to nickel), this paper will describe the interpretation of heavy ion line 
emission. After a rapid review of the experimental conditions in section 2 and 
of the numerical model in section 3, section 4 will show that we have been 
brought to express the Impurity ion flux density in an empirical way, using 
two adjustable parameters, independent of radius : an anomalous diffusion 
coefficient D» and a convective velocity V A (as proposed by Behringer et al. /2/). 
For this analysis we shall use the results of V, Cr, and Ni injection into 
well-established discharges /3/, by using the laser blow-off technique /4/. 
Section 5 will consider line emission from intrinsic heavy elements (from chlo
rine to nickel) during the quasi-stationary current plateau of high-density 
(n (8) ~ (1.-1.5) x 10 cm" ) TFR plasmas. This comparison, added to that 
performed in /t/ for light elements, will allow the plasma "chemical" composition 
and the total radiated losses to be evaluated. Finally, comparison of all the 
reported simulations (also considering some reported results at low density 
/5,6/)w1l1 allow some trends for the diffusion coefficient scaling law to 
be underlined. 
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II. EXPERIMENTAL 

All the necessary Informations concerning the experimental set-up, 
for both the machine and the diagnostics, can be found in /1/. Metal impurities 
were injected, using the laser vaporization technique, at the current plateau 
of 200 kA, 40-45 kG, 20 cm carbon limiter plasmas ; Hg, D 2 , or He were used 
as working gas. The spectroscopic signals I V will be compared in section 4 
with the numerical code. 

We have also studied the quasi-stationary phase of ohmically-heated 
high-density discharges. This phase, starting 100-150 ms after the discharge 
beginning, is characterized by a current plateau, and almost stationary plasma 
conditions. Indeed, the electron density slowly increases without appreciable 
profile modifications, whereas T is practically constant. 

III. NUMERICAL MODEL 

The numerical code, including rate coefficients, transport model 
and numerical solution, has been thoroughly discussed in /I/ ; here, we add 
only some comments concerning a few, recently added, modifications concerning 
heavy elements from chlorine to nickel. 

The basic set of Ionization and recombination rate coefficients has 
been somewhat modified from the initial Lotz's and Burgess' formulation. 
This has been necessary 1n order to correctly simulate recent crvstal spectro
meter data on the satellites to He-like Cr lines. In the new rate coefficient set, 
Lotz's formula has been multiplied by 0.5 for the isoelectronic sequences from 
Li-like to N-like, and by 0.75 for the 0-1 ike and F-like sequences /6/. 

Line radiance evaluations need the excitation rate coefficients of 
the strong An = 0 transitions of the Li-like, Be-like, Na-like, and Mg-like 
Isoelectronic sequences. Radiances have been calculated in the coronal appro
ximation ; for the rate coefficients the g~ approximation has been used. A parti-
cular case is the Ne-Hke Ni XIX 14.035 A transition, since it needs a detailed 
colli;ional radiative model ; we have followed H I to evaluate its radiance. 
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Radiation losses have been obtained by interpolation of the tables 

of Summers and Mc Whirter /8/, giving the radiative power loss coefficients 

of several selected elements between carbon and molybdenum. 

The main problem in this type of codes is the choice of the expression 

for the density flux r z in the transport equation. Simulation of oxygen and 

carbon Impurity transport has shown that neoclassical terms alone do not allow 

the experimental results to be correctly simulated /I/. Indeed, for the plasmas 

we have studied, the collisionality regime of light impurities is of the plateau 

type j r is therefore always directed towards the plasma interior, thus leading 

to light impurity accumulation in the plasma center. To avoid this accumulation 

(not observed experimentally), an anomalous diffusion term must be added, 

proportional to a diffusion coefficient D f t. 

On the other hand, the collisionality regime of heavy impurities 

is of the mixed Pfirsch - Schliiter type, leading to the opposite effect, 

since the term proportional to the ion temperature gradient 1s directed towards 

the plasma exterior. A correct simulation of the experimental results requires 

that this term be neglected (Indeed, this is necessary to obtain a total impurity 

density profile n T« .2 n z(r) centrally peaked). This method has been used 

for the simulation of the argon pump-out effect during mode-conversion ion-

cyclotron resonance heating experiments /5/. 

However, since this is an empirical procedure, we have thought simpler 

to use an easier to handle expression for the flux density, neglecting the 

neoclassical terms, 

3n r 
rz = - DA W- * ï h \ • W 

where a is the radius of the cylindrical plasma, and D. and V. are independent 

of radius. This formulation for the flux density is an extension of the formula 

proposed by Behringer et al./2/ (in the original formulation there is only 

one independent parameter, since V. = 2 D./a). 



5. 

In the numerical solution, the boundary condition at the limiter 

radius has been generalized by writing 

r (a) » R Ï r,(a) + F , (2) 
O _ Z 0 

where r (a) is the total Inward neutral atom flux density, r z(a) is the outward 
flux density of ions of charge Z, r_ is an externally imposed Inward neutral 
atom flux density, and R 1s the recycling coefficient. 

IV. LASER-INJECTED HEAVY IMPURITIES 

When using the laser vaporization technique, a beam of neutral 
particles is injected into a quasi-steady-state, well diagnosed, tokamak plasma 

(the beam particles have directed velocities of several 10 cm s ; sometimes 
clusters follow at lower velocities). The locally injected impurity atoms are 
ionized in the injection port region, probably not too far from the limiter 
radius. The resulting ions are then trapped by the magnetic field and spread 
out rapidly along the field lines, leading to toroidal uniformity at the plasma 
periphery (typical toroidal velocities being in the 10 cm s range or even 
larger). At the same time,due to collisions or turbulence effects, the ions move 
at lower velocity perpendicularly to the field lines, in the radial direction 

2 3 - 1 
(typical velocities being 1n the 1 0 - 1 0 cm s range). During this inward 
movement towards the plasma center the ions become progressively more stripped, 
since they see an Increasing electron temperature T . The first particles reach 
the plasma center in a time of the order of several milliseconds, the maximum 
central impurity density being reached in 10 - 20 ms. Subsequently, the highly 
ionized central ions leave the plasma (resulting in an exponential-like decrease 
of their radiances with constant T ), due to the finite plasma particle confi
nement time. The Injected particles do not recycle (this being true also when 
injecting intrinsic impurity elements), as shown by the fact that the radiances 
tend asymptotically to their pre-injection level. 

For the simulations, we need to distinguish between the initial 
interaction of the puff (ionization plus spreading along the field lines) 
and the much slower radial diffusion. The first phase is a peripheral plasma 
phenomenon (including also the scrape-off region), whereas the second one is 
a true plasma physics process. Ue are concerned only with this latter process, 
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the peripheral phenomena being approached with adequate "ad hoc" boundary 
conditions at the limiter radius (last mesh point in the code). 

It is easy to check that neoclassical diffusion theory cannot 
explain the injected ion radiances, since it implies considerably slower pene
tration to the plasma center and much longer confinement times. This conclusion 
has also been reached in the Alcator-A tokamak /9/, but not in ISX-B /',0/, for 
which it has been claimed that neoclassical diffusion simulates the experimental 
radiances (however, this might be a consequence of the large Z g f^. value of these 
discharges, implying a dominant role of ion collisions between intrinsic and 
injected impurities). Anomalous diffusion terms must therefore be introduced 
in the impurity ion transport equations ; however, before performing the 
simulations, the boundary conditions at r « a must be specified. 

IV.1. Boundary conditions at the last mesh 

The first approximation has been to neglect the delay of propagation 
of the neutral beam from the source to the plasma border (a few tenths of 
millisecond). Secondly, since the toroidal spreading Is difficult to model, the 
code assumes axial uniformity. Since the spectrometer 1s toroidally 90° away 
from the injection port, the measured radiances of peripheral ions have been 
assumed to be toroidally averaged radiances. An "a posteriori"check is based 
on the comparison of the relative peak radiances of Ar-like and Na-like Ni 
and Cr ions, as given by the code and by the experiments. For nickel there is 
good agreement, whereas the experimental Cr VII radiance, relative to the 
Cr XIV one, is considerably less than given by the code, suggesting that Cr 
has had no time to become toroidally uniform. We have therefore concluded that 
toroidal uniformity is attained for ions having ionization potentials x z of the 
order of 200 eV. 

Preliminary simulations have shown that the narrow initial peaks 
of peripheral ions having x, £ 400 eV are due to the ion puff passing through 
the considered ionization state on its way towards the plasma center. For a 
given time dependence of the incoming flux r (t), these peaks are practically 
independent of the transport terms used in the flux density expression. The best 
agreement with the peripheral peak radiances was obtained using for Y (t) a trian 
gular shape of 1 ms half-width and maximum value dependent on the injection 
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— Is ? 1 
experiment (r = 2.5 x 10 cm s" 1 for chromium). Since experimentally a 
high capture efficiency is observed for the injected neutrals (typically, 
^ 10 particles are injected), we had to impose arbitrarily R = 1 during the 
first 2 ms (and R = 0 subsequently), in order to compensate for the large 
"numerical" losses in the last mesh. These losses are due to the fact that,to 
maximize the computational time-step,the neutral atom incoming velocity must be 
reduced to a very low value (as low as 5. x 10 cm s ), lacking any physical 
meaning. This implies that most of the Incoming atoms are Ionized and rapidly 
lost in the last mesh. 

The maximum value f Is obtained by normalizing to the absolute 
radiances of the peripheral Unes. In our model, this value is connected to the 
effective number of "captured" Ions, which depends on the experimental conditions 
in an uncontrolled way, and it Is not directly comparable with the number of 
neutral atoms in the puff. 

IV.2. Preliminary simulations 

Having fixed the boundary conditions, we have simulated the radiances 
of ions having ionization potentials x z Z 4 0 ° eV. The relevant electron tempe
rature and density profiles are shown in figure 1 (a) for hydrogen and deuterium 
discharges, and (b) for helium discharges. The effect of varying the two trans
port parameters D. and V. Is shown in figures 2 and 3, where we have plotted 
as functions of time (for injection of chromium into a hydrogen discharge) the 
average (up to r * a) total ion density n T and the central Cr XXI 150 A line 
radiance B. 

The reference case (dashed line) takes 0. = 4000 cm 2 s and 
-1 — 1 1 - 3 

Vfl = 400 cm s . At the end of the injection (t • 2 ms), n T ^ 2.x 10 cm ; 
subsequently rw decreases, as a consequence of the losses at the limiter boundary. 
The "captured" ions move towards the plasma center, where the maximum n T value in 3* ( * 7.5 x 10 cm""is attained after approximately 15 ms. From then on, the 
central chromium density decreases, as indicated by the Cr XXI radiance decrease. 

The other curves of figures 2 and 3 give an idea of the sensitivity 
of the simulations to the actual D, and V. values. Decreasing D. from 4000 
to 2000 cm 2 s~ , at constant V. (triangle dashed lines) slows down the impurity 
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movement towards the plasma center, delays the Cr XXI radiance maximum, and 
allows more Ions to ruach the center. On the other hand, increasing V. at 
constant D, affects only slightly the time of maximum radiance, but it Increases 
its absolute value and slows down the exponential tail (dot-dashed lines for 
V A = 800 em s"\ and solid Unes for V A = 1600 cm s" 1, both with D f t = 4000 cm 2 s " 1 ) . 

Before performing the final simulations, we had to take care of one 
last difficulty : with the hypothesis discussed up to now,we were unable to 
correctiy simulate the residual signals following the narrow peaks of low 
ionization potential Ions. Indeed, for satisfactorily simulated peak amplitudes, 
the radiance decreases were too fast. Moreover, the simulations show that, 
after the incoming ion puff has passed, the plasma becomes progressively recom-
bining (I.e., more ionized then predicted by ionization 'iqullibrlum calculations) ; 
as a consequence, the emissivity profiles become quite large (larger than the 
•v. 3 cm of an ionizing plasma), and the ratio of the radiances of two neighbouring 
ions, liko Cr XIV to Cr XIII or V X TII to V XII, has a value of 4 to 5. Experi
mentally, the E(r) emlssivity profiles have always, at least up to r = 15 cm, 
the same width of ^ 3 cm, and neighbouring ions have radiances not differing 
by more than a factor of two. We were therefore forced to conclude that the 
residual signals of peripheral ions are caused by a supplementary incoming flux. 
It is not clear if this is due to a slowly decaying trail of the injected puff 
or if it is due to partial recycling (however, it cannot be due to clusters, 
which are sometimes observed, appearing as spikes on the radiances). In the 
final simulations, we have taken it into account by adding, to the triangular 
incoming flux density 7 (t), a residual exponential tail with a time constant 
of 10 ms, i.e., for t > 1.75 ms, in the case of chromium, 

r„(t) = 6. x 10' 4 e "<* " '-75)/10 cm" 2 s"'. (3) 

Moreover, we have taken R = 0 starting at t = 1.75 ms. Note that this additional 
term, even if its initial amplitude is * 1/4 of the maximum F value, 1s only 
a small correction, due to the large amount of injected particles "numerically" 
lost in the last mesh. 
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IV.3. Final simulations 

The final simulations are shown in figure 4 (injection of Cr into 
a hydrogen plasma),figure 5(infection of Ni into similar discharges), and 
figure 6a) and b) (injection of V into deuterium and helium plasmas, respecti
vely), by the dashed lines. The solid Unes show the experimental radiances. 
The D. and V. values for each case are shown In lines 1 to 4 of table 1. 
Note that it has been possible to simulate, using the same transport parameters, 
injected neutral beams of Cr and NI differing by as much as a factor of four 
in the effective number of captured particles. 

Finally, we should mention that the experiments reported in /3/ 
concerned also the injection of vanadium Into hydrogen plasmas. However, these 
experiments were characterized by non-negligible plasma perturbations, Caused 
(directly or indirectly) by the Injected beam. Indeed, large saw-tooth oscilla
tions appeared after the injection, and an outward horizontal displacement of 
•vi 2 cm modified the peripheral conditions, causing an increase of n g much larger 
(and with slower time evolution) than the rather small increase caused by the 
Injection in all the simulated experiments. Note that plasma perturbations by 
the injected impurities have been reported an^ discussed in /11/ for PLT and 
POX plasmas. 

V. QUASI-STEADY-STATE OF OHMIC DISCHARGES 

In this section we shall discuss the simulation of the quasi-steady-
state phase of high density ohmically heated TFR discharges. Typical plasma 
parameters at the current plateau were : I_ = 250 - 300 kA, B T = 35 - 45 kG, 
working gas deuterium, inconel limiter radius a = 20 cm, n (o) *• 1.5 x 10 cm , 
T (0) ̂  1. keV, T-(0) * 0.8 keV. During the current plateau (starting 100 - 150 ms 
after the discharge beginning, and lasting typically 100 ms), the electron 
density increased smoothly without appreciable profile modifications, whereas 
the T profile was practically constant. Typical n and T profiles for these 
discharges are shown in figure 7a. Impurity ion emisslvlty E(r) profiles are 
shown In figure 7b) and c) (solid lines). The Ni XIX 14.035 A line profile 
was obtained on a shot-to-shot basis, using a soft X-ray duochromator 

e 
(partial blending with the 14.077 A line of the same ion has been subtracted), 
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whereas all the other profiles were obtained by means of a vuv duochromator, 
using a rotating mirror for spatial scanning (time required to scan the lower 
half-profile £ 1 ms). Non-central ions have shell-shaped E(r) profiles repro
ducible to within 1 cm ; on the other hand, central Ions (I.e., those for 
which E(r) has a central maxii» or a central shallow minimum) present E(r) half-
maximum width fluctuations of ̂  1-2 cm (the exact shape of the inverted profiles 
near the center being also quite irreproducible). The profiles of figure 7a) 
and 7b) are averages over a few "reproducible" profiles (i.e., either from the 
same discharge or from macroscopically reproducible discharges). 

Figure 7 shows at least one E(r) profile from each Intrinsic heavy 
impurity present in TFR plasmas. Chlorine is a desorbed impurity, and has ion 
radiance evolutions similar to those of light elements like oxygen /12/ ; 
in particular, they roughly follow the n e evolution. On the other hand, chromium, 
iron, and nickel are eroded elements (erosion including both sputtering and 
arcing), and they are quite often anti-correlated with desorbed elements. 

The profiles.of figure 7 are those obtained at steadyestate. We have 
not simulated the radiance evolutions for the discharge presented here, mainly 
because of the irreproducibilIty of the heavy impurity source (as shown by the 
low ionization potential metal ion radiances) at the plasma beginning (however, 
radiance time evolutions have been simulated in the case of argon injection 
into a well-established plasma, since In this case the source is quite repro
ducible /%/). 

The dashed lines of figure 7 show the simulation of these ohmically-
2 -1 -1 

heated discharges, requiring D. • 4000 cm s and V A = 400 cm s for all 
elements. The simulations were performed as in /I/, taking R = 1 and T' = 0 
in formula (2). Starting from a uniform distribution of impurity ions of density 
iw(r) = TL at ionization equilibrium, the code is let to evolve freely towards 
Its equilibrium solution, which is obtained asymptotically when the total flux 
density I\,(r) » 2

2 r _ ( r ) is zero everywhere. Before the equilibrium solution is 
obtained, r T(r) 1s negative, since the convectlve term V. pushes the Impurity 
Ions towards the plasma center. To avoid needless, money-consuming, computer 
time it Is sufficient to stop the simulations when the maximum absolute value 
of r T(r) becomes low_-r than -v. 20 n"T(cm ' z s , cm ) ; at this value, n T(r) is 
everywhere to better than 5 % within the asymptotic profila ; this is sufficient, 
given the quality of the experimental data. 
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D, was chosen by matching the positions of the E(r) profiles, 
v. (which has only a small influence on the E(r) profile positions) is chosen 
by matching the radiances of two ions of the same element located at different 
radii (for example, Cr XIV and Cr XXI). 

In these high density discharges, the density profiles of the different 
ionization states are slightly displaced towards higher electron temperatures 
(I.e., inwards) with respect to the position predicted by ionization equilibrium 
(IE) calculations. At given n , this displacement increases with increasing 
0. value. This is due tc « continuous movement of low Ionization potential Ions 
towards the center, balanced by an oufcvai-it movement of high ionization potential 
ions. This effect is clearly shown In fi.,:re 8, where, for the same choice of 

2 -1 
transport coefficients as for figure 7 (I.e., D f t • 4000 cm s and 
V. = 400 cm s }, we have plotted the radial profiles of the flux density 
r z(r) for a few Ni ions. N i 1 3 + , Ni 1 6 +, Ni' 8 +, and N i 1 9 + have shell-shaped 
density profiles peaking at the radii indicated by the solid arrows (the dashed 
arrowing showing the radii of maximum density at IE). At large radv r becomes 
positive, i.e., directed outwards (due to the change of sign of the term 
0, 3n /3r). Ni and Ni ions (having centrally peaked density profiles) have 
r (r) always positive, i.e., directed outwards. At the plasma center, the displa
cement of the ionization state (with respect to IE predictions) towards a 
lower average charge 1s quite low (approximately one half Ionization degree). 
The dashed Tine of figure 8 shows the total flux density r_ = 2 r . As already 
discussed, IV has a negative value, due to a residual global inward movement. 

The total density nAr) for nickel is shown by the dashed line of 
figure 7a) (the average density value over the profile being about 2/3 of the 
maximum n T value) ; the absolute value is sur.h as to correctly predict the 
absolute emissivity values. For the other intrinsic heavy elements, v. and D, 
having the same values, the n.(r) profiles have the same shape, but aro norma
lized to match the respective Une emissivities. For the discharge reported 
here, the normalization factors are 0.6, 0.6 and ".75 for Cr, Fe and CI, 
respectively. ~^e Fe :ontent is larger than expected considering the limiter 
inconel chemical composition. This probably indicates a non-negligible contri
bution to the Fe production of the stainless-steel guard rings (note that this 
is only true in high density discharges ; low density discharges have haavy 
Impurity relative proportions in agreement with the values expected from the 
limiter composition /6/). 
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We must stress at this point that, in order to determine both 
transport parameters V. and D., emissivity profiles of at least two ions of the 
same element, located at sensibly different radial positions, are necessary. 
For the discharge considered here, this is only true for Cr and Mi. Strictly 
speaking, for the other two elements the choice of V. could therefore appear 
as arbitrary. However, it is justified by the fact that Fe, given its mass 
and Jiarge, is likely to behave as Cr and Ni ; moreover, we have already shown 
IM that the same V. and D,, values also simulate the oxygen behaviour in the 
same discharges. 

Besides the four discussed heavy elements, 0, C, and N have also 
been detected in TFR /t3/. Typical oxygen central densities, for discharges 
with n e(0) = 1.5 x 10 cm , are of the order of 10 cm /1/ ; the carbon 
content, when using an inconel limiter, is ̂  1/50 - 1/100 of that of oxygen, 
and the N content is even less. Table 2 gives the central impurity densities 
of all important elements at the current plateau of the high density discharges 
studied here. The effective charge Z .. is mainly determined by oxygen. Table 2 
also shows the total calculated radiation losses PR. Typically, bolometer 
measurements give values in the 250-3C0 kW range, in good agreement with the 
total calculated radiation losses. 

Finally, it must be pointed out that in TFR we have never observed 
nodifications of the Impurity profile correlated with saw-tooth activity, like 
in Pulsator /14, 15/ (type A discharges : impurity peaking with disappearance 
of the saw-tooth activity), or in Doublet III /16/ (type 0 discharges : sudden 
stop of the impurity peaking with appearence of saw-tooth activity). In our 
model these phenomena would Imply variations of V, (EC constant D.). 

VI. DISCUSSION 

Table 1 gives a summary of the V, and D. values used to simulate 
TFR plasmas. Also included (Une 6) are the values necessary to simulate low 
density (ne(0) = 0.5 x 1 0 1 4 cm" 3) inconel limiter discharges /5,6/. 
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Before discussing the trends resulting from Table 1, we shall resume 
the conclusioos of our simulation- on the influence of the D, and V. values 
on the transport properties. The impurity ions are pushed towards the plasma 
center by the convective term V. (a solution of the transport system without this 
term gives flat n^r) profiles). The degree of peaking of n^Cr) depends only 
on the V./O^ ratio. For equal V./O. values, the radiance time evolutions are 
more rapid when D. Is larger. V. plays only a minor role on the time evolution ; 
however, it is essential for the relative U n e radiances. At given n g, increasing 
D» Increases the difference of the average ion charge from IE predictions, due 
to a continuous movement of low ionization potential ions towards the plasma 
center, balanced by an outward movement of central, high Ionization potential 
Ions (see figure 8). 

Although the number of simulated discharges, table 1, 1s quite small, 
not allowing a clear scaling law to be obtained, some tendencies for the 
transport coefficients can be drawn. First of all, D. increases with electron 
density. Secondly, D, decreases with the mass of the working gas (note that for 
the helium discharges this is compensated by the higher electron density). 
The toroidal magnetic field, the safety factor q (a), and the electron tempera
ture, for the discharges of Table 1, vary in too narrow a range to give any 
hint on the D, dependence. 

As far as V. is concerned, no clear conclusion can be drawn. Indeed, 
-1 we have always obtained values of V. between 400 and 800 cm s , without a clear 

correlation with the discharge macroscopic characteristics. Moreover, variations 
of V, by as much as a factor of two have been sometimes observed for plasmas 
having the same macroscopic parameters. 

Comparison of the transport coefficient values reported here with 
other published data is difficult, since only in /9/and in /17/ scaling with plasma 
parameters has been reported. However, the measured quantity is there the 
particle confinement time T , and we have shown above (see discussion concerning 
figures 2 and 3) that this quantity is non-univocally connected to either 
V A or D., being an increasing function of V. at constant D., and a decreasing 
function of D, at constant V.. In both TFR and Alcator-C, improved impurity 
confinement has been observed at low electron densities. However, the proposed 
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Alcator scaling /17/ suggests that this is not a "per se" n dependence, but 
rather a consequence of the Increased Z ^ value at lower electron densities 
(this being also the case for inconel liisiter TFR plasmas with n * 5.x 10 cm" 3). 

As far as the dependence on the working gas mass Is concerned, it has 
been reported in ISX-B /18/ that the total ion density profile in ohmically-
heated discharges is more peaked in deuterium than in hydrogen ; in our formu
lation, this means that the ratio D./V. (determining the degree of peaking) is 
smaller in deuterium, in agreement with the results presented in Table 1. 

Finally, the uncertainties or. the 0, and V, values of Table 1 are 
approximately 50 X and 100 $, respectively, for ohmically-heated plasmas, but 
considerably lower (25 % and 50 %, respectively) for laser injection experiments. 

VII. CONCLUSIONS 

Me have described in this paper simulations of the heavy impurity 
behaviour in TFR plasmas. The ion flux density has been expressed as the sum 
of two terms, each having an adjustable parameter (independent of radius) : an 
anomalous diffusion coefficient D. and an inward convective velocity V,. 

We have thus simulated the Injection of V, Cr, and Ni (by the laser 
vaporization technique) into well-established TFR plasmas. Ad-hoc boundary 
conditions for the Incoming flux were necessary to simulate the injected ion 
pu*-f (this is necessary 1n order to avoid a detailed treatment of the neutral 
beam ionization in the injection port and the toroidal spreading along the 
field lines). A residual trail on the incoming flux has been necessary to 
correctly simulate low ionization potential ion radiances. The necessary D. 
and V^ values for four experimental conditions (different working gas and 
injected elements) have been resumed in Table 1 (lines 1 to 4 ) . As far as 
scaling is concerned, the only possible conclusions are that D. increases with 
electron density and decreases with working gas mass. On the other hand, no 
clear trend could be descerned for the V. scaling. 

Vie have also been able to simulate the quasi-stationary phase of high-
density ohmically heated discharges. The experimental data (absolute emissivity 
profiles) have allowed the total ion density of Intrinsic heavy impurities 
to be obtained. An important conclusion is that for these discharges the same 
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transport coefficients simulate both heavy and light impurity behaviour /1/. 
We have therefore been able to calculate the "chemical" composition of typical 
TFR high density discharges, showing that the effective charge Z f f (of the 
order of 1.S 1n these discharges) is mainly determined by oxygen. Radiation 
losses have also been calculated, and agree satisfactorily with bolometric 
measurements. 
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FIGURE CAPTIONS 

Fig. 1. n and T profiles of a) H 2 and u 2 discharges, o) He discharges 
in which laser-vaporized heavy element were injected. 

Fig. 2. Simulations of the average density ru. as function of time for 
Cr injection Into a hydrogen plasma. 
(n.(o) * 5.5 x 1 0 1 3 cm" 3, T.(o) « 1.6 keV). 

1 1 

Dashed Hsie : D. - 4000 cm2 s" , V. - 400 cm s ; triangle-dashed 
line : D. • 2000 cm 2 s ', Vft * 400 cm s ; dot-dashed line : 
D A = 4000 cm

2 s"1 ; V A = 800 cm s"
1 ; solid Une : D A - 4000 ciïÉ s"

1, 
Vfl = 1600 cm s . The hatched triangular surface shows the assumed 
triangular influx T . 

o 

Fig. 3. Simulations of the radiance B of Cr XXI 150 A as function of time 
for Cr injection into a hydrogen plasma. Same conditions as in 
figure 2. 
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Fig. 4. Cr injection into a hydrogen discharge (n (0) - 6.5 x 10 cm , 
T e(0) = 1.6 keV). Solid lines : experimental radiances ; dashed 
lines : simulated radiances, with D^ = 4000 cm 2 s , V. * 400 cm s . 
The plotted lines are : Cr XIV 412 A, Cr XXI 150 A, Cr XXII 223 A. 

Fig. 5. Same as figure 4, for Ni injection into a hydrogen plasma. The plotted 
lines are : Ni XVII Ç49 A, Ni XVIII 292 I. 
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Fig. 6. V injection into : a) deuterium plasmas (n ft) = 6.5 x 10 cm , 
T e(0) = 1.6 keV) ; b) helium plasmas (ne(o) = 1.2 x 1 0

1 4 cm" 3, 
T(0) = 1.35 keV). Solid lines : experimental radiances ; dashed 
lines : simulated radiances, with : a) D. = 2000 cm 2 s" , 
Vft = 400 cm s"

1 ; b) D f t = 2000 cm
2 s" 1, Vft = 800 cm s"

1. The plotted 
lines are :VXX 159 X, V XXI 240 Â. 
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Fig. 7. Quasi-stationary phase of ohmlcally-heated high-density discharges. 
Solid Unes : experimental curves, dashed lines : numerical curves. 
a) n and T experimental profiles, n T Ni density profile. 
b) emisslvity profiles E(r) of Ni Xix'l4.035 A, Ni XVIII 292 A, 
and Fe XVI 335 A ; c) emlssiivity profiles E(r) of Cr XXI 150 A, 
Cr XIV 390 Â, and CI XIV 235 A. 

Fig. 8. Radial profiles of the flux density r z of a few Ni ions for the quasi-
equillbrlum solution shoivfi 1n figure 7. Dashed line : total flux 
density r T * 2,1",. Solid arrows Indicate the maximum ion density 
radial position ; dashed arrows Indicate the maximum ion density 
radial position at Ionization equilibrium. 
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'P 
[kA| 

8 T 

[kGl q(a) 
n e (OI 

IIO'W3! [keV| 
G» Ions 

" A 

IcmV) 
V A 

Irani-') 
Expfrimim 

1 200 45 4.5 0.65 1.6 H 2 Cr 4000 400 Lasar 

2 200 45 4.5 0.65 1.6 H 2 Ni 4000 400 Later 

3 200 40 4.0 0.65 1.6 °2 V 2000 400 Lawr 

4 200 40 4.0 1.2 1.35 Ha V 2000 800 Lasar 

5 250-300 35-45 2.5-3.5 1.5 1.0 0 2 NI.Cr.Fa 4000 400 a 

6 200 40 3.8 0.5 1.7 o2 NI.Cr.Fa 2000 800 a 

TABLE 1 

Impurity n T (0) l a r r 3 ! PRIkW] 

C (1.-2.)x10'° -
N (0.5-1.1 x 10'° -
0 1. x t O 1 2 200 

CI 7.5 xlO 9 35 

Cr 6. xlO 9 15 

Fe 6. xlO 9 20 

Ni 1. x10 1 0 40 

TABLE 2 



Fig.1 



n T [ io%m : T r 

0.1 

[ms] 
10 20 30 

FO.2 



B[lOBphan2sV] 

Cr2XL 
3. 

2. 

t. 

i tfmsl 
40 

Fig. 3 



FIG. 4 



B [lO^ph *->• cm V s r ' ] 
3.1 

2. 

1. 



B [K>Bph cm W ] 

0.5 

15 
B[X>% cni'sV] 

vxx 

w 
20 30 40 50 

5.0-

2.5 

M 
20 40 60 80 TOO 

Fig.6 



1.5 — . ® 
—nJitfW 

fl T[Ni «"cm3] 



2.L 

1. 

0 

- 1 . 

-2. 

-3. 

_rH [îoVs-1] 

Ni^V, 

M - 2 , + S ^ 
Ni S^ 

<^^--- — y ^v /-- - \ " T '/ 

•fl** / X 
-

V rT(x25)/ ^ 
M 1 " - Ni 

- t! tt tî ti 
r[cm] | 

i 19+ , 18+ 16+, 13+ r[cm] | 

0 5 K) 15 20 

FIG .8 


