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ABSTRACT

The transport of intrinsic impurities has been studied in JET (Joint European Torus) L-mode
discharges. The analysis reconsiders the question of the convective pinch in the plasma core,
which was discussed by Gianne#ihal (1994), and an investigation is made of the L-mode
edge transport barrier, evidence for which was first presented by Denne-ldirailo{d993).

The present study of three, 3.5MA, 3.4T limiter discharges with ~10MW RF additional
heating analyses the radiation, including the VUV and XUV line emission from C and Ni, the
only two significant impurities in these discharges. Use has been made of the empirical LINT
method to derive elemental radiated power components of the impurities and impurity concen-
trations. The simulations have been carried out usind.}jeD SANCO impurity transport
code with atomic data taken from the ADAS data base. These results show that within experi-
mental uncertainties the inward particle pinch in the bulk of the plasma is negligible and a linear
dependence is found between the magnitude of the edge transport barrier and the diffusion coef-
ficient in the outer region of the plasma. Both convective and diffusive barriers have been con-
sidered and, using a more precise definition for their magnitude than before, their relative effec-
tiveness quantified. Since it is not possible to determine a unique value for the magnitude of the
edge barrier or whether it has a convective or diffusive mechanism for the present intrinsic
impurities, which only vary slowly with time, the analysis relating to the edge barrier is applied
to the results of Denne-Hinn@t al. who were able to fix the size of the barrier for medium Z
elements.

1. INTRODUCTION

In the fluid approximation, the cross-field impurity transport is conveniently described in terms
of diffusive and convective components, which relate ion densities and their gradients to radial
ion fluxes. The coefficients are most accurately determined from detailed simulations of the ion
fluxes and two recent studies have led to improved understanding of these transport parameters
for the bulk plasma in JET, L-mode discharges. Gianretlial (1994) provide evidence of
central transport that is slow compared to the anomalously high transport occurring in the outer
regions of the plasma and give parameter scans over a wide range of the L-mode operating
domain of JET, in particular discussing the role of the current profile; Denne-Hetralv

(1993) demonstrate the need for a transport barrier at the plasma edge, within a few per cent of
the normalized minor radius from the Last Closed Flux Surface (LCFS). Both studies involve
analyses of transient medium or high Z impurities, such as Fe, Ni and Ag, injected into the
plasma by a laser ablation system (Magsta. 1988).

An alternative approach is to determine the transport parameters from the more slowly
varying impurities intrinsic to the plasma. Such an analysis has been made for limiter, L-mode
discharges run during a high power ICRH (lon Cyclotron Resonance Heating) campaign on JET
in December 1987. The exceptionally high level of the medium Z element Ni in these pulses



ensures a high degree of confidence not only in the measurements relating to this element, but
also for the other intrinsic impurity in these discharges, which is C. Passive line radiation from
Ni is emitted from a wide spatial extent within the plasma, making this element ideal for this
investigation.

Impurity transport modelling is highly complex, involving the solution of the continuity
equations to give ion density profiles, the use of atomic physics data and requiring the validation
of a number of experimental observations, for which there can be significant uncertainties par-
ticularly towards the plasma edge. Use is therefore made of a novel, empirical technique, the
LINT (Line Integration Normalization Technique) procedure (Lawsbal. 1998), to provide
additional constraints on the simulations. The LINT method has been employed on the JET
tokamak to provide routine information about the elemental radiated power components and
concentrations of intrinsic impurities in the bulk of the plasma. This is achieved by normalizing
XUV and VUV spectral line intensities measured along a near horizontal line of sight to the total
radiated power and to the effective ion chargg, Zhe technique essentially converts the line
of sight intensities into global parameters using the absolute calibration of the bolometers and
visible bremsstrahlung spectrometer from which thei€derived. It has been extensively ap-
plied to JET limiter discharges.

The transport simulations have been carried out using#® SANCO impurity trans-
port code (Lauro-Taroret al 1994), which in turn uses atomic data from the ADAS (Atomic
Data and Analysis Structure) data base (von Hellermann and Summers 1993). The simulations
are optimized to give the best possible agreement with all the available experimental data and
are described in the next section, together with details of the measurements used. In section 3,
the results of this modelling are discussed. The pinch or convection term in the bulk of the
plasma is assessed and an investigation of the edge transport barrier is made. Both convective
and diffusive barriers are studied and their relative importance determined. In the present analy-
sis, it was not possible to determine reliably the magnitude of the edge barrier and so a compari-
son is made with the results of the laser ablation experiment of Denne-Hinalbov

2. THE TRANSPORT SIMULATIONS

Transport simulations have been carried out for three, L-mode, limiter discharges chosen from a
sequence of 3.5MA, 3.4T pulses in a high power, ICRH campaign. At this time, the plasma
facing surfaces were C tiles, Ni ICRH antenna screens and the Inconel vessel walls. The use of
ICRH with monopole phasing resulted in significant levels of Ni entering the plasma from the
antenna screens. Consequently, the main impurities were C and Ni, the latter when redeposited
on plasma facing surfaces being so important as to getter O to the extent that it was no longer a
significant contaminant. The discharges studied, pulses 13728, 13734 and 13738, have D fuel
with a’He minority, which allowed between 9 and 10MW of ICRH power to be coupled to the
plasma. The Ni levels were particularly high in pulse 13738, resulting in the plasma disrupting
at 9s.



The analysis is made for times when the ICRH power is close to maximum and remains
approximately constant. Since sawteeth can lead to a redistribution of particles within the core
of the plasma, care was taken to use sawteeth-free periods of the discharge. The periods used are
listed in table 1 together with some pertinent plasma parameters and time histories of these
parameters are shown for pulse 13738 in figure 1.

Table 1. Plasma parameters of the pulses studied.

Pulse number 13728 13734 13738
Time of simulation (s) 9-10 8-10 7-9
Plasma Current (MA) 3.5 3.5 3.5
Maximum T (keV) 10.3 12.0 11.0
Maximum ng (m™) 4.0 x 10™° 3.8 x 107° 4.6 x 10™°
ICRH Power (MW) 9.0 10.0 9.7
Stored Energy (MJ) 3.5 51 4.6
Radiated Power (MW) 4.8 5.4 6.2-8.1
Z et 55 6.2 53-5.7
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two significant impurities in these discharges
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Fig.1. Time histor.ies of the main plasmg parameters fghese pu|3e3 particularly reliable. The compo-
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high Ni levels. and the good agreement seen in this figure
between the components’ sums and the total
P.agand Zg is found for all three pulses. The accuracy of thgcBmponents is estimated to be
+15% and that of the concentrations to be ~30%, thus putting additional stringent constraints on

the transport analysis.
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Fig.2. a) Elemental B; components derived from the LINT method, the components’ sum and the total radiated
power and b) the measuregi;2&nd its empirically derived elemental contributions, together with their sum for
pulse 13738.

2.1. The experimental techniques

Although all available observations have been compared with the transport simulations, the
greatest weight has been given to line-of-sight integrated spectral line intensities, since their
calculation is considered to be the most reliable. The Ni spectral lines were recorded with a
VUV, McPherson-Schoeffel spectrometer (Foetlal 1982), which viewed the plasma via a
gold-coated mirror. This instrument has a holographic, toroidal diffraction grating which results
in a flat focal field and, with the 450g.n'1]ngrating employed in these experiments, observes a
wavelength range of ~100 to 1100A. This range includes C lines belonging to low ionization
stages, but the CV and CVI resonance lines fall at shorter wavelengths, ~30 to 40A, for which an
XUV, grazing incidence, Schwob-Fraenkel spectrometer was used (Setvabld987). No
sensitivity calibration was available for the latter instrument. Lawsah (1987) give an abso-

lute calibration for the VUV instrument, although a modification at the shortest wavelengths,
below 150A, was required to account for a loss of reflectivity that had occurred over a period of
time due to the degradation of the mirror surface. The accuracy of the absolute calibration is
estimated to be better thaA0%.

The bolometric measurements were made with one vertical and two horizontal pinhole
cameras, situated at one toroidal location and viewing the whole of one poloidal cross-section,
and eight single bolometers used to monitor the toroidal symmetry of the plasma emission (Mast
et al 1985). The vertical camera was used to determine the total power radiated from the plasma.
The bolometers are sensitive to both radiation and particles, but estimates of the neutral particle
fluxes (Bracccet al. 1991) showed that their contribution was small (less than a few per cent)
compared to that of the radiation in the pulses of interest.



Electron density, & and temperature . Tprofiles are used both as input to the transport
simulations and in the calculation of the effective ion charge of the plasma. These were routinely
available, respectively, from measurements of a 7 channel interferometer operating in the far
infrared at a wavelength of 198 (Braithwaiteet al 1989) and from an Electron Cyclotron
Emission (ECE) Michelson interferometer (Bartlettal 1987). Measurements from a high
temporal resolution, ECE grating polychromator (Bart¢tl 1987) gave information about
fast events, such as sawteeth.

A spatially averaged value of the effective ion charge of the plasmay@s determined
from the radiance, as measured in the continuum of the visible spectral region at a wavelength
of 5235:5A observed along a vertical line of sight,

_ ce
= - ,
2 J‘Ong(x) To 2(x) dx

where c is a constant and x the normalized minor radius (Morgan and O’Rourke 1987).

In addition to spectral line intensitiesafeomponents and concentrations, radial profiles
of the soft X-ray emission were available and were compared with the results of the simulations.
These profiles were derived from measurements recorded with two, soft X-ray ‘pinhole cam-
eras’, made up of arrays of silicon diode detectors (Edvedials1986). One of the cameras has
a horizontal view, the other a vertical view, this covering a complete poloidal cross-section of
the plasma and allowing the soft X-ray profiles to be constructed. gn25Be filter was used
in the cameras resulting in ~2.0keV low energy cut-off.

2.2. The transport code

The transport simulations have been carried out using$®, time-dependent SANCO im-

purity transport code (Lauro-Taroet al. 1994). Employed widely for the analysis of JET data,

this code takes account of the plasma geometry by reducing the variables to magnetic surface
averages. In the fluid approximation, the radial flux of impurities is described as the sum of a
diffusive and convective term for each ionization stage Z,

M,(r,t) = =D(r)Ong(r,t) + V(r)n,(r,t),

where D(r) and V(r) are radial profiles of the diffusion coefficient and convection velocity, for
these simulations assumed constant in time, afid)ns the particle density. The convention
that a positive V(r) indicates an outward velocity is adopted.

In the simulation, two calculations depend on atomic physics data; these are taken from
the ADAS data base (von Hellermann and Summers 1993). The first involves the use of ioniza-
tion, $, and recombination ratesz, in the source term of the continuity equations,

%nz(r,t) +UMZ(r,t) = =5nz(rt) + Sz a(rt) —aznz (r,t) + a7,z (1),



which are solved for each ionization stage to give radial profiles of the particle densities. Sec-
ondly, atomic data is employed in calculations of the power radiated by specific spectral lines
and the total power radiated by each ionization stage, the latter including line radiation, recom-
bination radiation and bremsstrahlung. The total power for each stage is summed for all stages
to give the power radiated by the element. In addition, allowance is made for the transmission of
the soft X-ray filter used, so as to permit comparisons with the measured soft X-ray profiles.

Frictional forces between the impurities were neglected, the simulations for each element
being carried out independently.

2.3. The simulations for C

The high electron temperatures found in JEJ,(]~2-15keV) result in the passive C line emis-
sion originating from close to the plasma edge, where uncertainties ipdhd B profiles are
largest. In addition, the resonance C lines emitted from within the LCFS are observed with the
XUV spectrometer, for which there is no independent sensitivity calibration. The accuracy of
the transport modelling for the C impurity is therefore limited. Nevertheless, the simulations
prove useful in two important respects. They indicate the need for an edge transport barrier and
enable the contribution made by C to the soft X-ray emission to be determined. The latter is
required to allow comparisons with the measured soft X-ray emission, which is due to both Ni
and C.

The influx of C, which must be specified in the simulation, is normalized to give agree-
ment with the empirically derived LINT C concentration and the spectrometer sensitivity cali-
bration is then found from a comparison of the simulated and measured CVI spectral line
intensities. In determining the concentrations by the empirical LINT method, a line of sight
averaged measurement of thg Was used. The emission from which this is calculated depends

on the integr n2(r) T‘0'5(r)dr and the derived concentration is therefore biased to the plasma
e e

region where the integrand of this function is large. In these pulses, the integrand was found to
be slowly varying within a normalized minor radius of x < 0.6, falling away more steeply out-
side this region. Consequently, the empirically derived concentration applies to this inner region
of plasma. The normalization to the concentration therefore ensures the most accurate calcula-
tion of the C soft X-ray component, since the concentration is appropriate to the plasma region
from where the soft X-rays are emitted. This minimizes the sensitivity of the calculated soft X-
ray contribution to transport effects.

To find agreement with the measured CV spectral line intensity, it was necessary to reduce
the simulated value by introducing a transport barrier at the plasma edge, the CV emission
straddling the LCFS. The introduction of this barrier is consistent with the results of Denne-
Hinnov et al. (1993), who use a combination of a diffusive and convective barrier, and with the
analysis by Giannellat al (1994) of 7MA discharges. In the present study, the best agreement
was obtained by also modifying the outgand T, profiles, for x > 0.7. Such a modification was



considered, because of the uncertainties in these profiles close to the plasma edge. It follows that
a precise determination of the magnitude of the edge transport barrier, which is defined in sec-
tion 3, is unreliable. Neither is it possible to distinguish between a diffusive and convective
barrier in these pulses, in which the bulk parameters are slowly varying. In the simulations for
Ni, a range of both diffusive and convective barriers has been studied.

2.4. The simulations for Ni

In contrast to the passive line emission from C, spectral line emission from a medium Z element
such as Ni is radiated from all spatial locations within the bulk plasma, allowing radial profiles
of the transport parameters for these elements to be determined. When making comparisons
between the simulations and measurements, particular emphasis was given to the line of sight
integrated spectral line intensities, since their calculation is expected to be more reliable than
those of total powers. Five Ni spectral lines are observed in the spectral region between ~160

and 330A, where the sensitivity calibration of ‘o 369 assftc
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Unlike the total radiated power, for which the LINT method is used to derive C and Ni
components, no division of the soft X-rays into their component parts is possible. The C contri-
bution to the soft X-rays is found to be typically between 10 and 30%, if the same transport is
assumed for both elements. The effect of uncertainties in the C component is therefore smaller
than in the case of Ni.

Simulations were made for a range of transport parameters, as described in the next sec-
tion, and examples of comparisons with the experimental data are given in table 2. These data

apply to cases when a convective edge transport barrier is used. Use of a diffusive edge barrier



lowers the ratio of the measured to simulated radiated powers by between 4 and 10%. Generally,
agreement within the expected errors is found for the line intensities, concentrations and central
values of the soft X-ray emission and, given the complexity of the modelling and the uncertain-
ties associated with the experimental measurements, the simulations are regarded as being very
satisfactory.

Table 2. Examples of ratios of the measured (including the empirically determined concentrationg)aiod P
simulated line intensities, concentrations and powers for each of the pulses studied.

Pulse number 13728 13734 13738
Outer D (m%sh)’ 2 3 5
2
J';(X - 0.96) V(x)dx(m.s’1)+ -2.64 x 107 443 x 107 -8.35x 107
Line Intensities
NiXVII — 249A 1.00 1.00 1.00
NiXVIII — 292A 1.07 1.26 - 1.28 0.99 - 1.06
NiXVIIl — 321A 1.10 1.19-1.20 1.13-1.19
NiXXV — 118A 0.97 0.94 - 1.10 0.84-0.92
NiXXVI — 165A Detector saturating | Detector saturating 0.87 - 0.92
NiXXVI — 234A 0.92 0.87 - 1.07 0.87 - 1.00
Ni Concentration# 0.79 0.63-0.78 0.78 - 0.79
Ni Radiated Power 1.37 1.15-1.38 1.31-1.32
Soft X-rays
x=0.1 0.92 0.90 - 0.95 0.73-0.77
x=0.6 0.61 0.55 - 0.65 0.47 - 0.54

*The adopted value of the diffusion coefficient for a normalized radius x > 0.4.

+The term for the convective edge transport barrier, whose magnitude is derived from the simulations, is
discussed in section 3.

#An averaged ratio of the total Ni ion to electron density for x < 0.6.

There are two discrepancies of note. The simulations overestimate the soft X-ray emission
away from the plasma centre and tend to underpredict the total radiated power due to Ni, espe-
cially when a convective edge barrier is used. No simple adjustment can be made to remove
these discrepancies, since the errors are in opposite directions and the peak of the total radiation
and the largest discrepancy in the soft X-rays occur at radii close to the centre of the NiXVIl and
NiXXVI emission regions. This is evident from a comparison of figures 3 and 4, the latter figure
showing radial profiles of the soft X-ray and total emissions.

Consideration was given to possible sources of error which might explain these discrepan-
cies including uncertainties in the spectrometer sensitivity calibration, spatial asymmetries in
the emitted radiation and unaccounted radiation from the scrape off layer (SOL), the SANCO
code describing the transport within the bulk plasma, with only a simplistic representation of the
complex transport within the SOL, which requires a 2D treatment. None of these possibilities
satisfactorily explain the discrepancies.
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Agreement is found for the central soft X-rays, but not for the whole of the soft X-ray
profile, the measured profile always falling away more rapidly than can be explained by the
simulations. No satisfactory explanation has been found and this brings into question the recon-

struction of the measured profile for these pulses. A more detailed discussion of the sources of
the errors is presented by Lawsztral. (1998).

3. DISCUSSION

The radial profiles of the transport parameters used were based on those of Garaiella
(1994). The diffusion coefficient, D(r), has a high value in the outer region of the plagma, D
corresponding to an anomalous transport process and there is an inner region of low transport,
with a coefficient close to that expected of a neoclassical mechanism, as illustrated for pulse
13728 in figure 5. The available magnetic data for the present pulses suggests that the safety
factor is similar to those of the 3 and 4MA pulses investigated by Giamtellaand, conse-
quently, the radius of the transition shell between the outer anomalous and inner low transport
regions was positioned, consistent with their results, at a normalized minor radius of 0.3 to 0.4.
In the present discharges, the impurity levels are slowly varying and changes to the inner diffu-



sion coefficient had no effect on the parameters compared with the available experimental data;
consequently, an inner diffusion coefficient of ~0*&hwas used for all the simulations. The
simulations proved most useful in determining the transport in the outer region of the plasma,
even being relatively insensitive to the radial position of the transition shell. After some initial
checks, this shell was fixed at x ~0.3 to 0.4. Various modifications to the shape of the outer D(r)
were tested, but no justification was found for using anything other than a flat outer profile for
D(r). Arange of transport was studied by selecting 5 different values for the outer D(r), from ~1
up to an extreme case of &81, the resulting profiles being represented by the different curves

in figure 5.
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Fig.5. Radial profiles of the transport parameters, D(r) and V(r), used in simulations for pulse 13728 a) with a
convective and b) with a diffusive edge transport barrier. The labelling in a) is the outer value of D and indicates
the corresponding D(r) and V(r). For case b) the edge barrier is due entirely to the reduction in D just inside the
LCFS to ~1rhs™, V(r) (not shown) being negligible over the whole profile.

The convective velocity used by Giannedaal. (1994) is of the conventional form, to-
gether with a peaking factor, S,

v(r)=-2s 20"
a

where a is the minor radius at the LCFS. Avalue of S = 1 was employed in the majority of their
simulations. Such a convective term gives too strong an inward particle flux in the present study,
the most satisfactory agreement between the simulations and experiment being found with no
significant convection away from the plasma edge.

As a consequence of the modelling of C, an edge transport barrier was used in the simulations
for Ni. The emission shell of the outermost Ni ionization stage observed, NiXVII, falls largely
inside the proposed barrier, but, despite this, the barrier has a significant effect on the transport
within the bulk of the plasma, affecting the balance of confined particles. A high diffusion coef-
ficient tends to exhaust particles from the plasma, whereas the edge barrier has the effect of

10



containing the impurity particle inventory. A consequence of the observed emission coming
from within the edge barrier is that it is not possible either to determine a unique value for the
magnitude of the barrier or to distinguish between a convective and diffusive mechanism. Nev-
ertheless, the requirement of particle balance ensures a correlation between the chosen outer
D(r) and the barrier magnitude. Both convective (figure 5a) and diffusive (figure 5b) barriers
were studied. In figure 5a, the labels indicate the corresponding profiles of the diffusion coeffi-
cient and convection velocity.

Since an inward convection velocity in the plasma bulk has the effect of containing parti-
cles, the interrelation of a core pinch with the edge transport barrier must be considered. A finite
value of S, the convective term peaking factor, offsets the need for an edge transport barrier. The
maximum value of S corresponds to no edge barrier and, say for an outer Dsdf Sris found
to be at the very most ~0.5. This maximum value of S corresponds to the lower end of the range
given by Wesson (1997). In fact, the present simulations do allow discrimination between the
use of a finite S and an edge transport barrier. When S is finite, the discrepancies for the radiated
power and line intensities increase, in particular the discrepancy for the 234A NiXXVI line
rising to ~35%. Since the normalization to fix the influx is to the neighbouring 249A NiXVII
line, this discrepancy should not exceed ~10%. It follows that, whether or not an edge transport
barrier is used, the preferred value of S in this modelling is ~0. Its precise value, whether it is
exactly 0 or just small, is subject to the various uncertainties in the experimental and atomic
data. In either case, the radial profile of the ion density will be nearly flat, leading to hollow
concentration profiles in these pulses, which have peal@dfiles. In the simulations investi-
gating the edge transport barrier, the particular case of S = 0 is considered.

When defining the magnitude of a convective edge barrier, it is insufficient simply to take
the convection velocity at the LCFS, since a barrier with a wider profile is better at containing

1
particles than one with a narrow profile. Empirically, the inte%dlx - 0.96)2V(x) dx is found

to account satisfactorily for the width of the barrier, in that barriers with the same value of this
integral confine particles to the same extent as is shown by them requiring the same outer diffu-
sion coefficient; this expression is therefore used to define the magnitude of a convective bar-
rier. In this integral, the zero is displaced to x = 0.96, which is the peak of the NiXVII ion density
profile. It should be noted that none of the experimental measurements used had a high spatial
resolution near the plasma edge. Consequently, the width of the barrier as defined above is
largely a feature of the SANCO modelling and, in particular, of the profile of the NiXVII ion
emission, rather than having any physical significance.

The diffusive barrier, illustrated in figure 5b, is much less sensitive to changes in its pro-
file, behaving more like a wall over which the particles must ‘climb’. In this case a small correc-
tion is made to the magnitude of the barrieg D, crs), Wwhere Dcrs is the diffusion coeffi-
cient at the LCFS. This magnitude, essentially the drop in the diffusion coefficient from its outer
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level, D,, is empirically found by requiring the barrier always to confine particles to the same
extent and is

[5.310 1
Duitt = (Dout = Dicrs) * %D—EJ'O_S(Dout - D(x))dx.

out

For both types of edge barriers a linear relationship is found between the magnitude of the
barrier and [y,

1
Dout = KconIO(X - 0-96)2\/()() dx + DOcon

and
Dout = Kaitt Daitr + Doifr

for the convective and diffusive cases, respectively. These are illustrated in figure 6, the con-
stants K and Pbeing given in table 3. Both interceptgcddand Dy, are ~1 and therefore can

be cancelled when the equations are combined to give a mean relationship between the gradients
of

KCOI’I = — 4240 Kdiff .

6

I
T

w
T

Outer diffusion coefficient (m?.s™%)
Outer diffusion coefficient (m?.s?)

[uny
T

JG98.457/3c
JG98.457/4c

0 |

1 1 1 1 1 1 1
-1.0 -0.8 -0.6 -0.4 -0.2 40 0 1 2 3 4
Convective edge barrier (m.s™) x10 Diffusive edge barrier (m%.s?)

Fig.6. Relationship between the outer diffusion coefficient and the magnitude of a) the convective and b) the diffu-
sive edge transport barrier, for pulses 13728 (3734 (+) and 137380). The good linear fits suggesting small
statistical errors result from requiring the same balance of agreement and disagreement in all simulations.

It should be noted that the small statistical errors evident in figure 6 result from the same balance
of agreement and disagreement being required in all of the simulations, the linear form of the
relationship as a consequence being relatively insensitive to experimental uncertainties. The
investigation of the edge barriers in the present pulses was completed by confirming that, when
used together, the effect of the convective and diffusive barriers is additive.
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Table 3. Values of the parameters defining the linear relationship of the particle balance.

Pulse number 13728 13734 13738
K con (M) -4040 -4270 -4810
Docon (M2.S 1) 0.91 1.09 1.00
Kift 1.02 1.01 1.07
Dogiff (M2.S2) 0.87 1.04 0.97

Since, in the present study, it has not been
Pulse No: 27342

possible to determine uniquely the magnitude o A

of the edge transport barrier, the analysis has sl
been applied to the results of Denne-Hinabv
al. (1993), who, in laser ablation experiments,i’l'
were able to define a unique barrier. They 05

2Is)

o-

present two simulations for a 3.5MA, 2.8T X-
point discharge with 7MW of neutral beam  °
heating. This contrasts with the present 3.4T _
limiter discharges, in which the 9 to 10MW of
additional heating is ICRH. Their simulation
A is consistent with the present study in hav-

@
E -4
>

—6

93.201/3¢

ing S ~ 0 in the bulk plasma, while their simu- -sc \ \ \ ‘ B
0 0.2 0.4 0.6 0.8 1.0

lation B uses a core pinch term with S ~ 1 in X

addition to an edge barrier, as is shown in ﬁdz_ig.?. Radial profiles of the transport. parameters used
In simulations A and B of Denne-Hinnet al (after

ure 7. The latter transport parameters WouB’enne-HinnO\et al 1993). Simulation A has a negligi-
lead to inward particle fluxes several timesle convection away from the plasma edge, as is found

larger than expected from the present analy§ri1$the glrjesent modelling, whereas B has a convective
r

and, therefore, simulation B has not been iferm 2

cluded in the comparison. In their simulation
A, Denne-Hinnowt al find D, to be ~2rist and they use a combined diffusive and convec-
tive barrier, which is equivalent to a diffusive barrier of'2ih This should be compared with
an edge barrier of ~Ths, which from the present modelling would be expected fog,adD
2mt.s? (figure 6b). Given the differences in toroidal field, configuration and heating regime and
power, the closeness of these results is regarded as confirmation of the validity and usefulness of
the main features of the present analysis.

In a further application of this analysis, the relative importance of the diffusive and con-
vective components of the edge barrier of Denne-Himtal can be judged. In fact, the barrier
for simulation A is found to be 90% diffusive and only 10% convective, this being consistent
with their observation that their data could also be fitted by reducing D(r) near the edge, while,
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at the same time, keeping V(r) very small everywhere. It follows that their comparison of the

convective velocity alone with the velocities of the edge transport barrier in H-mode discharges
is inappropriate. Their analysis implies a diffusive edge transport barrier for L-mode discharges,
this contrasting with the convective barrier found for H-mode plasmas (Giaehealld 989).

4. CONCLUSION

The impurity transport in JET L-mode discharges has been investigated by modelling the pas-
sive emission from the intrinsic impurities, C and Ni, in three limiter discharges chosen from an
ICRH campaign. Additional constraints to the simulations were provided by the application of
the LINT method, which enabled concentrations aggcBmponents for the individual impuri-

ties to be derived. The simulations were carried out usingf®, diffusive-convective SANCO
impurity transport code, which takes atomic data from the ADAS data base.

In contrast to the results of Giannedtaal (1994), who analyse laser ablation experiments
in a number of L-mode discharges and who find a significant core pinch term, the most satisfac-
tory agreement in the present modelling uses transport parameters of which the convection term
is negligible throughout the bulk of the plasma. Allowing for uncertainties in the experimental
measurements and atomic data, a very small pinch (S ~ few per cent) would still be consistent
with the observed data. The consequence is nearly constant radial profiles of the ion density and
hollow concentration profiles.

The simulations for C provide evidence of an edge transport barrier, as is also required by
the modelling of Denne-Hinnaat al. (1993). In the present case, however, its magnitude cannot
be uniquely determined. The Ni simulations enable both diffusive and convective edge barriers
to be studied, a linear relationship being found between the magnitude of the edge barrier and
the diffusion coefficient in the outer region of the plasma. The relative strength of the two types
of barrier was found and their additive effect when used together confirmed. Denne-glinnov
al. were able to determine a unique magnitude for their edge barrier and the application of the
present analysis to their simulation with no core pinch gave agreement to within a factor of 2.
The combined convective and diffusive edge barrier of Denne-HiahaV is shown to be
almost entirely (90%) diffusive. This comparison confirms the validity of the diffusive-convec-
tive model and demonstrates the value of the present analysis.
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