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Abstract. An overview of experimental transport studies performed ofRijimauizen Tokamak Project (RTP)

using transient transport techniques in both Ohmic and ECH dominated plasmas is presented. Modulated
Electron Cyclotron Heating (ECH) and oblique pellet injection (OPI) have been used to induce electron
temperature ) perturbations at different radial locations. These were used to probe the electron transport
barriers observed near low order rational magnetic surfaces in ECH dominated steady-state RTP plasmas.
Layers of inward electron heat convection in off-axis ECH plasmas were detected with modulated ECH. This
suggests that RTP electron transport barriers consist of heat pinch layers rather than layers of low thermal
diffusivity. In a different set of experiments, OPI triggered a transient rise of thl cdree to an increase of

the T, gradient in the 1<q<2 region. These transient transport barriers were probed with modulated ECH and
found to be due to a transient drop of the electron tifasivity, except for off-axis ECH plasmas, where a
transient inward pinch is also observed. Transient transport studies in RTP could not solve this puzzling
interplay between heat diffusion and convection in determining an electron transport barrier. They nevertheless
provided challenging experimental evidence both for theoretical modelling and for future experiments.

1. Introduction

A significant fraction of the research programme ofRijehuizenTokamak Project (RTP)
was dedicated to transient transport studies, with the aim of investigating electron heat
transport by combining steady state and dynamic evidence. Dynamic experitheatgh
more difficult to perform and interpret, provide unique transport information that can be used
as a benchmark of existing transport theories.

Transient transport experiments in RTP (R=0.72 m, a=0.16;w2.8 T, <150 kA, pulse
length ~ 0.5 s, boronised vessel) started in 1991 satitooth heat pulse propagation and
Modulated Electron Cyclotron Heating (MECH) using a 60 GHz , 20@itron launching
1% harmonic O-mode waves from the low field side. These studies confirmed previous
observations that heat perturbations itolkkamak plasma propagate with a heat diffusivity
(xsL*" larger than the power balance ogg®). This result was found to be independent of the
perturbation technique used and of the amplitude of the perturbation [1]. The radially
increasingx”*" profile appeared to be rather insensitive to variations in plasma parameters
such as plasma current or safety factor, density, total power [2]. After these initial studies,
transient transport experiments in RTP continued until the shut down in 1998. They focussed
on two topics: 1) the use of MECH to probe the electron transport barriers observed in steady-
state plasmas with dominant ECH power; 2) the use of oblique pellet injection (OPI) to study
the “non-local” positive central, reaction to peripheral cooling. MECH was performed
using a 110GHz gyrotron launching 400 kwf 2“harmonic X-mode waves from the low
field side. The power could be localised within 10% of the minor radius. The deposition



radius p,.) was varied by changing the toroidal field or gh&oidal launching angle.
Modulation frequencies up to 2 kHz and duty-cycles from 0.1 to 0.9, with different
modulation depths, were used to produce different waveforms df therturbation. Cold

pulse experiments were performed with OPI — i.e., launching hydrogen pellets obliquely in
the poloidal plane - with impact parameters in the range 0<r/a<0.7. The ensuing negative T
perturbation (cold pulse) propagated inwards, sometimes inverting its sign as it approached
the plasma coreRTP was equipped with a comprehensive set of diagnostics capable of
measuring Tand n with good space and time resolution: a 20 channel ECE heterodyne
radiometer, a 16 channel ECE-imaging diagnostic, a 19 channel interferometer, an 80
channel, 5 camera soft x-ray tomograpsystem, and a double pulse Thomson scattering
system covering the full plasma with a spatial resolution <3 mm.

This paper is organised as follows. Section 2 presents an overview of the results obtained
with MECH in ECH dominated plasmas, while Section 3 presents the main results from cold
pulse experiments in Ohmic and ECH plasmas. Section 4 presents the conclusions and some
relevant issues for future transient transport investigations of electron transport barriers in
tokamaks.

2. Modulated ECH experiments

In RTP ECH dominated plasmas a shot-by-shot scap,phowed a discontinuous
behaviour of the cord, (Fig.1) with sudden drops occurring when low order rational
magnetic surfaces are lost [3]. In between transitions, five plateaux are observed (labelled
with letters from A to E), in whicfT, is rather insensitive to changesgag, This behaviour
was attributed to narrow layers of low diffusivity (transport barriers) located in the proximity
of low order rational magnetic surfaces [4] and embedded in a background plasma with higher
transport. In order to probe these transport barriers, MECH experiments were carried out at a
modulation frequencyw/2r=310 Hz and with two duty-cycles; .15 and ¢=0.85. These d
values provide an identical spectrum of the power waveform, respectively in aOfuag-

(d, =0.15) and ira ECH dominated plasma£®.85). About 50 modulation cycles were used
to provide adequate signal/noise ratio for standard Fourier analysis; reliable radial profiles of
amplitude A) and @) were obtained for 3 harmonics of the MECH frequency.

Shown in Fig.2 is a comparison between low (left) and high (rightaldes for two
discharges wittp,.=0.25. The ECH dominated case<@.85) belongs to the A’ plateau (a
narrow sub-plateau between A and B, see Fig.1 [5]). As expected, there is a clear difference in
the time averaged, andq profiles for the two discharges. More striking is the difference in
the MECH data. In the low_ ccase, the behaviour of the A abdprofile has the usual
‘diffusive’ features: the amplitude decays and the modulation phase lag increases moving
away from the heat sourcg,() so that the locations of the peak amplitudes and minimum
phases coincide. In the high dase, in contrast, the data show an inward shift of the
amplitude peak at*lharmonic. This feature gradually disappears at higher harmonics? the 3
one presenting a standard ‘diffusive’ pattern. Even thédrmonic phase profile is not
immune from non-diffusive features: diffusive transport requirés increase with frequency
at p,., and elsewhere; instead, a larg&harmonicg value relative to the other harmonics is
found in the region just oside o,

A similar behaviour is found gs;.,is moved outward. Fig.3 shows four cases of MECH in
discharges belonging to different plateaux (A, A’, B, C). An inward shift of tHeaimonic
amplitude peak relative fay.,is clearly observed in all four cases. Again, the shift disappears
at higher harmonics.
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FIG.1. Central Tvs. p,,for a set of similar
discharges (80 kA, @~5, n(0) =4 10°
m®) in which py,, was increased in small
steps from shot to shot. The full dots mark
the discharges where the ECH power was
modulated. The line is a guide to the eye.
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FIG.2. T, and q profiles and MECH A and
profiles at 3 harmonics for two similar discharges
with d.=0.85 (right column) and &0.15 (left
column). Plasma pararers: [,=80 kA, g-~5,
Ng(0)=5 10" M, P4, =0.25.

FIG.3. MECH amplitude profiles at*1(m) and

3 (d) harmonics (measured with ECE) for 4 I
MECH discharges implateaux A, A’, B, C. The ol oo’ 1"
PaeplOcations are marked with a vertical line. 0 0.2 04p 0

The above observations can be accounted for, at least qualitatively, by assuming a model
for the electron heat fluxq() including a 'heat pinch' component in addition to the usual
diffusive component: ¢, =n, xOT, + n, U T, where U(r) is the heat pinch velocity profile.
Simulations using the transport code ASTRA [6] indicate that a heat pinch velocity with peak
value in the rang&=50-80 m/sJocalized in a narrowp=10%) region of the plasma just
inside p,,,, can match the main features of the data [7]. This is the same location where the
strongest steady-state barriers are found. The time scale for the onset of the heat pinch,
comparable to the current diffusion time (10 ms), suggests that the magnetic shear may play a
role in the process.

The evidence described above suggests that the steady-state electron transport barriers
observed in RTP ECH dominated plasmas are in fact heat pinch layers rather than regions of
reducedy,, as assumed in a previous modelling based on steady-state experiments only. It has
been found that a new model featuring heat pinch layers at simple rajivalles does
reproduce the stair-step behaviourTgi0) vs p,, but has too many free parameters for the
present data set to uniquely detere the pinch layers [7]. Further experimental evidence is



required on this point and will have to be provided by otb&amaks with strong ECH
power.

3. Cold pulse experiments

Oblique pellet injection in low density (line average densitigs2.716°m®) Ohmic
plasmas triggered a coie rise and an increased gradient within the g=2 surface (Fig.4)
[8]. The transient Jrise lasts for about 5 ms, i.e. abaute energy confinement time. A
similar coreT, rise had previously been observed in other tokamaks and found to be “non-
local” in the sense that the transport change in core does not appear related to changes in the
local thermodynamic quantities. In RTP there appears to be a short (~0.6 ms) deldy,in the
rise, suggesting in fact a propagating mechanism involving small changes in some non
measured quantity. A tentative explanation of Theise could be the formation of transient
transport barriers near low order rational magnetic surfaces [9,10] following a small, localised
change in the q profile.
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FIG.4. Te profiles measured with Thomson

scattering at the top of the rise (full lines) for FIG.5: ECE Te time traces for a discharge
two discharges af ,=1.4 1019 nv3 with with cold pulse in a ECH plasma with
different @ : qa=4.7 (black) and gg=6.55 p,.=0.23 (P=280 kW, g=5.3,Me=1.8 109
(red). For the lower q discharge the reference 3

T, profile measured just before the cold pulse =)
is also shown (dashed line).

MECH has been used to probe the transient enhancement if, tip@dient. The
observation of a strong attenuation of the heat wave where the gradient increases supports the
claim that a transient reduction pf (transient transport barrier) in the region 1<q<2 is taking
place [9]. The spatial resolution is insufficient to resolve between one broad barrier or more
localised barriers associated with rational surfaces. In any case, unlike the steady-state
barriers described in Sect.2, these transient barriers are mainly diffusive.

Even more exciting observations were made by OPI in ECH dominated plasmas [10,11].
A strong dependence of the amount of centgahdrease on the location pf,, relative to the
g=1 surface is observed. Fpy,, just inside g=1 (i.e. for discharges just before the first
transition in Fig.1) a record, rise is observed, with Transiently increasing from 1.5 keV to
2.8 keV (Fig.5) [11]. Transport simulations of the discharge of Fig.5 [11] show that the



detailed behaviour of th&, profile in the plasma core cannot be accounted for unless a
transient heat pinch enhancement in the 1<q<2 region is assumed (in addition to the
aforementioned reduction gf). In other words, the transient transport barriers induced by
OPI, while being mainly diffusive in Ohmic plasmas, have an additional heat pinch
component in ECH dominated plasmas. These are the same plasmas where steady-state
transport barriers are also due to heat pinch layers according to MECH studies.

4. Conclusions

Transient transport techniques have proven to be valuable tools for detailed investigations
of transport in RTP.

MECH experiments revealed the existence of heat pinch layers in ECH dominated
plasmas. This led to a re-interpretation of steady-state electron transport barriers, which are
now believed to be predominantly due to some convection process giving rise to heat pinch
layers.

OPI experiments turned out to be related to the transport barrier issue in that the “non-
local” T, rise appears to be due to the onset of transient transport barriers with a similar
correlation as the steady-state ones with rational magnetic surfaces. However, the main
component of such transient barriers appears to be diffusive, with an additional convective
component for cold pulses in ECH dominated plasmas.

It is tempting to relate the transient changes in transport in OPI experiments to the steady-
state transport observations. Accordingly, transient transport barriers and steady-state barriers
could be manifestations of the same underlying transport mechanism, giving rise to both
diffusive andconvective heat fluxes. The interplay between diffusion and convection,
however, is yet to be fully understood. Transient transport experiments are suitable for this
and other kinds of investigations. It would therefore be desirable that this type of studies be
pursued by otheiokamak experiments equipped with powerful electron heating.

This work was performed under tBeratom-FOM and thEuratom-ENEA-CNR association
agreements, with financial support from NWO, CNR and Euratom.
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