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ABSTRACT

Impurity transport has been studied in JET wusing the laser blow-off
technique. Results are presented for Ohmic, L-mode and H-mode plasmas. In
all cases impurity transport was found to be small inside r/a ~ 0.3 with
values for D~.03-.3 m>/s close to neoclassical predictions. Outside r/a~0.4,
the transport was much faster than neoclassical with values for D~0.3-.6,
3-5 and 0.8-1.2 m°/s in H-mode, L-mode and Ohmic plasmas, respectively.
These values apply only between sawtooth crashes, during the sawtooth phase
itself (~ 100 us) the transport is greatly perturbed over the central region
allowing the impurities to quickly leave or enter this region. In Ohmic
plasma the impurity confinement time Tlmp was between 250 and 350 ms. This
value was reduced to ~150-200 ms in L-mode plasma due to an increase of D in
the anomalous transport region. During H-mode plasmas, on the other hand,
very long impurity confinement times, of the order of several seconds, were
observed. This was explained by a sharp increase of the ratio V/D in a thin
region near the plasma edge and a general reduction of D in the outer-half

of the plasma radius.

INTRODUCTION

The fusion performance of tokamak plasmas is negatively affected by the
presence of impurities which lower the plasma temperature and dilute the
reacting ions. It is recognised that the control of impurities is a
pre-requisite for building a tokamak reactor. To achieve this end an
adequate understanding of the impurity production mechanisms and their
transport into the plasma is required.
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Impurity transport is most easily studied using transient perturbative



methods. Injection of impurities by laser blow-off (Marmar et al., 1975)
offers several advantages and it has been used in several experiments
(Pasini et al., 1990 and references therein). In particular only a small
quantity of impurity need to be injected thus avoiding any significant
perturbations of the plasma parameters. Impurities can be injected at any
selected time and the time history of the source is relatively well known
with little or no recycling of the injected impurities. Furthermore the
source duration is short compared to the characteristic transport time thus
providing a more direct measurement of impurity transport.

The laser blow-off technique has been used in JET to study impurity
transport in Ohmic, L-mode and H-mode discharges. The Ohmic and L-mode
results have already been reported in a previous publications (Pasini et
al.,1990). This paper contains additional information on the transport of
impurities during the H-mode and presents an overview of the results

obtained for the three regimes.

EXPERIMENTAL CONDITIONS AND DIAGNOSTICS

JET is a large D=shaped tokamak with major radius Ro=2.96 m, minor radius
2=1.25 m, nominal toroidal field BT=3.4 T, plasma current IP up to 7 MA and
plasma elongation up to 1.6. The experiments reported here were performed
using limiter, single-null and double-null X-point discharges with the
following plasma parameters: Ip= 3 MA, Bt= 3 T, <ne>=1—4 x 10" m-a, and
Te=4—9 keV.

A schematic of the laser blow-off impurity injection system is shown in
Fig.l1 (Magyar et al., 1989). The target chamber which contains glass slide
targets coated with various materials is attached to the bottom of the
vacuum vessel. When the laser is fired onto the target it vaporizes from its
surface the thin layer of coated material (5 pum thick) producing a burst of
impurities which can propagate towards the plasma. All the material within
the 3-4 mm spot size is evaporated which corresponds to a few 10'® atoms: of
these, only a fraction reaches the plasma center leading to impurity
concentration of a few 107 n_. The injected neutral particles have energies
of the order of a few eV and reach the plasma boundary, 1.3 m away, in less
than 1 ms. The atoms are ionized at the plasma edge and spread out rapidly
along the field lines with toroidal velocity in the range of 10* m/s. At the
same time, because of collisions or turbulence, the ions move slowly

radially inwards with typical velocities of 1 to 10 m/s.



The progression of the impurities into the plasma was followed with
good spatial and temporal resolution using two soft X-ray cameras (Edwards
et al., 1986). The system uses 38 viewing lines in a vertically oriented fan
and 62 in a horizontal fan providing a spatial resolution of 7 cm and a time
resolution of 5 us. It is absolutely calibrated within 5 7 and allows
tomographic reconstruction of the X-ray emission (Granetz and Smeulders,
1988). Many absorption filters are available to study the emission in
different energy bands. A 250 um Be filter was used in the present work
which helped to discriminate the emission of the injected impurities from
the background plasma emission but limited the measurement to the plasma
region inside r/a ~ 0.9. Additional information, in particular on the plasma
boundary, was obtained from measurements of spectroscopic line brightnesses
time evolution using VUV and X-ray spectrometers. The profiles of the
electron density and of the electron temperature needed for the simulations
were obtained from interferometric measurements and from absolutely measured

values of the electron cyclotron emission (ECE), respectively.

EXPERIMENTAL RESULTS

Fig.2 shows the time evolution of the Ni XXVI line brightness normalised to
the electron density following the injection of Ni in Ohmic, L-mode and
H-mode plasmas. The characteristic decay time, Tlmp' of the line intensity
is a measure of the confinement time of the injected impurity. In Ohmic
plasmas, Tlmp was between ~ 250 and 350 ms with a tendency to be larger at
higher electron density. This value was independent of the type of impurity
injected (Tlmp was the same using either Ti, Fe or Mo) and also did not
depend on the value of Ze“_. With additional heating , in L-mode plasmas ,
Tlmp was reduced to values between ~ 150 and 200 ms. In H-mode plasmas, on
the other hand, the value of Tlmp became of the order of several seconds

with no difference between NBI heated and ICRF heated H-modes.

Ni injection into H-mode - Typical traces of a 3 MA, double null X-point,
neutral beam heated H-mode shot are shown in Fig.3. The Hoc trace shows the
H-phase starting at 10.2 s, 200 ms after the beginning of beam heating, and
lasting up to 12 s when the beam power is stepped down from 9 MW to 4 MW.
The continuous rise of n_ is due to both beam fuelling and the improved
particle confinement during the H-phase. Ni was injected near the middle of
the H-mode at 10.985 s. The subsequent evolution of the Ni XXV and Ni XXVI



signals is given with an expanded time scale in Fig.3. The intensity step
seen 100 ms after the initial rise on the Ni XXV signal is due to a small
additional burst of Ni impurities. The constant intensity or very slow decay
of the intensities indicate impurity confinement of the order of several
seconds. Fig.4 shows the time evolution of the soft X-ray emissivity
profiles (background emission subtracted) along a horizontal central chord.
An increasingly hollow X-ray emission develops which indicates that from
the plasma periphery to about r/a=0.4 the injected impurities travel very
rapidly and from there on travel at a much slower pace.

The experimental data have been simulated using an impurity transport
code where the radial flux density Fz was described as the sum of a
diffusive and a convective term, I‘z= -D Vnz+ \Y n. Both the diffusion
coefficient D and the inward convection velocity V were taken to be a
function of the radial coordinates and were specified, independently, to
best reproduce the experimental data, namely, the X-ray emissivity profiles
and the spectroscopic line brightnesses time evolution. The shape of the
source function was taken so as to reproduce the time evolution of
peripheral Ni lines (FWHM ~ 20 ms). In order to reproduce the X-ray emission
profiles it was necessary to assume two distinct transport regions: in the
central region (whose radial size had to be such as to match the hollowness
of the experimental data) the diffusion coefficient needed is much lower
than in the outer region. The calculated soft X-ray emissivity profiles are
shown in Fig.4 (dashed lines) for comparison with the measured profiles,
together with the corresponding Ni density profiles also calculated with the
same code (lower part of Fig.4).The transport parameter curves which have
been used to describe the transport of Ni during the quiescent phase of the
sawteeth are shown in Fig.S along with the corresponding curves used to
describe the transport behaviour of OH and ICRF heated L-mode plasmas
(Pasini at al.,1990). The dramatic effect of a sawtooth crash on impurity
transport which can be seen in Fig.4 will be discussed in a latter section.

During the H-mode the ratio V/D needs to be increased by a factor S0 or
more, compared to L-mode values, in a thin region near the plasma edge
(Giannella et al.,1989,1990; Hawkes et al.,1989). The appearance of this
convective barrier may be related to the localised edge perpendicular
electric field which has been shown to appear at the L-H transition
(Groebner et al.,, 1990). At present we are not able to determine the

transport parameters beyond r/a=0.9: the simulations show that we cannot



discriminate between a constant D up to the plasma edge coupled with a
sharply increasing V to a high value (Va-a /Da >100) and a possible abrupt
drop of D near the edge to a neoclassical value (Da<0.08 m?/s) with a more
modest increase of V in the same region. In this second case the ratio
Va-a/Dal is higher than in the first case. In the simulation presented here
D, which was determined from the evolution of soft X-ray profiles in the
plasma interior (D= 0.4 mz/s), was assumed to be constant up to the plasma
edge. With this assumption a value of 50 m/s was required for V at the edge
compared to approximately 2 m/s and 6 m/s in Ohmic and L-mode plasmas
(Pasini et al.,1990). The thickness Ar of the zone where a higher inward
velocity is needed was determined from the behaviour of the Ni XXV line and
of lines from lower ionization stages which are very sensitive to this
parameter.

H-modes into which impurities were injected sometimes evolved into a
new regime where the particle and impurity confinement were reduced by
approximately a factor 3 while the energy confinement was degraded by a much
lower factor of ~20 7% (Bures et al.,1991). The simulation of these data
showed that the impurity diffusion coefficient reverted to near L-mode
values in the plasma interior but that the transport barrier at the edge was
not strongly affected. Similarly L-mode plasmas near the H-mode threshold
showed the build up of a convective barrier at the edge while the values of
D were still typical of L-mode in the plasma interior. The significance of

these observations is not yet analysed.

Comparison between OH, L-mode and H-mode transport - The results of the
experiments for Ohmic, L-mode and H-mode show that the impurity diffusion
coefficient is always much lower in the central region of the plasma than in
the outer region, during the quiescent phase of the sawteeth, and that the
transition between these two regions is rather abrupt. A similar strong
reduction of the diffusion coefficient in the central region was also
reported by Compant La Fontaine et al. (1985). The values of D over the
central region where the confinement is good (low D) are of similar
magnitude in the three cases. However, this region is more extended in the
H-mode case and the transition region is more gradual. For the plasma pulses
analysed here these values are 0.03, 0.15 and O.1 mz/s in the OH, L-mode and
H-mode case, respectively, which compare well with the corresponding

neoclassical values which are, taking into account collisions with the



deuterium ions and background impurities, 0.04, .07, and O.1 mz/s,
respectively. In the outer region , the values of D are 1, 3 and 0.4 mz/s.
They are much larger than the corresponding neoclassical values which are
0.06, 0.06 and 0.08 m®/s.

Even in discharges with q(O)>1 a similar sharp reduction of the
diffusion coefficient around r/a~0.3 was required to explain the transport
of intrinsic and injected impurities. The accumulation of impurities on axis
which is often observed in the early phase of the discharge before the onset
of sawteeth, as shown in the example of Fig.6 (Gill et al.,1991), provides
further evidence of the low value of the impurity diffusion coefficient in
the central region of the plasma. Also central pellet injection often result
in long lasting very peaked density profile which can only be explained by a
reduced diffusion coefficient in the inner part of the discharge (Giannella
et al.,1991). Only sawteeth seems to counteract this inner zone of low

diffusivity found in all type of discharges.

Sawteeth effects - During a sawtooth crash (~100 ps) the soft X-ray data
show that impurity transport is greatly enhanced over the central region of
the plasma up to a mixing radius roughly 30 % larger than the sawteeth
inversion radius. In the case of laser impurity injection, when the impurity
distribution is hollow during the inflow phase, a sawtooth crash allows for
a rapid inward movement of the impurities which can quickly fill the central
plasma region (Seguin et al.,1983). This effect can be seen in Fig.4 where
the X-ray profiles just before and immediatly after a sawtooth crash are
shown together with the corresponding impurity density profiles on the lower
part of the figure. In the simulation the sawtooth discontinuity was
simulated by taking ad-hoc enhanced transport parameters which reproduce the
X-ray emissivity profile variation and the intensity jump visible only on
the Ni XXVI line (Fig.2). Once the impurities have peaked in the plasma
center the reversed effect can be seen during the outflow phase, i.e. the
impurities are expelled from the central region at each sawtooth crash, as
shown in Pasini et al.(1990). Sawteeth therefore allow for much more rapid
movement of impurities between the central region and the outside and
effectively short-circuit these two distinct transport regions. When the
sawtooth period is much shorter than the impurity confinement time the
transport of impurities is effectively controlled by the value of D in the

anomalous transport region.



CONCLUSION

The laser blow-off technique has been used in JET to study impurity
transport. The radial dependencies of the impurity transport parameters D
and V were obtained by simulating the time evolution of the soft X-ray
profile and line brightnesses time evolution following impurity injection.
Both Ohmic, L-mode and H-mode plasmas have been investigated. In all cases
it was found that D was small inside r/a~0.3 with values close to
neoclassical predictions while in the more outer region the values of D were
anomalous. During sawtooth crashes the transport was greatly enhanced in the
central region up to the mixing radius and this effectively short-circuited
the two transport regions allowing for a quick movement of impurities
accross the full plasma diameter. The values of D in the anomalous transport
region were larger during L-mode than during Ohmic plasmas resulting in
lower values for ‘rlmp. During H-mode plasmas D was smaller in the anomalous
transport region compared to L-mode plasmas and the ratio V-a/D was
increased by a factor 50 or more in a thin region (~0.1 m) at the plasma
edge. This explained the dramatic increase, by more than a factor of ten, of

the impurity confinement time during the H-mode.
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