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SIMILARITY SOLUTION FOR "PLASMA SHIELD" IN HARD DISRUPTIONS

M. Ciotti, G. Maddaluno, A. Sestero

Associazione EURATOM- ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 - 00044 Frascati, Rome (Italy)

ABSTRACT
The behaviour of the material ablated from the wall during thermal quench is

investigated in terms of a similarity solution approach. An application to an ITER-
type device is carried out.

L INTRODUCTION
Reported damages due to hard disruptions are never apparently so large as the

total amount of energy involved would allow them to be (see, e.g., Refs [1] and [2]). In
the literature, Ref. [3] has been the first paper to attempt a theoretical explanation
of such feature, offering the suggestion that wall damage is ultimately determined by
the effectiveness of radiative energy transport mechanisms acting within the ablation
material. Such a suggestion was actually pursued further only a decade later [4].
Amidst recent work [5-7], Ref. [7] is in particular notable, in that it specifically
includes magnetic field effects in describing the dynamics of the ionized ablation
cloud (i.e., of the so-called "plasma shield"). Reference [8] has a similar scope, except
that it further includes finite-^ effects. Moreover, the latter reference shows that
atomic physics and radiation physics features can be modelled in a relatively
streamlined fashion without much losing in terms of representativeness. The resulting
one-dimensional model system of equations is of such nature as to allow for a
similarity solution approach. Then, still within the same paper, the similarity solution
equations are further simplified, to the point of eventually allowing the derivation of
the final result in closed analytical form. In the present work, we take such procedure
actually one step back, and directly address the numerical solution of the system of
the similarity equations - thus avoiding the error that has been possibly introduced in
Ref. [8] while pursuing further approximations.

IL MODEL EQUATIONS
In Ref. [8] a one-dimensional mathematical model has been derived and

justified, which describes resistive magnetohydrodynamical features and radiative
energy transport features within the plasma shield. Such model system of equations
writes as follows:

£ ) , „,
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The dependent variables in the above equations are the density N of ions plus
neutrals, the temperature T, the radiative energy flux F, the "frozen-in" macroscopic
velocity Vp and the "diffusive" macroscopic velocity VD (with the cumulative
macroscopic velocity V being defined as Vp-t-Vp). The diamagnetic current density J
must be calculated from the derivative of the magnetic field B, which is in turn
defined in terms of N and T by the pressure balance relation:

B2

(1 + Z ) NkT + — =
2

(6)

where Bo is the vacuum magnetic field. The quantities Z, Z W and q must be
expressed as functions of N and T by solving the system of Sana's ionization
equilibrium equations (see Ref. [8] for details). In the equations MKS units are used
- with however temperatures and single particle energies being measured in eVs.

SIMILARITY SOLUTION
In Ref. [8] it was shown that by introducing the similarity variables:

= x " ' t F ,
(7)

V =v"1 tVV F ' V F '

the problem simplifies to a system of ordinary differential equations:
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where V=VD+V> and C=l.lxl056. Thus, the scope targeted with the present paper was
directly addressing the numerical solution of the latter sysyem of equations. To this
end, through a further change of variables the system of equations has been cast into
canonical form (namely, a form such that anyone equation contains only a single
differential term) and then a standard, Runge-Kutta type integration procedure has
been applied. Boundary conditions have been prescribed in the form of the
requirement of a "physically reasonable" behaviour at either end of the ablation
matter cloud (where the simultaneous involvement of both ends has of course called
for a suitable iterative approach). In any case, among boundary requirements the
controlling role is surely played by power balance at the interface between disrupting
plasma and ablation cloud.

IV. RESULTS
The obtained profiles of the temperature T, radiative energy flux F, ablation

plasma "beta" and ablation plasma velocity V are shown respectively in Figs. 1 to 4 -
for input data that are representative ot the ITER device, namely: thermal quench
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TABLE I - Comparison of numerical results (first row) with approximate
analytical results (second row) (To in eV, zo in mm, Vo in ms'1, A in um)

To

2.97

3.05

xo

73.3

52.1

Vo

374

260

Pwl

0.61

1.00

A

14.9

8.32

l e v

0.67

0.75

fp*

0.15

0.15

fwl

0.18

0.10

duration 100 us, average heat load during thermal quench 120 GWm~2, vacuum
magnetic field 5 Tesla, wall material graphite. The values plotted are referred to
pulse end. The behaviour at earlier times can be inferred from the fact that profiles
remain self-similar at all times, while the spatial coordinate changes as t1/2 and the
magnitudes of F and V change as t~1/2.

Note the marked change of steepness of the profiles near the wall (except for
the "beta", that is). This is in part due tò the error that is affecting the model at low
temperature. It can be shown, however, that such error does not sensitively affects
the conclusions as to the overall plasma shield thickness, and cumulative depth of
ablation. Note also that the radiative energy flux has a (shallow) maximum away from
the hotter end of the ablation cloud. This can only be explained as the effect of a
local energy source - which can indeed be traced, in the model, to the Joule heating
produced by diamagnetic currents.

In Table I a number of other results are summarized, and compared with the
corresponding values obtained instead from the approximate analytical solution
derived in Ref. [8]. The data in the Table are referred to pulse end, and the suffix "0"
denotes boundary values on the side facing the disrupting plasma - with XQ being thus
a measure of the plasma shield thickness. Moreover, Pwj is the value of the plasma
shield "beta" near the wall, and A is the produced erosion thickness. Finally, of the
total energy that is poured in during the pulse, fev is the fraction that is reflected
back into the vessel cavity by blackbody radiation, fwj is the fraction that is
transmitted to the solid wall, and fj» is (by difference) the fraction that is deposited
inside the plasma shield. The comparison between the two sets of data indeed shows
that the analytical approximation - although not greatly accurate - is nevertheless
fairly representative of the exact result.
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DENSITY UMTT IN FTU TOKAMAK DURING OHMIC OPERATION

D. Frigione, L. Pieroni and FTU TEAM

Associazione EURATOM- ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 - 00044 Frascati, Rome (Italy)

L INTRODUCTION
The understanding of the physical mechanisms that regulate the density limit in

a Tokamak is very important in view of a future fusion reactor. On one hand density
enters as a factor in the figure of merit needed to achieve a burning plasma, and on
the other hand a high edge density is a prerequisite for avoiding excessive erosion of
the first walls and to limit the impurity influx into the hot plasma core. Furthermore
a reactor should work in a safe zone of the operation parameters in order to avoid
disruptive instabilities.

The density limit problem has been tackled since the 70's, but so far a unique
physics picture has not still emerged.

In the last few years, due to the availability of better diagnostics, especially for
the plasma edge, the use of pellet injectors to fuel the plasma and the experience
gained on many different Tokamak, a consensus has been reached on the edge density
as the real parameter responsible for the density limit [1,2]. There are still two main
mechanisms invoked to explain this limit: one refers to the power balance between
the heat conducted and/or convected across the plasma radius and the power lost by
impurity line radiation at the edge. When the latter overcomes the former, shrinking
of the current channel occurs, which leads to instabilities due to tearing modes
(usually the m/n=2/l) and then to disruption. The other explanation, for now valid for
divertor machines, is based on the particle and energy balance in the scrape off layer
(SOL). The limit in the edge density is then associated with the thermal collapse of
the divertor plasma [3].

In this work we describe the experiments on the density limit in FTU with
Ohmic heating, the reason why we also believe that the limit is on the edge density,
and discuss its relation to a simple model based on the SOL power balance valid for a
limiter Tokamak.

IL THE EXPERIMENTS
FTU is a medium size high field Tokamak (R=.93 m, a=.3 m, Br ^8T, Ip s l . 6

MA) having a stainless steel vacuum chamber and an inconel poloidal limiter. The
limiter does not cover the full poloidal angle, but consists of two halves, symmetrical
with respect to the equatorial plane, and encompassing a total poloidal angle of 220°.

During the first ohmic heating campaign, the wall conditioning was still to be
optimised. Moreover due to the failure of internal ring supports, containing magnetic
field pick-up coils, the vacuum chamber was found coated with carbon, due to
evaporation of insulating material exposed to the plasma. In this period we found an
operating space much more restricted with respect to that expected for instance by
previous results in FT. Fig. la shows the experimental results in the usual Hugill
diagram (1/qcyi vs. the Murakami parameter nR/B). While the limited range accessible
to operation could be explained by a substantial content of light impurities, (oxygen
and carbon), it is more surprising an apparent lack of dependence of the density limit
on the plasma current (or current density, according to the Greenwald criterion [4]).
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Fig. 1 - Hugill Plot for FTU. la) Operation range in presence of a substantial
concentration of light impurities; lb) Density at the magnetic surface labelled by
versus the average current density.

But looking in more detail to the data of two discharges at high and low q (at
the same magnetic field), having the same density limit, we found that the density
profiles, reconstructed by inversion of the 5-channels DCN interferometer, were
quite different. The profile at high q was substantially more peaked than that at low
q. Indeed by plotting the density at ipo/4 (ip0 being the magnetic flux function at the
centre), as representative of an edge density, a linear relation with the current
density was recovered (Fig. lb).

After this experimental campaign was concluded, a glow discharge cleaning
system was implemented on FTU [5]. The conditioning procedure was optimised by
backing the vacuum chamber at 130° and operating with the glow discharge during a
few days. The carbon deposited on the walls was thus completely removed. FTU was
then cooled at liquid nitrogen temperature and a new experimental campaign begun.
No further conditioning was done during operation. In this phase also a high velocity
pellet injector was installed on FTU [6].

With Ohmic heating and gas puffing the range of operation was substantially
expanded. Fig. Z shows the resulting Hugill plot in this new condition. Plasma was
fuelled with deuterium in this phase. The usual behaviour of the density limit was
recovered with the reduction of light impurity content. Only some oxygen (~0.5%)
was still found in the UV spectra. It has to be noted.that with gas puffing only, the
Greenwald limit was exceeded by a factor ~1.7 in very recent discharges at q~6.

m. DISCUSSION
Also in these new conditions, in which the radiation losses are not peripheral as

expected for light impurities dominated plasmas, the edge density appears to play a
major role in determining the maximum density achievable. Indeed the highest
density discharges are characterised by peaked density profiles (no/<ne> > 2). These
facts have lead us to look for a new criterion for the density limit [7]. When the
density in the SOL increases and the thermal conduction is the dominant term, it is
assumed that there is a limit on the temperature gradient that can be sustained along
the magnetic field lines there. Assuming that the pressure along the field line is a
constant and that at the sheath the Bohm condition is satisfied (i.e. flow velocity at
the sheath equal to the local sound velocity) this translates in the condition that the
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SOL density at the limiter cannot be larger than the SOL density at the midplane.
The expression for this density limit results proportional approximately to the square
root of the net power entering into the SOL (total input power minus the power
radiated by the bulk plasma), to the content of impurities in the SOL, and inversely
to the connection length.

Due to the limiter geometry of FTU, the connection length is not poloidally
uniform, and should vary with the value of q. In order to test this hypothesis, we
studied the density limit in two discharges, having the same current (.45 MA) at
different magnetic fields (4 and 6 T). According to the Greenwald criterion, since the
current density is the same, the density limit should be the same in these two cases.
The main parameters of these discharges are shown in Fig. 3. The line average
density for the shot at 4 T (# 4898) reaches a value smaller than that at 6 T (#4911)
before disrupting. The edge density (at a/r=0.9) as derived by uncalibrated Thomson
scattering (comparing the normalised values since the system was not absolutely
calibrated) appears to be the same.

This would apparently contradict our assumptions, since the average connection
length at 4 T should be «mailer than that at 6 T. On the other hand, while the total
Ohmic input power is the same as expected, the radiated power behaves in a quite
different way. In the shot at 4 T radiated power losses reaches 100% of the total
power at the disruption. Even more striking is the difference in the line emission
radial profile. In shot # 4898, the radiated power at the plasma centre is 1.5 MW/m3,
exceeding the local input power. Indeed temperature profiles, as measured both by
ECE emission and Thomson scattering, become hollow and sawteeth oscillations
disappear. This usually indicates impurity accumulation at the centre. Disruption
could then be not connected with the achievement of the density limit.

We are studying at present the reason for the different behaviour of the
impurities in the two cases, and we plan to repeat this experiment trying to
reproduce the same conditions in the two shots.
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IV. CONCLUSIONS
Experiments in FTU indicate:

- The importance of reducing, in a metal Tokamak, the content of light impurities,
especially oxygen adsorbed on the vacuum chamber walls, by proper conditioning
procedure in order to extend the range of operations;

- in Ohmic heating and with gas puff fuelling is possible to exceed by a large factor
the maximum density foreseen by the Greenwald limit;

- experimental evidence points to the edge density, more than the average one, as
the critical parameter for the existence of a density limit in Tokamak;

- the physical mechanism responsible for the density limit is still unclear. In FTU the
picture based on the power balance between the injected power and the power lost
by radiation at the edge seems not applicable. Indeed, as shown in Fig. 4, with high
Z materials as first walls, the radiation losses are not localized at the edge, at
least at temperatures typical of Ohmic heated shots (~ 1 KeV). The evidence on
the role played by the particle and power balance in the SOL is not conclusive and
we plan to pursue this line of experiments.

Finally, even if experiments with pellet injection were not aimed specifically at
the study of the density limit, in this case high average densities were obtained,
together with very peaked density profiles, as shown in Fig. 2 by the full dots, in
agreement with results from other Tokamak.

REFERENCES
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Thermonuclear Fusion (Xm Conf. Washington 1990), IAEA voi 1, p. 229 (Vienna
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SAWTOOTB-LIKE ACTIVITY" WITH DOUBLE RESONANT q>2 SURFACES
DURING CURRENT DIFFUSION IN FTU

F. Alladio, P.Buratti, P.Micozzi, O.Tudisco

Associazione EURATOM- ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 - 00044 Frascati, Rome (Italy)

THE PHENOMENON
Bursts of sawtooth-like activity with remarkably constant period are often

detected on the electron temperature profile Te during the early phase of FTU
discharges. They are distinct from the sawtooth activity that is usually observed in
steady state discharges. These bursts are observed when the plasma internal
inductance is still rising after the current has reached its plateau value. Up to 15
sawteeth can be found in each burst; their period ranges from 3 to 12 msec. A single
discharge may exhibit several of these phenomena separated by quiescent phases (see
Fig.l). After this transient phase the discharge usually evolves into a q=l sawtooting
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Fig.l - FTU shot #4475 (Bt=6T). a) Plasma
current; b) Internal plasma inductance;
c) Electron temperature at three radial
positions.
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Fig.2 - Time evolution of the electron Fig.3 - Time evolution of the current
temperature profile for the same FTU density profile for the same FTU shot of
shot of Fig.l. Fig.l.
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plasma, but sometimes sawtooth-free discharges with episodic crashes are observed.
Similar reconnections are also induced by the pellet injection after the disappearance
of the q=l sawtooth activity.

This activity is associated with hollow temperature profiles (see Fig. 2), and the
temperature variation resembles that of the usual sawtooth activity in the sense that
exhibits a sudden crash, a well defined inversion radius and a diffusive behaviour
outside a mixing radius, with the remarkable exception that, in bursts with many
sawteeth, it vanishes near the plasma magnetic axis.

An MHD equilibrium reconstruction code [1] has been widely applied to the FTU
database for deriving the current density profile j^ . It uses the magnetic
measurements as boundary conditions and the shape of the measured electron
pressure profile as the functional form of p(ip) in the Grad-Shafranov equation source.
During the usual sawtooth activity the reconstructive code gives a qo value very close
to one and the q=l surface coincides with the sawtooth inversion radius at low values
of q at the edge.

On the contrary during these sawtooth-like bursts the u profile is found to
remain hollow (see Fig. 3), with double resonant q values (2,3,4,..) in the centre of the
plasma column . At the end of the bursts the qo value starts dropping and the q
profile becomes monotonie.

The hollow Te and j<j, profiles are systematically associated with peaked
radiation loss profiles that in the centre exceed the local ohmic input. No peaking is
observed on the electron density profiles.

THE MAGNETIC RECONNECTION
The smallness of the Te excursion on the plasma axis suggests that the

Kadomtsev reconnection mechanism [2] with two resonant q surfaces could explain
the observed Te crashes.

Figure 4 shows the Te profiles as observed by the ECE grating polychromator
just before and after a sawtooth crash together with the reconstructed q profile. The
correspondence between the external q=2 surface and the sawtooth inversion radius is
quite good.

Figure 5 shows the prediction of the Kadomtsev model that, by the incom-
pressible reconnection of the if „ j helical flux function, prescribes the reconnection
of the electron density and temperature. The agreement between the experimental
data and the simulation is remarkable.

The sawtooth activity is associated with precursor and post-cursor oscillations
observed on the polychromator channels with a phase shift corresponding to the
expected mode number.

The reconstructed j$ profiles have been compared with the ones computed by
assuming Spitzer or Neoclassical resistivity with uniform Zeff and an electric field
profile as obtained from the time derivative of the poloidal flux coming from the
equilibrium reconstructive code. When the q on the axis is less than 3 the agreement
is quite satisfactory (see Fig.6-a), while the reconstructed profiles are broader than
the computed ones for higher values of qo (Fig.6-b). The agreement obtained assuming
Spitzer resistivity is generally better than the one with Neoclassical resistivity.
However it should be remarked that, since the values of Zeg- are rather high ( S: 2), a
peaked Zeff profile could give a good agreement also with Neoclassical resistivity.

Just after the sawtoothing phase the electrical field profile appears to be
strongly depressed in the central region, while a flatter profile is recovered during
the quiescent phase. We explain this effect as an expulsion of impurities from the
plasma central region by the crashes; this is enforced by the observation of
decreasing central radiation losses and increasing central temperature.
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A simple cilindrical diffusive calculation, assuming Spitzer resistivity, shows
that the evolution of the q profile can be explained as a consequence of the observed
Te evolution.

A linear cylindrical MHD stability analysis, performed by using the
reconstructed j ^ profiles, shows a qualitative agreement with the behaviour of the
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plasma discharge in the reconnection phase. The double resonance is found to be
unstable during the sawteeth bursts while the j<j, profile turns to be stable when this
phenomenon is ended.

CONCLUSIONS
The agreement between kinetic and magnetic data during the current start-up

(at least for dlp/dt < 2 MA/s and for an elongation b/a^l.04) and during the j<j, profile
relaxation at the beginning of the plasma current flat-top is remarkable. This allows
to observe the details of the current diffusion and of the MHD istabilities in FTU.

The plasma resistivity is found not to be anomalous but the choice whether
Spitzer or Neoclassical electrical conductivity provides the better fit to the j<j, profile
is hard to make.

The magnetic reconnections tend to stop or to make slower the process of
rising of the internal plasma inductance.
The reconnections are correctly simulated by the Kadomtsev model with two
resonant surfaces.

During a sawteeth burst the inner resonant surface seems to shrink; when it
disappears, the reconnection is no more possible and the phenomenon ends.

In the case of a single reconnection, the inner resonant surface seems to be
already very close to the magnetic axis.

The linear MHD stability of the modes with m>l is in good qualitative
agreement with the reconstructed j$ profile.
The reconnections cause an impurity expulsion from the plasma core associated with
transiently hollow electric field profiles.
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DENSITY DEPENDENCE OF ENERGY CONFINEMENT IN FTU OHMIC PLASMA

F. Bombarda, G. Bracco, P. Buratti, B. Esposito, M. Leigheb*,
S. Podda, O. Tudisco, M. Zerbini and FTU team

Associazione EURATOM- ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 - 00044 Frascati, Rome (Italy)

INTRODUCTION
In the last experimental campaign of FTU (a=0.3 m, R=0.93 m, inconel poloidal

limiter) a complete exploration of the ohmic operation space has been completed,
magnetic field Br=6 T, deuterium as working gas, volume averaged density <n,,>
2xlOi9-1.6xlO2o m-3, plasma current Ip 0.3-1 MA, cylindrical q 2.5-8. A database with
the results of 500 plasma discharges in stationary conditions, with sawteeth activity,
is available. Plasma geometry is provided by the equilibrium reconstruction from the
magnetic measurements. Plasma energy content has been evaluated from kinetic
measurements. Electron temperature Te profiles have been measured by ECE analysis
(the absolute calibration has been confirmed by Thomson Scattering results). Electron
density profiles are obtained by the data inversion of a 5 chord DCN interferometer.
Ion temperature T, profiles are computed by solving the ion energy balance equation,
using the neoclassical ion thermal diffusivity; the comparison with the ion
temperature diagnostics will be discussed in detail. Good agreement is found between
the kinetic plasma energy and the plasma energy value estimated from the
equilibrium reconstruction code in the cases where the separation between /? and \J2
is possible (elongation >1.05). Zeff is evaluated from Spitzer resistivity without
neoclassical corrections in agreement with the results from visible bremmstrahlung
[1]; the ohmic heating deposition profile is evaluated with the same assumption. For a
limited number of plasma discharges a 15 channel bolometer array has provided the
radial profile of the radiation losses.

The FTU energy confinement time IE follows Neo-Alcator scaling up to
<ne>q= 3*1020 m-3 and then saturates. Sawteeth period increases with density
reaching 6 ms at <ne>= 4*1019 m-3 and remains constant at higher densities. Zeff
increases with increasing PoH/<ne>> and reaches a value lower than 1.5 at higher
density for each current, except for 1 MA discharges where a minimum value of 2 is
attained. FTU operation at high density and low current is characterized by the
plasma detachment from the limiter: radiated power approaching ohmic power (in the
other conditions Prad/Pohm~50%), low edge Te, peaked n,. profiles, decreasing of IE
with the shrinking of the hot plasma column [1].

Several models have been proposed to explain the standard behaviour of the
ohmic confinement time with density (linear increase followed by saturation) based
either on the saturation of the electron turbulence, or on the onset of an ion
turbulence, or as a consequence of the ohmic constraint combined with the variation
of Z ^ with density, in a scheme where the anomalous electron thermal conductivity
has a positive dependence on increasing temperature. A simpler mechanism, in the
usual case when ions confine energy better than electrons, is the filling up of the ion
energy reservoir with increasing density up to the condition where Te and Tj are
equal.

COMPARISON OF ION ENERGY BALANCE WITH EXPERIMENT
Ion energy balance has been solved using Chang-Hinton neoclassical ion thermal

diffusivity. Ion collisionality varies from 0.5 to 2 due to the combined variation of
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and <ne>. In a limited number of discharges Ti profiles in the central region
(r/a<0.3) have been measured by a High Resolution Crystal Spectrometer [2], from
the Doppler width of CrXXm lines. The spectrometer uses a two-dimensional MWPC
detector observing about 18 cm of the plasma poloidal section along six chord. The
measured line width is a line-integrated value but, due to the strong dependence of
the excitation rate from Te, the measure is representative of the hottest point along
the view line. In Fig.la,b the experimental Ti profiles are compared with the
neoclassical calculation, for two cases at q=5 and q=2.5. The high q case shows a good
agreement while in the low q discharge the measured central temperature is lower
than the neoclassical result. The computed profile does not include the sawteeth
effect on the ion energy balance and this effect can explain the disagreement with
the experiment. In fact, sawteeth activity prevents the development of any
significant Ti gradient inside the q=l region [3]. The results of a fast neutron yield
monitor support this conclusion as the maximum AT/I"; deduced from sawtooth
modulation of the neutron flux does not exceed 5%. The comparison between the
global neutron yield deduced from the neoclassical evaluation and the experimental
values confirms the previous observation. The agreement is good at high q values and
the same agreement can be obtained in the low q cases if the computed Tj profile is
flattened inside the q=l region. In this way the agreement between computed and
experimental neutron flux corresponds to a temperature agreement better than 10%.
The. computed Ti profile has permitted to evaluate the ratio between the central
neutron emission and the volume integrated value in order to make a comparison with
the result of the collimated neutron detector divided by the global neutron yield. The
comparison shows a good agreement, which follows the increasing peakness of the Ti
profile with increasing q values, at fixed density. It can be concluded that in FTU the
comparison between neoclassical theory together with the inclusion of sawteeth
effects, and all the available experimental results shows an agreement within the
experimental errors so that no anomalous term has to be introduced.

CONFINEMENT SATURATION AND THE ROLE OF Zrff
It has been previously observed that ig behaviour with density is correlated with

Zeflf variation, with Tj attaining Te and with sawtooth period behaviour [1].
Experimental data for FTU are shown in Fig. 2a,b,c where Zeg, IE and the ratio
between ion and electron energy content Wi/We, are plotted versus <ng> for
discharges at q equal to 2.5, 3.5 and 5. With this choice of q values no detached
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plasma are included in the database. Saturation densities of rg can be tentatively
identified at <ne>=14, 8, and 6x1019 m-3 for the three q values. The electron
confinement.time at JhaliLradius shows a much weaker dependence on n^ for density
greater than <ne>cr=4xl0i» m-3, which can be justified by taking into account the
behaviour of Wj/We shown in Fig. 2c. Also the electron thermal diffusivity at half
radius Xe(a/2), shown in Fig. 2d, appears to be constant at density greater than
<ne>cr. It can be concluded that in FTU, the filling up of ion energy reservoir plays
an important role in the IE behaviour with density. However, at density smaller than
<ne>CT, an increase of XeU/2) with decreasing density is observed, so that <ne>cr can
be identified as the saturation density for electron confinement.

An experiment of argon injection has been performed to investigate the
influence of Zeff on energy confinement at 0.7 MA. At high density, it has been
impossible to rise significantly Zeff value as even small argon injections induce a
plasma detachement, often followed by main disruptions. At <ne>c=8xl0i-9 m-3, the
injection has been successful, even if some indication of detachement are present,
rising Z ^ from 3 to 4. Similar Zeff values at the same current were previously
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attained when the tokamak walls were not sufficientely conditioned. Zeg as a function
of <ne> is shown in Fig. 3a for standard discharges, argon injection and
unconditioned walls. The corresponding values of TE in Fig. 3b are slightly lower(-10%
at most), showing that the direct Zeff effect on confinement is small. A gyro-Bohm
electron thermal diffusivity in ohmic heating predicts TE~(Zeff)~

3/8, which could be
compatible with the experimental result. No significant change in XeU/2) has been
observed for the high Zgg- plasma. This experimental result is in agreement with the
results recently found on other tokamaks [4].
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MEASUREMENT OF THE LOCAL PARTICLE SOURCE INDUCED BY
GAS-PUFFING IN THE FRASCATI TOKAMAK UPGRADE

V. Zanza

Associazione EURATOM- ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 - 00044 Frascati, Rome (Italy)

INTRODUCTION
The knowledge of the particle source strength is of great importance to

understand the particle transport mechanisms in a tokamak. Since the ion plasma
sources are due to ionization (and recombination) of neutral atoms, numerical codes
have been often used to calculate the neutral atom density profile [1], whose
knowledge allows, through the well known ionization and recombination cross
sections, to get the particle source strength. However, the results of such codes
depends on some information such as the impurity content and the distribution of
external sources that are often difficult to obtain. Moreover, the measurement of
neutral atom density, based on spectroscopic tecniques, is only possible in the edge of
the plasma [2].

In this paper we describe a method for measuring the local neutral density and,
consequently, the particle source strength directly induced by gas puffing. The
measurement is performed by modulating the gas valve flow and measuring the
perturbation, 8F, induced in the fast neutral emission as a function of energy.

The results, which are independent of any assumption on the neutral transport
in the plasma, may be used also to validate the calculation performed by numerical
codes.

METHOD
As it is well known the flux of neutral atoms, HE), with energy E emitted by

the plasma along a central chord is given by

1 f
TCE)=— n.n <o v>«E,T.)ij(E,x)dx (1)

4/1 J _ a

where a is the minor radius, ni and nB are the ion and atom density respectively,
<°cxV> is the maxwellian averaged charge-exchange reaction rate, f(E,Tj) is the local
ion distribution function and t(E,x) is the probability for a neutral atom, generated at
a location x with energy E, to reach the plasma edge traveling along the line of sight.

When the neutral density is changed by a quantity, 8na, for example by a
modulation of the external sources, the induced variation of the neutral flux is

= f SnaW(x,
' —a

8r(E)= SnaW(x,E)dx (2)
•> — a

where W(x,E) is a weight function (independent of the neutral density) given by

n < o >«E,T)/z(E,x)
W(x, E) = -!—2 • (3)

An
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In Fig. 1, the behaviour of W, normalized to unity, as a function of x is shown for
different energies for a typical FTU discharge having line average density, n, of
8x10-19 m-3. As we can see, the weight function is different from zero in a region
whose location and extension depends on neutral energy. So 8r(E) contains the
information about the profile of 5na.

Using for 8na(r) the expression Sn^expU + br+crZ), the parameters a,b and c can
be obtained by fitting the values of 8r(E), calculated with Eq. (2) and (3), to the
experimental .ones. The prof ile of £na so obtained allows, through the well known
ionization and recombination cross sections, to get the perturbation, 8S, induced in
the particle source strength.

RESULTS
The method described above were applied to two ohmic FTU discharges. The

first one having n=8xl0-i» m-3 and the second one n=4.5xl0-i9 m - 3 . j o this end a few
gas pulses, having a distance of 150 ms, were sent into the tokamak with a
piezo-electric valve. The induced variation of the emitted neutrals were measured
with a ten channels absolutely calibrated neutral particle analyser [3] located in the
same valve port.

In Fig. 2 we can see the time behaviour of the neutral fluxes, at four different
energies for the higher density discharge; in the same figure the behaviour of the
particle inflow at the plasma edge, calculated from the valve flow taking into
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account the integration due to the port volume, is also shown. In Fig. 3 the amplitude
of the first harmonic of the induced neutral flux oscillation, obtained by a discrete
Fourier analysis, is shown as a function of energy for the same discharge. The fitting
line, obtained with the method described above, is shown (full line) in the same
figure. The 8na and the source function profiles are shown respectively in Figs. 4 and
5. In figs. 6 we show the source function profile for the lower density discharge. As it
is expected, due to a better neutral penetration, the source function, in this case, is
considerably higher than in the previous (higher density) case.

SUMMARY AND CONCLUSIONS
We have described a method to measure the local neutral density and particle

source directly induced by the gas puffing in tokamak plasma. The method is based on
the gas puffing modulation and on the measurement of the induced variation of the
fast neutrals emitted by the plasma. It should be noted that the source function
which enter in the particle balance equation is the surface average of S which can be
obtained by measurements performed, by many analysers, at different toroidal and
poloidal locations. Moreover our results are useful to test the assumptions made in
the neutral particle transport codes.
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HEAT FLUXES AND ENERGY BALANCE IN THE FTU MACHINE

M. Ciotti, CFerro, G.Franzoni*, G.Maddaluno and FTU TEAM

Associazione EURATOM- ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 - 00044 Frascati, Rome (Italy)

ABSTRACT
Thermal loads on the FTU limiter are routinely measured and energy losses via

conduction/convection are inferred. A quite small fraction of the input power (4 to
8%) has been measured from mushrooms temperature increase. Numerical evaluation
and comparison with thermocouples located at different radial positions in the S.O.L.
suggest a long energy decay length AE« The power loads inferred from the estimated
AE in the actual geometry of the limiter and first wall lead to a global energy balance
close to be satisfied.

L INTRODUCTION
The FTU is a medium size, high field machine (Br up to 8T) presently operating

with a main segmented poloidal limiter [1]. Figure 1 shows a schematic view of the
limiter itself: it covers the poloidal section for 160° in the inner part and 80° in the
outer one. The plasma facing part of the limiter structure is composed of 22
mushrooms. It is instrumented with 8 thermocouples poloidally distributed as shown
in Fig. 1. These thermocouples are embedded in the limiter mushrooms being the hot
junction at a distance of 0.4 cm from the tip of the mushroom head. Other 4
thermocouples are located on the limiter support directly facing the plasma (2 on the
electron side, 2 on the ion). The distance of these 4 thermocouples from the limiter's
head is 2 cm and the distance between the head of the limiter and the first wall is
3.3 cm.

Thermocouples
facing the plasma

Fig. 1-FTU limiter
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Measurements of energy losses via conduction/convection channel are now
routinely carried out on the FTU machine. The evaluation is made by measuring the
thermocouple increase as described in the next section. A quite small fraction of the
input power ranging from 4 to 8% is usually detected suggesting the presence of high
radiation losses and/or a long energy decay length that let the plasma particles reach
the limiter support.

Since last plasma campaign also bolometric measurements have been available
confirming high radiation losses in FTU, ranging from 50 to 75% of the input power;
neverthless the missing power in the energy balance is still too large.

All this indications pushed us in evaluating the energy decay length at the
limiter for a set of plasma wall interaction dedicated shots.

IL RESULTS AND DISCUSSION
Magnetic surfaces in FTU are usually slightly elongated (typically k=1.05) in

order to allow for a better magnetic diagnostic. For minimizing the asymmetries
when characterizing SOL parameters,- during three shot days dedicated to the
plasma-wall interaction, great attention was devoted to get circular magnetic
surfaces wetting a limiter surface as large as possible.

The energy collected by the limiter mushrooms was evaluated in an adiabatic
way by measuring the temperature rise after 25 s from the shot start (it lasts 1.4 s),
being the mushroom heads nearly thermalized after this time. Each mushroom
temperature was assumed to be representative of the temperature of the
neighbouring mushrooms.

The so calculated fraction of the total input energy that reaches the
mushrooms is plotted in Fig. 2 as a function of the line average density measured
along the chord passing through the magnetic axis of the machine. Its value is very
low (<10%) and increases with density for all the currents considered; a sudden
decrease of this energy fraction can be observed only at the lowest current in
corrispondence with the attainment of the critical ne/Ip value needed for the onset of
a marfes, as confirmed by the enhancement of the HQ signals. The maximum power
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load in these discharges amounts to 3-5 MW/m2, which rules out the material
evaporation as an impurity source.

Given the very low value of the measured energy flux to the mushroom heads, a
careful evaluation of the energy decay length seemed to be suitable especially
considering that the thermocouples directly facing plasma at 2 cm from the LCMS
recorded a temperature increase much higher than the expected one on the basis of
the AE values extrapolated from the FT results [2,31. Moreover the large An and AT
that can be inferred from the Langmuir probe measurements [4] suggested that in
FTU the energy decay length is rather large. In order to get AE values in a self-
consistent way starting from the measured heat fluxes, numerical simulations were
made by using a 2D finite elements heat transfer code (PDE-PROTRAN). A power
density P(r) =Poxexp(-r/AE), where r is the radial distance from the LCMS, was
allowed to flow on a toroidal cross-section of the mushroom for a time step equal to
the shot duration. Results showed that the rate of the temperature increase at the
site where the thermocouples are embedded depends only on the spatial profile of the
power flux, namely on Ag. In practice an analytical relation between the time elapsed
before the temperature increment reached an half of its maximum value and the
quantity AE was established. A careful analysis was carried out only for the two
smallest mushrooms in Fig. 1, being the others not completely thermalized within the
acquisition time. The corresponding AE values are reported in Fig. 3. Nevertheless
from the AT vs time curves of all the other mushrooms at least as long Ag values are
to be expected. The AE'S in Fig. 3 were therefore assumed as poloidal average values.

The validity of this computer simulation was checked by comparing the energy
flux at 2 cm from the LCMS, as resulting from the calculated AE and the
experimental heat load on the mushroom heads, and the flux measured by the
thermocouples facing the plasma. A satisfactory agreement was found between the
calculated and the measured values.
By using the AE values of Fig. 3, the energy deposited on the mushroom heads
(thickness dm = 1 cm) was corrected by the factor l/(l-exp(-dm/AE)) in order to get
the actual energy lost by conduction-convection in the scrape-off layer.

In this way the fraction Pcc/Pob of the total input power lost by non radiative
mechanisms amounts to the 20-35%, a value close to the one inferred for FT [5]. On
the basis of these corrected values of Pcc/Poh a global energy balance for the
examinated discharges was temptatively outlined by evaluating the amount of
radiated energy. Since January 1993 bolometric data are routinely available in FTU
[6]. The bolometer consists of a vertical array of 16 golden foils looking at the lower
half of the plasma cross-section at the same toroidal position (60° from the limiter).
The ratio Prad/Poh between the total radiated power and the total input power as a
function of the line average density is plotted in Fig. 4. A trend with density
complementary to the one of the conduction-convection losses can be observed. The
decrease of radiation losses starts at higher density higher is the plasma current, in
agreement with the trend of Zrff [7], This decrease at high density could be explained
with an enhanced screening efficiency of the impurities by the SOL [8] or with a
decrease of the edge ion temperature, and therefore of the metallic impurity
production by sputtering, as predicted by a 2D multifluid code for impurity
production and retention in FTU SOL [9] .

Finally the ratios PcJPohi Prad/Poh ^^ec+Pnd)/Poh were plotted together in
Fig. 5. The "missing" power in the energy balance ranges from 5 to 20%.

m. CONCLUSION
The energy balance for a set of FTU discharges was tentatively outlined, based

on the measurement of the limiter temperature increase by thermocouples and of the
radiated power by a bolometric array.
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The missing power in the energy balance was found to be 5-20% of the total
ohmic input power.

Energy decay lengths as long as 3-4.5 cm were inferred from the temperature
increase rate of the mushroom heads by using a finite elements heat conduction code
and confirmed by the thermocouple measurements at 2 cm from the LCMS.

Given the amount of the energy deposited on the limiter, material evaporation
can be ruled out as an impurity source during well centered steady state discharges.
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THE RADIAL CORRELATION LENGTH OF ELECTROSTATIC TURBULENCE

F. Romanelli, F. Zonca,
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C.R.E. Frascati, C.P. 65,00044, Frascati, Roma, Italy

The most important discrepancy between mixing-length estimates of the
anomalous thermal conductivity and experimental values is in the radial
dependence. This can be traced back to the estimate given for the radial
correlation length Lr of the turbulence, which is assumed to scale as the ion
Larmor radius and therefore monotonically decreases toward the edge. In this
paper the radial correlation length of electrostatic turbulence is estimated both
for moderate to high magnetic shear values (s=rq'/q, with q the safety factor),
which characterize the outer part of a discharge, as well as for low s values,
typical of the region around the magnetic axis.

In a two dimensional system the electrostatic potential <t> can be expressed
as a superposition of different poloidal harmonics, O = ZpOp(x)exp[i((mo+p)0+nC-
cot)] where n is the toroidal mode number, £(9) the toroidal (poloidal) angle, co the
mode frequency and x=r-r0 the radial variable, with r0 being a reference radius
and m0 being defined by q(ro)= mo/n. Within the context of the ballooning mode
representation[l] it is assumed that neighboring poloidal harmonics <&p have
similar shape, simply shifted by an amount 1/nq1 which corresponds to the
distance between neighboring rational surfaces. The global mode structure is
given by a superposition of harmonics with similar shape and modulated by a
slowly varying envelope function A(x), defined by <&p(x)=A(x)<t>o(x-p/nq')- The
radial extent of A(x) determines the effective range of toroidicity-induced
coupling between different harmonics. An eikonal representation is usually
employed for A(x) [A(x)=exp(ildx'nq'6ic(x')]- The solution of the global eigenmode
problem is thus accomplished in two steps. At the lowest order, the determination
of the eigenmode structure along the magnetic field lines of the usual ballooning
formalism corresponds to deriving an expression for the shape function * 0 - At the
next order the envelope A(x) and the global eigenvalue are obtained. This fact
allows us to construct the global structure as a superposition of local solutions.

It is convenient to illustrate such a procedure by considering the
quasineutrality equation in the fluid approximation. Defining the Fourier
transform of the function «t>0 as <D0(x) = Jd8 <t>o(8)exp(-i8nq'x), the following
differential equation is obtained

coti 3f <t>o 1 / T O T I con

"^2~aé2 + [ ~C^TÌ + ( k e p i ) ( 1 + s (e"9k)2)--^cose+s(e-ek)sine)]<i>o =o (i)
*~ CO

with coD = -2ckeTj/(eBR), co*Tj=-ckeTj/(eBLT), LT ' 1 = -d In Tj/dr, x=T e /Tj , cotj=vtj/qR,
B being the equilibrium magnetic field, R the major radius, vtj = ( T j / m j ) 1 ^ the
thermal velocity and pj=v tj/Qj the ion Larmor radius. The usual low-P equilibrium
with circular magnetic surfaces is employed here.
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With the boundary condition of exponentially vanishing solution for 181—»«,
Eq.(l) determines a one dimensional eigenvalue problem, leading to a local
dispersion relation of the form

F(a>,x,9k) A(x) = 0 . (2)

The derivation of Eq.(2) is the final result which may be obtained from the usual
ballooning mode formalism at the lowest order. At next order we need to solve the
pseudo-differential problem obtained from Eq.(2) with the substitution 6 k = -
i ( l / n q ' ) 3 / 3 x . With the explicit form of F(co,x,8k) it is possible to find an
approximate solution for A(x) by using the standard WKBJ theory [2]. Far from the
turning points it is possible to employ the eikonal representation for the envelope
function. The turning points 6k=©T a r e defined by the conditional (9F/38k)=0. The
radial position XT of the turning point is obtained by substituting the value found
for 0 T into the local dispersion relation, Eq.(2). Close to the turning points the
pseudodifferential equation can be solved analytically by expanding the function
F around 6k and \j. After solving around the turning points, connection formulae
are obtained to match the eikonal solutions of Eq.(2). A global solution can be
constructed following standard WKBJ theory. Imposing the boundary condition
IAl—> 0 as lxl-»°o, such a procedure yields the following global dispersion relation[2]

&T

Jd0k nq' x(6k) = it [ l+P] (3)
0

with x(0k) being determined from Eq.(2), 1 being an integer and p a numerical
constant which depends on the topology of the phase space trajectories. To be
specific, p = 1/2 for the case of closed trajectories and P=0 for the case of open
trajectories.

We now apply the above formalism to the solution of Eqs.(l)-(3) for s>l and
s<l respectively. The poloidal wavelength will be ordered in both cases as
k0pi = £T * ^ . -with £T = LjfR. It is convenient to begin the discussion from the
moderate shear limit[3]. In this case the eigenfunction has a moderate ballooning
structure which can be determined within the strong coupling approximation.
The associated ordering corresponds to balancing parallel ion compressibility,
curvature, inertia and adiabatic electron response on the connection length scale
8=1, yielding

( ! ^ ) + i-+2 cos8k ]=0 (4)
q K K '

Equation(4), which is valid up to O ( e T ^ ^ ) . can be solved by making a Taylor
expansion around r=r0 and keeping the linear terms in r-r0 . Such an
approximation is valid if the term 3F/dr does not vanish in the region of interest
and the eigenfunction is sufficiently localized around r=r0. The turning points are
located at 8k = 0,7t. From Eq.(3), the resulting dispersion relation for the 1=0
eigenvalue is

2co2 (o s(ro)
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The eigenvalue is given by (1) = (-ix(o*TioWDoS(r0)/2cJ(ro))1/'2. where the subscript o
means that each quantity has been evaluated at r=r0. The radial correlation length
L r can be estimated as the distance between the turning points,yielding Lr= 2
Re(xx) with

ReUT). 2m <«

with ap being the minor radius. The resulting Lr is much larger than the pj and
scales as the macroscopic dimention of the device. Note also that the shear
dependence is algebraic xj= s"*' .

In the low shear limit ( s « l ) , the eigenfunction becomes broad and the
strong coupling approximation can no longer be applied. In this case, two
branches exist, a toroidal and slablike branch[4]. The eigenfunctions belonging to
the toroidal branch exhibit a fast variation, along the equilibrium field, over the
connection length scale with a superimposed slow variation over a secular scale.
The other branch, which exists also in slab geometry, is characterized by a
variation along the equilibrium magnetic field dominated by the secular scale,
with superimposed small oscillations on the connection length scale. The optimal
ordering for the toroidal eigenmodes, as given in Ref.[4], is obtained by balancing
parallel compressibility and adiabatic electron response on the scale 9=1, yielding
(0 = (TG)*pjC0ti^)^- For t n e c a s e °f t n e slablike branch the ordering is obtained by
balancing inertia, parallel compressibility, and adiabatic electron response on the
secular scale rather than on the connection length scale, yielding
co==(TCi)*pikePicoti)

1^. In order to determine the radial mode width, the explicit
form of the local dispersion function must be found. This, however, is not
straigthforward as in the moderate shear limit, because a regular perturbation
theory fails to give any 9fc dependence of the dispersion relation at all the orders
in s. The reason is that the toroidal coupling tends to vanish faster than any power
in s, since each poloidal harmonic tends to become localized with respect to the
distance between mode rational surfaces. Thus it is convenient to solve Eq.(l)
using a variational method. To this aim a quadratic functional can be obtained by
multiplying Eq.(l) by $0 and integrating between +«> and -<*>. Appropriate trial
functions can be obtained from approximate solutions of Eq.(l) using asymptotic
techniques. Starting from the toroidal branch and considering, for the sake of
simplicity, only the case of modes propagating in the ion diamagnetic direction,
the following local dispersion relation is obtained

F=-~ ~ 2 - R - 8 e l / 2 £ cos9k=0 (7)

with E = - sio (0 D /<*> ti evaluated at r=r0. The eigenvalue is given by (0 = (-
TCÙ*Tioa)tio^/4)^^e2'JC/3. The radial variation of the function F is associated to the
first term of the r.h.s.. If no point exists at which 3F/dr=0, it is possible to expand
around a generic point r=r0, keeping only the linear term. The mode is localized
between the turning points at r o ± x T with xx = 3 L i / 8 e ^ / 2 e a n d l / L i = -
0/dr)[o)3/(2To>*TiOùti^)]- The most important difference with respect to the
moderate shear case, is the appearance of the exponential factor. Such a term is a
measure of the toroidal coupling strength between different harmonics. As a
result, the radial eigenmode width (and therefore the radial correlation length



32

Lr=2Re(xT)) decreases exponentially as exp(-c/(qs)), with
1/3 being of order unity for kepi = (ET/qt)1/4-Such a fast dependence cannot be
recovered by a regular perturbation expansion, because the dependence on the
parameter e is not analytic for e=0. For the slablike branch the following
dispersion relation is obtained which generalizes that of Ref.[4]

(0 £ E i /o_
F=l+i TT7o + ( 7-—ò)Q ' cosQk=0 (8)

TtD*Ticotikepis(l+2qz)i'z 512 s a 4 4crz

with 2a=-i(a>/a>ti)k0pjs(l+2q2)l/2. Note that the function F has a minimum located
at r=r0. Upon expanding around ro and defining the length Lo by l /L0

2 = d 2 /d r 2 [ -
io) 2 1% co * T i <u ti k 6 P i s ( 1 + 2 Q ^ ) * ^ )]- t n e eigenvalue tuns out to be
co = e'J t/4[Ta>*TiG>tik8Pis(l+2q2)l/2)]l/2, and the mode is localized between ro±xx
with xT = (2£)1/4(L0/nq1CT)1/2l(l-E2/128(T2s)1/4e-1/32CT. Again the radial correlation
length Lr=2Re(xT) decreases exponentially as s-»0.

If the radial correlation length becomes smaller than the distance between
mode rational surfaces there is no longer any coupling between different poloidal
harmonics. Such a transition occurs at nq'xT=l- Since the radial dependence of XT
comes mainly from the exponential factor, the latter condition can be written as

E T 1 / 3

with a being a numerical factor of order unity and
In conclusion, the shear dependence of the radial correlation length Lr is

very different in the case s=O(l) and s « l . For moderate shear values the radial
correlation length is comparable with the equilibrium scale length and has an
inverse algebraic dependence on s, Lr= (q/s)l/2. For low shear values the radial
correlation length decreases as exp(-c/(qs)), with c being of order unity. On
applying a mixing length estimate the above results predict a strong reduction of
transport for s<l and, in particular, close to the magnetic axis. This is in
agreement with several experimental findings which seem to indicate very low
level of transport near the plasma center [5] or when sawtooth activity is
stabilized using RF current drive [6].
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G. Fogaccia1) and F. Romanelli
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The stability of the internal kink mode is usually described within the
context of the ideal MHD model following the first work by Bussac et al.[l]. Toroidal
effects, associated to the coupling of the dominant m=l component to the m=2 and
m=0 components of the eigenfunction, yield a stabilizing effect. Therefore the
mode turns out to be stable for Pp<(3pc, where P p is defined as

P p 7 T J r P d <D
1 0

with q the safety factor, q(ri)=l, (3=2p/B2, p the pressure, B the toroidal magnetic
field, Ro the major radius and (3pc a coefficient which depends only on the
current density profile. In the original Bussac paper, (5pc was approximately
evaluated for a parabolic current density profile, obtaining p*pc=0.3. It has been
recently pointed out [2] that the value 0.3 tends to overestimate the threshold and
that a more realistic estimate yields (3pC around 0.1. However, the ideal MHD model
is inadequate to fully account for the physical effects relevant for a relatively
weak instability as the internal kink mode. In particular, perpendicular
compressibility of the thermal trapped and barely circulating particles can
produce a significant stabilizing effect [3] which can determine, in situation of
praticai interest, the actual stability of the internal kink mode.

The stability of the system is described by the ideal MHD model

-co2£= 5jxB+jx8B-V-8p (2)

with 8j=Vx8B and 8B=V\(^xB). The pressure tensor is expressed as 8p=8pj.I+(8pn-
8pj_)bb, where I is the unit matrix, b the unit vector in the direction of the
equilibrium magnetic field, and the thermal ion and electron pressure
contribution can be splitted into a convective and a compressional part: 8pjj.=-^iV
•pj1+(m/2)Jd3w1

2 H j and 8 Pj||=-£j.V-pj||+mjd3vv||2Hj. The compressional
contribution is evaluated by solving the drift kinetic equation

codi ejd>
v||b-VHj-i(co-G)dj)Hj=-i(a>©*Tj) ^~ p FMj (3)
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where <}> is the electrostatic potential related to the perpendicular displacement by
V(|)=ico(Bx ĵ.), (O*Tj=-i(Tj/ejB)(b\VlnFMj)-V, O)dj=-ivdj-V, vd- is the magnetic drift

velocity and the velocity space variables are the energy per unit mass E=v-/2 and
the magnetic moment |i =vj_2/2B.
The usual variational procedure is followed here, which corresponds to successive
minimization of the energy functional, order by order in E=n/Ro. The energy
functional is obtained by multiplying Eq.(2) by ^* and integrating over the
volume and it is given by

D(^)=a+5WMHD+5Wkc (4)

where the first term 8l=-(l/2)co2|dxpl^l2 is the kinetic energy functional, which is
zero for marginally stable modes; the second term is the usual MHD contribution

and the last term is the compressional contribution given by 8Wkc=-
(l/2)/dT[8picV-^±*-(Spnc-8p±c)(£x*-K)] (the superscript c refers to the
compressional terms). In the MHD case such a contribution is given by
8Wicc=5/3/dTl(V-^)|2 and can be set to zero by a proper choice of the parallel
displacement. In the present analysis this term is evaluated by solving Eq(3). The
minimization of the energy functional D(£) in leading order (8WMHD(°)) and in
the next one ( 8 W M H D ( 2 ) ) is satisfied by a displacement £(r,6,4>)=
t,0(r,Q,$)+etll(r,Q,Q>)+... such that V-£jLO=Oand V-£j_i=-2£iO'K, (r, 9, <)) being the usual
radial, poloidal and toroidal variables, and K the equilibrium magnetic field
curvature). Then at the lowest order the effect of perpendicular comressibility is
minimized by a perpendicular displacement such that V ^n=-2^iO'K-

In the limit l-q(r)=O(l) inside the q=l surface, %±Q is a rigid displacement
with ^ ro(r)=^oe^me 'n*) for r<ri and £rO(r)=O for ri<r<a. Therefore by using the
eigenfunction corresponding to the rigid displacement and by solving Eq.(3) with
the ordering Cùdj,o*Tj«co«cobi=£1/2vti/qRo to calculate pressure compressional
terms, 8Wfcc can be evaluated exactly as the hot particle contribution in Ref.[4].
The most important contribute to SW^c comes from the trapped particles. Equation
(3) yields b-VHj=O, i.e. Hj=HjO eicl0 with the quantity Hjo determined by orbit
averaging the next order equation, yielding Hjo=<£±-Keicl0>, where <...> denotes
bounce average. By considering a parabolic pressure profile p(r)=po(l-r2/ro

2),
the final express ion for 8W k c t u rns out to be

5Wkc=27tRo(riBol^ol/Ro)2-(3/4)(2e)l/2ui(ro2/Ro
2)Pp with u i=2j0

1dXX[2E(X)-
K(k)]2/K(X)«0.55 and E(X), K(k) the complete elliptic integrals. Note that the
compressional effects appear only at the fourth order in e.
Following Ref.[l], the minimized functional can finally be written at the fourth
order in the following form
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-3TC (l-q(O)) (Pp2-P pc2) + ^(2E)1/2U1 ^ J P p = 0 (5)

If the compressional contribution is neglected, the usual instability criterion
Pp>Ppc is recovered. However, for small values of Ppc, the instability condition
becomes

Therefore for q(0) approaching unity the stabilizing effect associated to
compressibility may dominate over the effect of toroidal coupling.

The above calculation fails for l-q(0)=O(e). Following Ref.[5], the mode
stability in this case is described by the integro-differential equation for 4rO(r),
(the subscript r will drop for simplicity):

^[.\3(8q2+3yi/o)A2)^]+a(x)x2Ai |a(x)x^odx-pKx3/2^O=O (7)
0

where x=r/ri, 8q(x)=l-q(x), y=-ico is the growth rate, G)A=VA/(31/2riq'Ro) with vA

the Alfvèn velocity, a(x)=(2Ro/riBo2)dp/dx, Ai=(Ci + 3)/(l-Ci) with Ci = (x
d^i (m=2Vdx)/xi (m=2)lx=l and finally the term PK related to the compressional
contribution is PK(\)=(15/87:Hp(x)/Bo2)(2ri/Ro)1/2(M.i+H2 )• The numerical
coefficient u^, resulting from orbit averages for circulating particles, is given by
\i2=2io1dk[2E(X)-(2-X2)K(X)]2/X(>K(X) . Note that for ultra flat q profiles, both for
trapped and for passing ions, the contributions to eingevalue equation (7) are
O(E 1 / 2 ) with respect to the other terms.
Equation (7) can be solved analytically if the kinetic term PKX3/2^O is replaced by
PKOX^O with |3KO being constant. Such an approximation is not expected to produce
major differences with respect to the general case. In addition, the following
model q-profile is assumed: q(r)=qo for 0<r<n-8, with 8qo=l-qo>O and 5 the typical
lenght of the layer around .the surface q(n)=l; q(r)=l+8qo(r-ri)/8 for ri-8< r. In
such a case the solution for 0< r< ri-8 is simply given by

with v=-l+(l+PKo/Sqo2)1/2 and A being a constant determined from the matching
with the solution in the region r\-ò< r. On matching the solution in the inner
region with that in the external region and taking, for the sake of simplicity, the
limit 5-»0, the following threshold condition is obtained
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5qo2 1 r 1 _ 2 -i ( 9 )
6 v (v+4)J

with ai=4poRoi"l/ro2B02 f° r a parabolic pressure profile. The solution of Eq.(9)
yields the following threshold P p value, for 6 qo«ftco1/2 and 5qo>O:

with M-l+W* 0.65. In the limit 8qop»Pico1/2 and 5qo>O, the following solution is
obtained

v 167C Al r\l *0

Finally, for 5 qo<O the result of Ref.[5] is recovered, namely

45(W,M) r(1
647C Ai n

In conclusion, we have shown that the effect of compressibility has a strong
stabilizing influence on the internal kink mode. For finite shear values inside the
q=l surface the threshold Pp value given by Eq.(6) is about Pp=0.3 for l-qo=O.2,
n/Ro=O.l, ro2 /r i2=3 and parabolic pressure profiles. For l-qo-»O the mode can be
stable also in the presence of a finite pressure gradient. The minimum Pp value
for l-qo=O, n/Ro=O.l, ro2/ri2=3 and Ai=l turns out to be, from Eq(10), Pp=0.2 .
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INTRODUCTION In the gaps of the continuum Alfvén spectrum discrete, global modes
induced by toroidicity (the so called Toroidal Alfvén Eigenmodes or TAE) have been shown to
exist.[1] These modes can be destabilized by the resonant interaction with the parallel motion
of the energetic ions, as alpha particles produced in fusion reactions. The TAE stability is
determined by the competition between such a driving mechanism and the coupling with the
Alfvén continuum which provides a damping. The numerical study of the effect of high energy
particles on MHD modes requires the solution of the fluid equations for the bulk plasma and
of the kinetic equations for the energetic particles (from which the name of "hybrid codes").
In this paper we will present the hybrid code and we will present results regarding the MHD
non-linear saturation. The non-linear interaction of two Fourier components of the mode with
poloidal and toroidal mode numbers respectively (m,n) and (m+ l,n), which oscillate in time
at a frequency u0 ~ 0{U>A) (<*>A is the Alfvén frequency), leads to a perturbation of the poloidal
flux function 6ip with mode numbers (m = l,n = 0) slowly varying in time, which, in turn
modifies the gap structure. When such a modification is sufficiently large, the global mode
interacts with the continuum, leading to saturation.

FLUID MODEL The reduced, resistive magnetohydrodynamic (MHD) equations[2] ex-
panded to the third order in the inverse aspect ratio e = a/R and assuming a low-/?[0(e2)]
bulk plasma has been assumed.[3] This is in fact the lowest order to which the toroidal cor-
rections enter the equations. A cylindrical coordinate system (R,4>,Z) has been used, and the
subscript -L denotes components perpendicular to <j>. The magnetic field can be written as
B = Ro$il> X V^ + (lo + Ì) V4> + O^B* , and the perpendicular component of the velocity

v± = (R?/Ro) W x W + 0{e3)vA, where V> and U are stream functions, RO is the major
radius of the vacuum chamber, Io — R<,BO, Bo is the vacuum magnetic field at R = R,, and
I « e2^. Substituting the above expressions for B and UJL in the Faraday's law, using the
resistive Ohm's law and taking only the .poloidal component, the following equation for the
evolution of the magnetic stream function is obtained:

f §£ - ,J,) + O[e*)vAB* , (1)

where n is the resistivity. The toroidal current is given by Jj = — j r A*^ where A" is the
Grad-Shafranov operator. Note that V+ and / enter only at the fourth order in e. Upon applying
the operator 4> • V x R2... to the momentum equation, the following equation for the evolution
of the velocity stream function is obtained:

'Permanent address: S&ha Institute of Nuclear Physics, AF/1, Bidhan&gax, Calcutta - 700064 India
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D

(2)

= B • VA' V + ^ - V ( # V D/f) x W + 0 ( e ) ^
Ho ^ ' a

n

where £ = $;£, & = & + «J. ' V, V£ = tó^sl? + ^ r . the dependence on the density
gradient has been retained explicitly and the pressure of the bulk plasma has been assumed to
be zero. As a boundary condition we take a rigid conducting wall at the plasma edge.

The term which depends on the energetic particle pressure tensor UH ln Eq. 2 is calculated
by solving the gyrokinetic equations at each time step using the fields (the magnetic flux function
\\> and the stream function U) obtained from the evolution of the reduced-MHD equations.

A previously existing code[4] which solves the 0{e2) reduced-MHD equations has been
modified in order to solve the O(^) equations. The code is written using the toroidal coordinate
system (r, 6, <j)), with r being the radial coordinate (r = 0 corresponds to the geometrical centre
of the vacuum chamber), 6 and 4> being respectively the poloidal and the toroidal angles. The
code uses finite difference in the radial direction and Fourier expansion in the poloidal and
toroidal directions. It uses a semi-implicit algorithm where all the linear terms that couple
with the cylindrical part of the equilibrium (that is with poloidal and toroidal mode number
m = 0, n = 0) are treated implicitly.

GYROKINETIC MODEL It is worthwhile to perform the numerical computation of the
energetic particle contribution in the gyro-centre coordinate system. In this system, indeed, the
characteristics of the Vlasov equation, which yields the time evolution of the energetic-particle
distribution function, correspond to the gyro-averaged single particle equations of motion. The
time evolution can then be followed without taking care of the details of the gyro-motion, i.e.
using time steps much longer than the gyro-period.[5] The gyro-centre coordinates are obtained
from the usual guiding-centre ones through an infinitesimal transformation, which makes the
fundamental 1-form of the system (from which the kinetic equations of motion are derived)
free of gyro-phase dependence.[6] The optimal ordering for the energetic particle component
is obtained by imposing the resonant condition between the mode frequency and the energetic
particle transit frequency which yields VH as VA, where VJJ is the hot particle thermal velocity.
In addition, the magnetic drift frequency must be smaller than the ion transit frequency in
order to avoid detuning of the wave-particle resonance. Therefore the hot ion Larmor radius is
ordered as pjj ss ea, which yields UHjfu » e. On the basis of such an ordering the electrostatic
potential is ordered as etjtp/TH « 1. The gyro-averaged equations are then obtained in the
form

(3)

± = _i£.(fc+^x(6.v)6).V^-q!i++-l-U^«fc.VlnBdt



39

Here R is the gyro-centre position, M is the exactly conserved magnetic momentum and p
corresponds to the canonical parallel momentum; the fluctuating fields ip and ay are calculated
at the position of the gyro-centre and are related to the stream functions calculated by the fluid
part of the code by ip = - e£ftfPlA

VJJ U and O|| = *f-fyii>. The hot-particle pressure tensor
components can be written, in terms of gyro-centre coordinates as

' - ^ ) b«b>\*W,z)6(:-il), (4)

where d6^ includes the Jacobian of the transformation from canonical to gyro-centre co-
ordinates. The phase-space distribution function Fu is determined, at each time step, by its
weighted-particle representation, using the so-called 8f algorithm.

NUMERICAL RESULTS The dynamics of the Alfvén continuum has been studied in detail
to verify that the code describes correctly the physics contained in the fluid equations. Thus
a preliminary, linear study in which the kinetic term is neglected has been performed.[7,8] In
particular, it has been verified that the radial structure of the shear Alfvén continuum is well
represented. Also it has been verified that the time dependence of the velocity stream function
for the continuum oscillations, behaves asymptotically as I7m,n(*) « e"*"*'/* + O(l/i2).[9] The
c3 terms will modify significantly the structure of the cylindrical Alfvén continuum. The toroidal
coupling gives rise to "gaps" in the Alfvén continuum, resolving the degeneracy between the two
cylindrical continua associated with the poloidal mode numbers m and m + 1, at the specific
radius r = rg where *||m,n = — fc||m+i,n- It has been shown that, inside the gaps, the so-
called toroidicity-induced (global) Alfvén eigenmode (TAE) can exist.[1] This is a marginally
stable mode in the ideal limit, with a normalized real frequency given by U/U>A — 1/3 ± O(e),
for n = l,m = 1,2 (the Alfvén frequency is L>A = VA{T)JR). The TAE is clearly observed
by the numerical code, and the eigenfunctions have the expected radial profile. The effect
of finite resistivity on the evolution of the TAE mode has been also studied analytically and
numerically.[7,8] In the regime rj << e3, the damping 7 scales linearly as afunction of resistivity,
7 ~ (^A2)- 1R the regime TJ >> e3, the damping is a function only of resistivity and scales as
7 ~ f!\

The interaction of the TAE with the Alfvén continuum can occur at the edge of the plasma
column if a density profile which decreases towards the edge is chosen. Analytical expressions
for the damping rate of the TAE induced by the interaction with the Alfvén continuum are
known only in the high-n limit.[10] In the low-n limit, the damping rate is expected to scale
approximately as 7 ~ |Ln|~°,with a ~ 1 -r-1.5 and |Z.n| being the scale length of the density
gradient where the interaction with the Alfvén continuum occurs. A similar scaling is obtained
by the numerical code.[7,8]

NONLINEAR SATURATION In order to analyze the effects of nonlinearities, we take g =
Qo in Eqs. 1 and 2, and we retain only the three components of each field ip,U with mode
numbers (m,n) = (1,0), (1,1), (0,1). The nonlinear coupling (forcing scheme) is then Fi^ —•
forced by F2,i x fj; , , F14 — forced by F2A x /\ 'o , F2,i -* forced by Flfi x Fhi, where Fm<n

is the generic field. Typically the nonlinear effects are important when the (1,0) component
of the perturbations significantly modifies the equilibrium (i.e. the toroidal O(e) corrections
to the cylindrical equilibrium). Hence the nonlinear effects are expected to be important in
the "gap region" (where k^x>1 +*||2,i = O(e)), along with the effects of toroidicity (linear),[10]
and when U « vAa^2 and 6$ = V - faq « Bae5^2. For sufficiently high perturbations,
the TAE mode coalesces with the "nonlinear Alfvén continuum", and undergoes a nonlinear
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continuum damping, in analogy to what happens in the linear case. The results of the numerical
code has been compared with the predictions of a simple analytical model.[8] This model
predicts the saturated amplitudes of the perturbed quantities to scale as U\,\ ~ f/2,1 ~ v^aes'2,
&1P11 ~ V̂*2,i ~ Bae5/2, Uijo ~ tMae3, 6tp\,o ~ Bae3. The term proportional to the pressure of
the high energy particles in Eq. 2 has been modelled with an "ad hoc" growing term 7/I/ with
7; being a numerical coefficient. In fig.la we plot the time evolution of the total (kinetic plus
magnetic) energy of the different Fourier components for a case with e = 0.05,90 = 1-1, qa = 1.9-
In fig.lb the numerical saturated amplitudes versus e are shown, together with the predictions
of the analytical model.[8] The numerical results show a scaling of 1/2,1 « f2-S, Ui,i oc f2,
Ui,o ex c2*5, close to the expected analytical predictions.
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1-INTRODUCTION

The use of fast wave (FW) power to interact directly with electrons is a useful tool
for central heating of high density, high temperature plasmas and for electron current drive
(CD). Direct electron heating by FW has been observed on JET and TFTR and, although FW
absorption is weak at low p, successful electron heating and CD have been achieved on Dlll-
DM at Te=2-3keV. The folded waveguide (FWG)t^ is a promising new concept for ICRF
launchers having the advantage of compact, rigid structure and very low impedance (Ey/Hz)
at the plasma edge. The FWG is particularly attractive for FTU since loop antennas suffer
efficiency degradation at high frequency due to poloidal current decrease, whereas the RF
flux coupled by a FWG is more poioidally uniform.

Here we consider the possibility of injecting ~ 1 MW of FW at 433 MHz into the
FTU-Tokamak using the FWG as a launcher. Besides testing the FWG, and studying the FW
electron heating regime, an other interesting issue of this experiment would be the study of
possible synergy between FW and the lower hybrid wave (LHW) at 8 GHz which is also
available on FTU. The main parameters of FTU are a=30 cm, Ro=90 cm, Bj=4-8 T,
lp<1.5MA, ne=0.4-2.0 1014cnr3 .

2-FTU-FWG LOADING CALCULATION

Power supplies are available (3 Klystrons, delivering 0.6 MW each, 1 s pulse
length) on FTU at 433 MHz. At Bj=7 T this frequency corresponds to the 8 th harmonic of
the deuterium at the plasma centre and to the 6 th harmonic at the plasma periphery, on the
low field side. The LH resonance layer of the slow wave branch is localized at the plasma
periphery.

The toroidal dimension of the FTU port (AZ=8 cm, Ay=40 cm) fixes the FW
parallel wavevector kjj at.the rather Jiigh value of k||=45 nr1 , corresponding to a toroidal
modenumber n<)>=40 and to ri||=5. High frequency and high magnetic field require high
density for FW propagation (kr>0) with a cutoff density given by:

cope2(cutoff)=cocùCe(n||2+n6
2-1)1/2(n||2-1)1/2. ( 1 )

In order to minimize the cutoff density and increase the coupling, the poloidal refractive
index ne must be as low as possible. According to eq.(1), we expect that the power per unit
antenna length increases as a function of the antenna poloidal extension. Therefore a single
FWG is proposed as high as the port.

+ Oak Ridge National Laboratory, Oak Ridge, Tennnesse 378311-8071
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To calculate the plasma impedance a cold plasma model is assumed with an outgoing
boundary condition far from the plasma edge. A parabolic density profile (no=1.1014 cm"3

and nedge=1-5 10 i 3 cnv 3 ) matched to an exponential profile in the scrape off layer
(A.=0.6cm) has been used. Once the impedence is calculated, the vacuum fields distribution
inside the cavity and in front of the FWG is calculated using the MAnTIS-3D antenna code PI.

p
The result of the calculation is the ratio ~% ~ 6-910"8 Wm2V"2 where Pc is the coupled

Ec
power and Ec the corresponding electric field inside the FWG, calculated by the code. Up to
now, the maximum electric field achieved in a FWG before arcing was E M A X = 2 -

3 106 V/mt4]. Therefore -0.5 MW should be coupled to the FTU plasma at the electric
field limit. This corresponds to a power flux of 4 KWcrrr2 and and a vacuum electric field
in front of the FWG Ey~1.7 KVcnrr1.

3-POWER ABSORPTION CALCULATIONS

The real and the imaginary parts of n± are given by:

( 2 )

lm(n j>0.25 ny2 p £ e x p K 2 ) n x ( 1 + a - 2 ) ( 3 )

8 7tneTe c P o 2 \ V t h e 2 w 2 2 T e

where P - " ^ . i - — . «= 5 (S-n | | 2 ) -^ — , vtne
2= —

and S,D,P, in the frequency range of interest here (co2>>coCi2) read: S=-coPj2co~2,
D=(Ope2(cotoCe)"1> P=-cope

2co-2 with the ordering P>D 2»S (S-10, D~102,P~105). Since
a 2 ~[ (S-n | | 2 )v t he 2 / (2c 2 ) ] 2 «1 holds, only the second term survives in eq.(3) that
becomes:

lm(n±)=0.5 TI1 / 2 p t,3 e x p K 2 ) n "K 2 ) n n" 2i ( 4 )

where the Landau Damping dominates. Since n^ scales like By"1, lm(n_j_) scales like By"3

There is a remarkable analogy between the Dlll-D and the FTU experiment, as far as
the non-dimensional parameters involved in the absorption (co/toCe. P. ke) are concerned.
In particular, the corresponding set of parameters are: f=60 MHz,
B j = 1 T , n e - 1 . 4 1 0 1 3 cm- 3 , n||-9, Te>1keV for Dlll-D and f=433 MHz, B j = 7 T,
ne=1.1014 cm'3 , n||=5, Te> 3.2keV for FTU. In fig.(2) nj. and lm(nj.) (eq.(3)) are plotted,
as a function of £, for different FTU parameters. According to eq.(4) lm(n_|_) has a maximum

at £2~3/2 corresponding to ri||=6 for FTU (at Te=4keV), and ri||=10 for Dlll-D (at
Te=1.5keV). On Dlll-D successful heating is observed when Te>1keV, i.e.when the
maximum of lm(nj_) starts to overlap with the maximum of launched n||-spectrum. When
this condition is fulfilled, in spite of the smallness of first pass absorption calculations,
80% of the power is estimated to be absorbed independent of the magnetic field. The non-
dependence on B j suggests that multiple pass absorption occurs. Toroidal effects can upshift
n|| along the ray trajectory and therefore also the power launched at low ri|| has some chance
to be absorbed.

From the analogy of the FTU experiment parameters with those of Dlll-D, we could
expect heating on FTU when launching n.||=6 into the FTU plasma target previously given. In
fact, according to the Lackner-Gottardil5] scaling for the energy confinement time, 0.5MW
of additional power, at q=3, Bj=6T and ne=1.1014 cm"3, lead to an increment of the central
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electron temperature of 0.4Kev. Indeed the monopole spectrum, launched by the FWG, is
peaked at njj somewhat lower than 6 so the estimate of the FW absorbed power may be
optimistic. However, the extent to which the low njj are absorbed is not clear. As already
pointed out, toroidal effects can lead to an enhanced absorption of low njj. Ray tracing
calculations for FTU showed that a ray with n<)>=30, whose first pass absorption was less
than 1%, suffered 7% of power absorption after 3 ray passes. Similarly a ray with n<|>=40
showed 25% absorption after few ray passes, while the first pass absorption was 7%. The
ray tracing results definitely tell us that a full wave analysis is required because several
wall reflection are needed in order to damp the rays. In a full wave code the rijj variations are
taken into account by retaining the coupling in the me modes. A few runs have been done for
FTU with the PICESt6! code just to show the role of the me coupling (njj upshift) in the
absorption of low n$. When the me coupling is on, a higher plasma resistance is found (19
Q, corresponding to 30KW for a 0.18 long strap antenna at the the electric field limit) and
low n<)> modes appear in the coupled (absorbed) spectrum.

Up to now we considered FW absorption on a maxwellian plasma target neglecting
kinetic aspects. Indeed LHW strongly modifies the electron distribution function and this
may affect the absorption especially of low nj|. Quasilinear calculations of the electron
distribution functional show that the simultaneous application of both waves induces an
enhancement, up to a factor 200, in the absorption of FW when these latter travel faster
than the LHW. This is due essentially to the increment of the suprathermal population
interacting with FW, induced by LHW. In fig.(2) the FW absorbed power is plotted as a
function of the LHW power for two values of the launched FW power. In this calculation the
power flux of the wave are calculated at r=a/2 and the absorbed power is obtained
multiplying the power density, calculated by the code, by the volume V=7i2Roa

2/2 .

0.16 •

0.12 •

0.08 •

0.04 •

Fig. 1 Re (n i ) and lm(nj_) vs. % at
a)Bi=5.5T, Te=3.5keV, ne=21014cnr3
b)BT=7T, Te=3.5keV, ne=21014cm'3

C)BT=7T, Te=3.5keV, ne=1

Fig.2: QLFP Calculations: FW absorbed
power vs PLH (n||FW=3, An||FW=0.5,
n||LH=4, An||LH=i) at Te=3.5keV and
ne=11014cm-3.
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4- CONCLUSIONS

The possibility of injecting Fast Waves at 433MHz into FTU by means of a FWG has
been analyzed. In order to minimize the poloidal mode number and increase the loading per
unit poloidal length, a single FWG in a port is proposed, having a monopole polarizing plate
with a poloidal extension of 0.4m. In this case 0.5MW are estimated to be coupled to the
plasma at the electric field limit. The monopole spectrum extends in n<t> from -60 to +60
corresponding to n||=7.5. In spite of the smallness of first pass absorption (few percent)
high ri|| (>5) are expected to be absorbed on FTU in analogy to what observed on Dlll-D.
Furthermore there are indications, from ray tracing, full wave calculations and Fokker-
Plank calculations, that low njj (<5) may also be absorbed. 0.5MW absorbed by a typical FTU
plasma produce an increment of the central electron temperature of 400eV. Furthermore in
a LH driven plasma at relatively high density and low magnetic field, FW at low ri||
(monopole spectrum) could enhance the current drive efficiency.
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INTRODUCTION
On a high density tokamak as FTU the content of low Z impurities is crucial to

assess the plasma operational limits and to determine the ability to recover stable
plasma discharges after major disruptions.

The optimization of the surface conditioning is very important and particularly
relevant for FTU because of the complexity of the inner wall. The vacuum chamber
is completely covered by thermal shields that originate hidden regions that can trap
neutral gas and impurities. The only way to clean, at the same time, both the exposed
and not exposed surfaces is the combined operation of baking plus glow discharge in
hydrogen [1,2] .

In the paper, after a brief description of the experimental apparatus and the
operative procedures, we compare the plasma results obtained before and after glow
discharge was applied to clean the vacuum wall, accidentally contaminated by a
carbon and oxygen layer. As a consequence of the reduction of low Z impurities, an
improvement of the density limit was obtained. In addition after the conditioning,
also the recovery from plasma disruptions was easier.

EXPERIMENTAL APPARATUS
A simple electrical arrangement is used to produce the glow discharge [3]. Two

cylindrical stainless-steel electrodes are inserted into the vacuum vessel at the
midplane through two vertical ports located 180° toroidally from each other. The
anodes are supported by Cu conductors which are insulated with alumina sleeves to
prevent breakdown along the ports. The electrical circuit has been designed to supply
the electrodes with an high voltage (1200 V) at low currents (=sl A) to start the
discharge and a lower voltage (800 V) at higher currents (3*10 A) in the quiescent
phase of the discharge. The negative pole of the power supply and the vacuum vessel
are grounded.

During the conditioning the production of gases is monitored by a differentially
pumped quadrupole mass analyzer (QMA) which is calibrated by means of an ion
gauge with four different gases (H2,CH4,N2,Ar).

OPERATIVE PROCEDURE
Glow discharge in hydrogen is routinely utilized on FTU before cooling the

machine to liquid nitrogen temperature for an experimental campaign. The cleaning
procedure begins with the baking of the machine at 120 °C performed by inducing a
toroidal current on the vessel using the vertical field conductors and the transformer
as primary coil; generally the machine is maintained at this temperature for five
days and every day several hours of glow discharge are applied .No reconditioning of
the wall , during the operation of the machine, is required because no degradation of
the plasma performance is observed.

Under the typical working conditions the hydrogen pressure during the glow
discharge is around 5xlO~3 mbar while the voltage drop across the discharge is of
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350 V at the total current of 3.25 A. This value corresponds to 25^A/cm2 on the FTU
vacuum chamber.

In these conditions, according to our previous experiments [2], the glow fills the
whole inner volume and very good cleaning efficiency is obtained.

EXPERIMENTAL RESULTS
In the following the experimental results obtained during the conditioning

campaign of June 1992 are shown.
Glow discharge was applied to remove a carbon-oxygen layer deposited on the

wall for the accidental exposure of a plastic insulator to the plasma.
In Fig. 1 is shown the temporal evolution of CO, the highest peak monitored on

the QMA, during four glow discharges performed in subsequent days. A considerable
increase of the signal was observed starting the first glow discharge rapidly
decreasing in about 1 hour to an asymptotic value higher than the QMA background
level (black squares in the Fig. 1). This behaviour is typical of a contaminated
metallic wall dominated initially by the interaction of hydrogen with the carbon and
oxygen deposited on the surface and at longer times with the carbon and oxygen
present in the material as metal carbides and oxides.

It is interesting to observe the increase of the signal amplitude at the beginning
of every glow discharges performed in subsequent days. This behaviour is a sign of a
contamination of the plasma chamber probably due to the migration of gaseous
impurities from the regions not directly exposed to the discharge. It is not surprising
since the ports area (~36m2) and the internal structure of the thermal shields (-25m2)
are larger than the inner vacuum chamber (~13m2) and so dominate the outgassing.

In Table 1 are summarized the results of cleaning efficiency expressed in terms
of number of monolayers desorbed during the glow discharge in the first 2 hours and
after other 12 hours.

The following formula was applied:

v. = S .X A ./(KTXCXA)
i pi pi

where Spj is the effective pumping
speed in the plasma chamber for the
impurity of mass i, Apj is the corre-
sponding partial pressure increase, C is
the number of molecules which forms
a monolayer and A is the vacuum
chamber area. Details of the evalu-
ation are given in [3]. About 0.6 gr of
carbon (CO, CH4, CO2) were removed
in 14 hours of glow discharge from the
FTU vacuum chamber.

Table 1
Monolayers removed from the wall

800

M

CO

CH4

co2

In the first 2 h

90

28

4

After
other 12h

7

3

—

2 4 6 8 10 12 14 16

Fig. 1 Temporal evolution of CO quadrupole
signal during glow discharge
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To evaluate the effect of the glow discharge on plasma performances we
compare the experimental results obtained before and after glow discharge (G.D.)
cleaning, where in the first case only the baking of the machine was performed.

As a consequence of the better wall conditioning a significant reduction of low
Z impurities from the wall was observed by visible spectroscopy. The ratio of fluxes
of CHI or Oil to the fluxes of the working gas were 6.4% and 3.0% respectively
before the conditioning. After the conditioning this ratio decreased to 2.5% for
carbon and 1.9% for oxygen. These results were obtained as mean values on the
following experimental conditions: plasma current between 300 and 700 kA, electron
density S-^xlO19*"3.

These data are consistent with the evolution of Zeff from resistivity
measurements, as is shown in Fig 2. Here the Zeff values are plotted as a function of
the electron density at plasma currents Ip<400 kA. The crosses represent the values
obtained in the period before G.D. whereas the other symbols in the subsequent
period. It is easy to recognize that for all the density range, the Zeg- values obtained
after G.D. are systematically lower than the values obtained after G.D..

The first immediate indication of the low Z impurity reduction during the
machine operations was the higher gas fuelling required for the breakdown of the
plasma discharge; this means that it was easier to exceed the radiation barrier during
the increase of plasma current.

The most important effect was the extension of the operational plasma regime
with respect of the density limit (Fig. 3). The vertical dotted line represents the
operation limit obtained before glow discharge cleaning. In the subsequent phase of
operations, it was possible to extend the density limit even beyond the Greenwald
limit (by 1.7 times) [4].

An other very important effect was the recovery from plasma disruptions. This
result is shown in terms of number of shots required to reproduce standard plasma
discharges. Before G.D. (Fig. 4), after a disruption (curve 1), two other plasma
discharges were necessary (curves 2,3) before obtaining a normal discharge (curve 4).

0.5

0.4 -

0.3 -

0.2

0.1

8 10 12 14
ne (1019 m-3)

16 18 0.1 0.2 0.3 0.4 0.5

Fig. 2 Zeff values as a function of electron Fig. 3 Operational plasma regime: the inverse
density; the crosses represent the of the safety factor is plotted as a
values obtained before G.D. while function of the Murakami parameter
the other symbols the values
obtained after G.D.
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On the contrary, after the G.D. (Fig. 5),it was possible to obtain a normal discharge
after a series of disruptions at higher current. The disruptions took place at the same
time in which a pellet of deuterium was injected in the plasma and determined the
thermal collapse. After seven disruptions (curves from 2 to 8) the first discharge
without pellet was identical to the previous discharge without pellet (curve 1).

CONCLUSIONS
The glow discharge at high temperature (120 °C) is very efficient for the

conditioning of FTU vacuum chamber characterized by a very complex geometry.
The typical working conditions are: discharge current of 3.25 A (25 /zA/cm2) and
hydrogen pressure of about SxlO"3 mbar.

Low Zeff values (<2), high density (>2xlO*° nT3), better recovery from plasma
disruptions have been obtained in the experimental campaign following the first
application of the glow discharge.
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The scrape-off layer (SOL) plasma of FTU is routinely studied by means of 5
fast reciprocating probes, located in the poloidal plane as sketched in Fig. 1. Each
of them bears 4 electrodes acting as 4 single Langmuir probes, and is able to span
the entire SOL in less than 160 msec. The whole system (electrical + mechanical
part) is remotely controlled via computer.

The first aim of this diagnostics is to built a solid data base in order to study
the scaling of the main quantities relevant for the SOL, with the core plasma
parameters and to characterise possible poloidal asymmetries.

The high line averaged densities n es3*10 m , and the reactor relevant
power fluxes across the last closed magnetic surface LCMS (0.1 MW/m^ in ohmic
phase and up to 0.4 in the future lower hybrid phase) that are achievable in FTU,
strongly support this task.

Local values of electron density ne, temperature T e , and plasma potential
V p are calculated from a full non linear fit of the current-voltage (I-V)
characteristics for each electrode. Up to 4 radial profiles are so obtained in a
single shot, that overlap very satisfactorily in case of stationary plasmas, due to
the particular care spent in the arrangement of both the mechanical and
electrical part of the equipment.

The most important quantities, which are normally recovered from such
profiles are the decay lengths of density and temperature Xn, XT, a n d t n e ' r values
at LCMS, ne<LCMS. Te,LCMs- However, because of the actual shape of the LCMS and of
the complex geometry of the material obstacles within the vacuum vessel, it is not
straightforward to obtain the above quantities. A code is used that matches the
experimental profile ne(x) with the following formula:

(1) ,

The integration is performed along the actual path of the electrode, starting from
LCMS up to the generic coordinate x, and \(x) is the local value of the e-folding
decay length, given as usual by X(x)=f*[D1*L / /(x)/(2*cs)]1/2. Here f is a factor to
take into account the poloidally varying radial separation between flux surfaces
[1], D± is the perpendicular particle diffusion coefficient, cs is the ion acoustic
speed at LCMS. L//(x), the length of the local flux tube, is computed through a full
tracing of the actual magnetic field lines up until they strike the first material
obstacle. All such detailed calculations have proved many times to be necessary
in order to avoid substancial unaccuracies. The outputs of the code are therefore
the two free parameters ne>LCMS and D^.

A similar procedure is applied to Te(x).
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RESULTS
Our data base is limited at present to ohmic operation and stationary

plasmas, within the following ranges: 0.3< ne<1.8*1020 m' 3 ; 0.4<Ip<0.6 MA; BT=4
and 6 T; 3.1<qv<7.7 (Ip=plasma current, BT=toroidal field, qv=safety factor).

i) Scaling
Scaling laws have been searched for ne,LCMS. Te,LCMS» Dj.(or Xn). The last two

quantities have, however, been averaged over the poloidal angle G, since they
result strongly varying functions of G, while density is almost constant over the
sampled LCMS, as described further on in the paper.

A regression analysis has been applied to all the data, taking as
independent variables n e , qv , and the density peaking factor p=neo/ n e , being
neo the peak plasma density. A high degree of correlation has been found only
for the LCMS density. This is shown in fig. 2, where ne,LCMS is plotted versus the
regression _yariable x, together with the old data of FT [2]. For FTU it is
ne.LCMS"^ ne/p)1-46*qv

0-98. The relevance of p, suggested by simple models [3], has
been tested directly on experimental data with 1.26<p<sl.7, but the same qv.

The scaling is very similar to that of FT, whose data therefore present a
good correlation also in fig. 2 resulting a factor s=1.92 greater than those of FTU.
All the major features of the scaling are thus confirmed: the almost linear
increase of ne>LCMS with qy (or with 1/Ip), even now that the inward particle
pinch velocity is esplicitly considered through p [3], and the power dependence

n e
a . We however would expect a >1.46 and closer to 2, which is more appropriate

when ionization is unimportant within the SOL [3], and when Xn does not show
appreciable variations with ne [3]. Both these requirements are satisfied for FTU,
as already for FT [2], over more than one order of magnitude of LCMS density
variation. The clearer constancy now of the decay lengths constitutes a further
support to neglecting SOL ionization. A possible explanation of this value of a
could come from the fact that the velocity of the refuelling neutral atoms may
increase with ne, as found for JET with the neutral code NIMBUS [4].

The factor s=1.92, quoted above, within the errors is the same as given by
the law n^LCMS** l / (R 2 *a ) (R,a=plasma major and minor radius), which
approximates several accepted scalings of the energy confinement time TE-
The variation of Te,LCMS is, instead, not very clear, as noted before, except for a
very mild increase with the total input power into the SOL PSOL- It is striking the
negligible effect that the LCMS density has on Te,LCMS> differently from what
predicted and observed in low density tokamak as JET. Similar considerations hold
also for FT and Alcator C. We are at present investigating whether the ion
temperature Tj, usually assumed =Te, can instead play an important role.
Preliminary computer simulations with a bidimensional multifluid model show
indeed that Tj can vary [5] from Tj=5*Te at ne£4*101 9 m"3 to Tj=Te at ne>1.5*1020

m . A poor coupling between ions and electrons can be expected also from the
simple criterion for the energy equipartition: L//*ne/T > 1 0 1 7 m'2/eV, which
would give FTU mostly in a marginal equipartiton regime. The analysis of the
poloidal asymmetries of TetLCMS discussed later further supports this view.

Finally the transport properties, after averaging, are almost constant for
the whole present data base, as pointed out before, but show considerable poloidal
asymmetries which are described in the next paragraph.

II Poloidal asymmetries
As already said, no asymmetry is evident in the LCMS density.
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In fig. 3a Te,LCMS is plotted versus 6 for BT=6 T, ne.LCMS^lO19 m , but for different
values of Ip as there reported. In fig 3b instead, Dĵ  is shown together with the

estimated Bohm value multiplied by 10, for ne=0.7*l(ru m , Ip=600 kA, BT=6 T.
The reason and the structure of such asymmetries are quite unclear at

present. The explanations offered by fluid models cannot account at the same
time for the temperature variation and for the density uniformity. Pure
geometrical effects [2,3], linked to the complex structure of FTU SOL flux tubes,
fail in describe both the magnitude and the pattern of the measured poloidal
variation of TeLcMS- This is true also in the hypothesis of asymmetric power input
into SOL, since the flux tubes connected to the probes should average it over large
poloidal angles, typically 70-200 degrees. Nevertheless, the only appreciable
correlation found up to now is a fair direct link of TCILCMS with L//« a s shown in
fig. 4, where the same data of fig 3a are plotted against the relative L,/ values,
calculated as described before. This behaviour can be qualitatively understood,
reminding that FTU SOL is marginally collisional. In this case the length of the
flux tube can play a crucial role in determining the amount of power transferred
from ions to electrons, and hence in establishing Te.

Turning now to Dj_, fig. 3b, we must note how large it is, compared to
Bohm's, especially in the inner side of the poloidal plane. This means very long
decay lengths, Xn>3 cm have been actually measured, which in turn imply high
plasma density and possible power deposition directly on the vessel walls. Such
high values for Xn agree with those inferred from thermocouple measurements
of thermal load on the FTU limiter [6]. Besides, they can become a very important
element in the puzzling question of the missing power, which so often appears
when the balance between the input and output power is attempted in a tokamak.

High values for D^ are not new for high field tokamaks as well as the
asymmetry along the poloidal plane, as the measurements made in the past on
Alcator C confirm, even if these show a fair different poloidal pattern.

CONCLUSIONS
The Langmuir probe system in FTU has shown that density at LCMS_ can be

considered uniform on the poloidal plane and scales approximately as ( n e / p ) 1 4 6

*q\|/°-98/(R2*a) (with the data of FT included), over more than one order of
magnitude for ne>LCMS.

Temperature at LCMS, instead, is almost independent of many macroscopic
plasma parameters, particularly density, but shows a quite complex poloidal
structure. Model analysis and some experimental observations, as the effect of the
length of the flux tubes on T e L C M S , suggest that the role of the ion temperature
may be essential in this issue.

The particle diffusion coefficient results much higher than expected, up to
30 times the Bohm's value, implying very long SOL decay lengths. Its poloidal
variation, however, is not yet understood.
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I n t r o d u c t i o n

The analysis of impurities in FTU has given special emphasis to the different
behaviour of metal and light impurities in the discharge, in fact due to the poloidal
metal limiter and the absence of deliberate low Z deposition on the wall, most of the
operation is influenced by the limiter constituents.

FTU discharges are characterised by a Zeff value decreasing with the line
averaged density and increasing with the toroidal plasma current. Previous work
[1] has shown that metal impurities, produced by the interaction of the plasma with
the limiter, dominate the low density plasmas while at high density only Oxygen
and Carbon lines are detected in the VUV emission of the discharge.

In this paper spectroscopic observations in the visible, VUV and Soft X-ray
spectral regions are exploited to gain a better understanding of impurity sources
and to clarify the leading production mechanism.

Impurity diagnostics

The FTU poloidal limiter is composed of two sections bearing respectively 7
and 15 Inconel mushrooms which constitute the contact surface with the plasma,
their total area represents 1/200th of the vessel surface. Spectroscopic comparisons
of the emissions from equal areas of the limiter and the wall has shown [2] that its
contribution to the global recycling is of order 30% for hydrogen and 10 times less
for oxygen. We cannot assess any estimate for the production of the metals near the
wall since their neutral emission is below the detection limit; it seems nevertheless
reasonable (considering also the observed surface damage) that the overall metal
flux in the plasma is coming from the limiter surfaces.

For determining the whole flux of panicles exiting the limiter we developed
a collection optics viewing half of the limiter mushrooms through two endoscopes
pointed to its inner and outer sections. A visible OMA spectrometer is used to
analyse the emitted light.

The spectra of the two halves are similar and the total emission is derived by
the sum of the two contributions averaged on the number of mushrooms in the
field of view; nevertheless a deeper analysis will be necessary for some of the lines
(e.g. Ha) which show a clear asymmetry in some plasma conditions.

Fig. 1 shows spectra taken on the two halves of the limiter, it must also be
considered that in the external view some contribution arises from molecular
emission inside the port.

Line emission of metal ions such as NiXVIII and CrXXII, measured by a SPRED
spectrometer in the VUV, were selected to describe the plasma emission at
intermediate radii.
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Experimental results

Zcff determinations in FTU show that for high density operation, when th
main impurity production is due to the release of light molecules weakly bound I
the wall, plasma purity is very high (Zeff = 1.2 in hydrogen plasmas). In thes
conditions Zeff is approximately constant with density and the flux-dependent C
brightness suggests saturation of its recycling at the limiter. A similar bchaviot
is shown by the OVI line measured in the VUV (see Figs. 2, 3). Oxyge
concentrations, deduced from the bremsstrahlung enhancement factor measure
by a soft X-ray Pulse Height Analyzer, are below 1% in this density range i
accordance with the values of Zeff deduced from the plasma resistivity. Both OV
and OI decrease to very small levels for decreasing densities.
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On the contrary, Ni and Cr lines in the VUV and in the visible spectra
decrease both steadily with density (Figs. 4, 5) and fall below the detection limil
when Zeff approaches its lower value. This corresponds to a reduction in the Ni
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at nc = 1.2xlO2Om-3.

\% at nc = 2xl0 1 9 m" 3 to = .01%

10

o

u
n

n
n
0

I

NiXVII!-600kA

NiXVIII-400kA

0.2 0.4 0.6 0.8 1 l i 1.4 1.6

Av. e l . density (10 m )
Fig.4 vs. n

u
U

2

l i

1

Oi

0

D

• Crl

• o Crl

D o
0 D

Flux

Flux

- 600 kA

-400 kA

•

•

D

*

0.2 0.4 0.6 o.e 1.2 1.4

Av. e l . density (10*m"3)
Fig.5 Crl Flaxes vs. n

Comparing the data in Figs 4 and 5 with Zeff plotted in Fig. 6 , it appears that the
large variations of Z eff in the density range explored are accompanied by a
difference in the metal input fluxes of about one order of magnitude. These
observations confirm that Zeff at low density is entirely determined by metal
impurities. .
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Code simulations

From the data presented above it appears that the brightness of an inner
shell ion e.g. CrXXII is an increasing function of the neutral flux of the same
element from the limiter (see fig. 7). To understand if this implies equal
penetrations of the metals inside the discharge at different densities, we compared
the experimental results with the predictions of a numerical code describing the
transport of impurities with an anomalous flux r=-Ddn z /dr +v nz.
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The numerical simulation of CrXXII brightness takes into account the
experimental temperature and density profiles as well as the above reported input
fluxes of neutral Chromium.

Typical anomalous diffusion coefficients D = 4 m^/s and inward pinch
velocities v=-2 m/s are assumed at all densities and the results are compared with
the values of the CrXXII deduced by the VUV spectrometer. In this approximation it
is found that the predicted brightnesses result compatible with the experimental
values at high density. On the other side in the low density case the huge increase
in CrI is not sufficient to justify the chromium content in the center.

The observed CrXXII/Crl can be explained by assuming a decrease of the
diffusion coefficient with decreasing density (if the v/D ratio is kept constant D
should vary by a factor 8 when the density varies from 1x10^0 to 3.5x10*9 m"3).

The other possible explanation, that a significant contribution to the metal
fluxes is coming from the wall does not seem to be compatible with the
experimental results.
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