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An Internal Transport Barrier (ITB) was observed in ohmically heated plasma in TUMAN-3M
(Ro = 53 cm, a= 22 cm (circular limiter configuration),;B 0.7 T, | = 150 kA, <n><

6.0- 10 m3. The ITB reveals itself as a formation of a steep gradient on electron temperature
and density radial profiles. The regions with reduced diffusion and electron thermal diffusivity
are in between r = 0.45a and r = 0.7a. The ITB appears more frequently in the shots with
higher plasma current. At lower currents <1120 kA) the ITB is rare. In the ohmic H-mode

with ITB the thermal energy confinement is in the range 9-18 ms. The enhancement factor
over ITER93-H(ELM-free) scaling is up to 2.0.

1. Experimental evidences of Internal Transport Barrier in the ohmic H-mode

Recent experiments were performed in the freshly boronized vessel. In these conditions
plasma current was increased up to 175 kKA [*'
Diamagnetic measurements of a stored energ

the ohmic H-mode have shown noticeak 18
enhancement in the energy confinement time .
compared with ITER93-H(ELM-free) scalint 15 -
predictions. H factor in this scenario is up t o °
2.0 and absolute values ©of are in the range 9 4 . s
18 ms. The enhancement factoy lis larger L //
when | is more than 120 kA. At lower plasm ¢ . ..,; e
currents the H is close to 1, see Fig. 1. Th «* % //
increase in the Hfactor reflects some additione b :/
confinement improvement in the high curre 67 %;/
shots as compared with edge improvements '//",.
the ohmic H-mode in low current shots [2]. 3 //

Temporal behaviors of some plasn ,/
parameters in the shot with ITB in the ohmic | 0 ‘ : :

0 3 6 9 12

mode are shown in Fig. 2. In this case plas
0.0361,1.068,0.32p-0.670.41R1.79n ,0.17¢-0.11c0.65

current was 149 KA. The distinctive feature
the shot is slow drop of thea[émission during Fig. 1. Thermal energy confinement time in the

.. . . . . ohmic H-mode as a function of ITER93-H(ELM-
the transition into the regime with improve free) predictions.
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confinement. The slow drop means gradual reduction of the particle/energy outflux near the
edge. Note that in the shots withd 120 kA the transition into the ohmic H-mode (without

ITB) and corresponding drop of the, Bre very fast (typical time scale is 106) [2]. The
difference in the time scales indicates that confinement improvement in the high current case
may appear in the core, thus resulting in delayed effect on flux at the edge.

It was difficult to determine experimentally where confinement improvement starts: in
the core or near the edge. But after the transitipprdfile exhibits two regions of steep
gradient, see J{r) measured on 68.5 shown in Fig. 3 . First region is located at the very edge -
r > 20 cm and corresponds to the normal ohmic H-mode transport barrier (edge barrier). The
second region is in the core plasma - 10 cm < r < 16 cm. This steep gradient zone we consider
as Internal Transport Barrier [3]. Edge and internal barriers are separated by a flat gradient
zone with relatively high transport. It should be mentioned that no MHD activity was
observed in the shots with ITB and therefore plateau gr) Tould not be attributed to
magnetic island existence. This observation is contradictory to data presented in [4] where
plateaus on radial profiles were explained by magnetic islands. Also in Fig. 3the T
measured before transition (50 ms) is shown for comparison. It is seen that before transition
the radial profile is smooth.
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Fig. 2. Temporal behavior of the loop voltage, Fig. 3. T(r) profiles measured before -
plasma current, averaged density and D, emiss- "50 ms" and after - "68.5 ms" transition into the
ion in the shot with ITB in the ohmic H-mode. ohmic H-mode with ITB.

2. Transport simulations of the shot with Internal Transport Barrier

Data presented in Figs. 2&3 as well a8,f) measured by microwave interferometer [3] were
used in transport simulations. The purposes of the simulations were to quantify changes in
electron thermal diffusivity through the transition and to analyze a role of transient
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phenomena in the ITB formation. The simulatio

. Electron th [diffusivity, 2/
were performed using transport code ASTRA [5]. eciron fermaidiitisivy, m - =1s

Radial profiles of the™" are shown in Fig. 15
4 for ordinary ohmic regime 50 ms and after the
transition into the ohmic H-mode with ITB 68.5
ms. Later profile is characterized by two wel
located in the regions of internal and edge barri
and separated by a zone wikKi" increased by an >
order of magnitude.

In order to explain formation of the reduce O 71—
transport zone in the core the different mechanis 0.0 05 10 r/a
were considered. First, we have analyzed possibilityy. 4. Effective electron thermaldiffusivity
of nonmonotonic q profile formation which might before - "50 ms" and after - "68.5 ms"
be the cause of some MHD modes stabilization [6f2"SOn into the ohmic H-mode with ITB.
Results of the calculation of q(r) on 50 ms are
presented in Fig. 5. The data evidences that q(r) is monotonic and very close to stationary one.
This allows to conclude that the above mechanism is likely not valid in our case.

Another possible explanation for ITB formation is the suppression of a turbulence by
sheared rotation resulting from radial electric field emerging in the core [6]. According to
[7,8] the radial current can arise in the core as a result of honambipolar drift of banana
particles in the presence of spatially inhomogeneous or time dependent longitudinal electric
field E, thus resulting in E appearance. The simulations have shown that radially
inhomogeneous Fexists before stationary current density profifg) jis achieved in the
current ramp up phase. Radial distribution pb& 50 ms is shown in Fig. 6 by solid line. Our
estimates have shown that in this caggor is small and resultingE/or can not provide
sufficientwe, g necessary for turbulence suppression.
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Fig. 5. Safety factor profile calculated taking into Fig. 6. Toroidal electric field profile at the end of
account j(r) evolution in the current ramp up stage current ramp up stage -"50 ms" and after sawtooth
- "50 ms" and for stationary j(r) - "stat.". crash (Kadomtsev model) -"sawth.”.
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SubstantialoE /or appears in the calculations if a strong perturbation of (heis
included. Perturbations of that kind might appear during internal disruption events if
Kadomtsev model is valid for sawtooth oscillations description [9]. Sawtooth oscillations of
jr) produce strong J&) perturbations which are sufficient for generation of the stoggr.

In assumption that the model [9] is valid thg¢rFwas calculated. Results are shown in Fig. 6
by dotted line. Coincidence of strod /or and ITB zones allows to assume that internal
disruptions might play a key role in generationo&f/or and subsequent ITB formation if
mechanisms described in [7,8] are taken into account.

3. Conclusions

Formation of Internal Transport Barrier in ohmically heated plasma has been observed in the
experiments on TUMAN-3M tokamak. The indications of ITB appearance in the high current
ohmic H-mode are: the increased up to 2.0 enhancement fagtaheédslow reduction of a
plasma outflux and the formation of a steep gradient zone andrn profiles.

Transport simulations of the electron heat balance have confirmed the formation of
two regions of reduced transport in the ohmic H-mode: Edge and Internal Transport Barriers.

Formation of the ITB is likely caused by a turbulent transport suppression by sheared
ExB rotation. The possible mechanism of a strékgdr generation in the ohmically heated
plasma is the nonambipolar drift of banana particles provided by substantially inhomogeneous
and time dependent longitudinal electric field arising during sawtooth crashes.
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