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Additional Heating Power Required for ITB Formation in Tokamaks

G.T. Hoang and C. Fourment
! Association EURATOM-CEA, CEA/DSM/DRFC
CEA Cadarache, St. Paul-lez-Durance, France

On behalf of the ITPA Group on Transport and ITB Physics *
and the International ITB Database Working Group™*

* J. Connor2, E.J. Doyle3, Yu Esipchuk4, T. Fujitas, T. Fukudad, P. Gohil,0 J.E. Kinsey7,
N.A.. Kimeva4, S. Lebedev®, X. Litaudon!, V. Mukhovatov®, J. Ricel0, EJ.
Synakowski1 1l Toi12, B. Unterberg13, V. Vershkov4, M. Wakatanil4

** T Aniell, Yu.F. Baranov!3, A. Bécouletl, E. Barbatol®, G. Bracco 10, P. Burattil®, E.J.
Doyle3, L.G. Erikssonl, Yu. Esipchuk4, B. Esposit016, T. Fujitas, T. Fukudad, P. Gohil®,
CM. Greenfield®, M. Greenwald!®, T. Hahm!l, T Hellsten!d, G.T. Hoangl, D.
Hogewei 17 S 1ded, F. Imbeaux!, Y. Kamada®, J.E. Kinsey7, N.A.. Kimeva4, X
Litaudonl, P. Magetl, A. Peeters!8 K. Razumova?, F. Ryterlg, Y. Sakamoto®, H. Shirai,
E.J. Synakowskill, A. Sips!8, T. Suzukid, T. Takizukad, R. Wolf18

2EURATOM/UKAEA  Association, Culham Science Centre, Abingdon, Oxon, UK;
3University of California, Los Angeles, California 90095, USA; 4Kurchatov Institute of
Atomic Energy, Moscow, Russia; 3JAERI, Naka Fusion Research Establishment, Naka,
Japan; 6General Atomics, P.O. Box 85608, San Diego, California, 92186-5608, USA,
7Lehigh University, Bethlehem, Pennsylvania 18015, USA; Sloffe Institute, St. Petersburg,
Russia; °ITER JWS. Naka, Japan, 100 jassachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA; 11Plasma Physics Laboratory, Princeton University, Princeton,
New Jersey 08543, USA; 12National Institute of Fusion Science, Toki City, Japan,
13F0rschungszenlmm Jiilich, GmbH, EURATOM-Association, Jiilich, Germany; 1 4Kyoto
University, Kyoto, Japan, ISEFDA-JET CSU, Culham Science Centre, Abingdon, Oxon,
UK: 164ssociazione EURATOM-ENEA sulla Fusione, C.R. Frascati, Frascati, Italy;

I7FOM Insituut voor Plasmafisica, “Rijnhuizen”, Nieuwegein, the Netherlands; 18\ fax-
Planck-Institut fiir Plasmaphysik, EURATOM Association, Garching, Germany.

Introduction

Advanced tokamak scenarios exhibiting the internal transport barriers (ITBs) has been
extensively investigated in many tokamaks. Various conditions for the formation of ITBs are
observed in different devices. The development of an international database is therefore
important for clarifying the main physical mechanisms of the ITB formation and its
sustainment. The present ITB database [1], which specially focuses on the necessary
conditions to form ITBs, is being compiled from the experimental results of 9 tokamaks
(ASDEX-U, DIII-D, FTU, JET, JT60, RTP, T10, TFTR, Tore Supra). It includes 126 0-D
global and local parameters together with some 2-D quantities.

The amount of injected power (Ppy) required for ITB formation is here found to depend on
local plasma parameters, thus varying among different devices and additional heating
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methods. Previous analyses of the ITB 0D-datatabase [1-3] have confirmed that Py is indeed
a complex function of global parameters (I, By, a, n,...). Many experimental observations
and turbulence simulations have clearly identified the essential role played by the local ExB
shear, safety factor (q) and magnetic shear (s), Shafranov effect... for triggering ITBs.

This work consists in closely analyzing the pre-ITB phase, i.e. the moment when the barrier
is formed, and is mostly relevant for ion ITBs. In particular, we concentrate on the influence
of the confinement quality of the discharge and the magnetic shear in triggering an ion ITB.

Influence of the confinement quality on the I'TB formation

In Fig. 1, the amount of injected power per particle 03
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transition of transport characteristics from Bohm to  function of 1/p” in the electron pre-ITB
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Magnetic shear effect on the ITB formation

The effect of magnetic shear can be seen in Fig. 3, in which we report on discharges having
different g-profiles (positive magnetic shear (PS), weak shear (WS) and NS). One can see
that NS and WS plasma targets are much more favourable for ITB formation, with Py being
significantly reduced. At 1/p* = 100-150, Py required for the ITB formation in PS plasmas
is 2-3 times higher than that in NS and WS configurations. This is consistent with some low
power ITB experiments exhibiting a hollow g-profile (FTU, RTP, Tore Supra), particularly
the results of optimized shear experiments at JET in which P,y was significantly reduced by
preforming a hollow g-profile using lower hybrid current drive (LHCD) [5]. Clear example
of JET discharges was carefully analyzed in Ref [6]. It consists in comparing two JET



29th EPS2002; G.T.Hoang et al. : Additional Heating Power Required for ITB Formation in Tokamaks

30f4

discharges characterized by the same target parameters, but completely different g-profiles at

the pre-ITB phase.

As shown in Fig. 4, both the discharges
were performed at I, = 2.2MA / B, =2.6T,
LHCD was applied very early in the first
one (#51613) in order to preform a non-
monotonic g-profile (Fig. 5). In reversed
shear discharge #51613, one can see the
formation of both the electron and ion ITBs

at t=57s, during NBI and ICRH
applications (T, and neutron rate signals).

Contrarily, no transition was observed in f;
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. 3: Injected power per particle as a function of

monotonic q discharge (#51611), although [/p, taken at the ion pre-ITB phase, for various g-
the same amount of NBI and ICRH powers profiles in ASDEX-U, DIII-D, JET. JT60-U and

was applied. TF1R (PS data from JT60-U only).
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Fig. 6: Growth rate for NS (solid) and PO
(dashed) discharges in Fig. 4, computed at t=5.7s
and at around mid radius.

Normalized radius

Fig. 7: Radial profiles of yi¥* (k,p, <1) and

Ve xp at the pre-ITB phase (1=5.7s).
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Stability analyses of these discharges have been performed [7] using a linear electrostatic
gyro-kinetic code [8]. At t=5.7s, just before the ITB formation, the TEM and ETG micro-
instabilities were found to be stabilized (Fig. 6). Furthermore, the linear growth rate of ITG

branch was significantly reduced. Radial profiles of maximum linear growth rate y7,. ~ (Fig.
7a), corresponding mostly to ITG mode (low wave number, k,p, <1), display a strong

reduction of yj." inside the barrier, linked to negative magnetic shear. The shaded
uncertainty regions on 7. correspond to the error bars of the temperature and density

gradients. The magnetic shear effect in decreasing y,. was also found in [8-9]. Note that
Yz could account for turbulence reduction. However, the very marginal differences in its
radial profiles within the error bars (Fig. 7b) cannot explain the wide barrier in #51613.
Thus, the comparison of these two discharges clearly demonstrates that it is possible to
trigger an ITB by producing a non-monotonic ¢-profile without increasing the ExB flow
shear.

Estimation of the power required for the next step devices using a similarity approach
Similarity analysis is performed using the relationship between Py, and the dimensionless
parameters p , v¥, B: P (@/R) 27 =F(v¥, B) (p*)** (Eq.1)

This expression is obtained from the following formulas for the heat diffusivity (%) and the
energy confinement time (t.): x « (p™)* F(v*, B) T/B ; 1, « a/ x,;and v, «n T a’ R /Py
The power coefficient . is equal to 5/2 or 3/2, depending on the transport property which is
either Bohm or gyro-Bohm. Thus, the plot of the normalized power P (a/R) a’t
versus 1/¢, in keeping [} and v* constant, illustrates the confinement quality of the
discharge. In Fig. 8, Py (a/R) a’is plotted as a function of 1/ p*.
The case p =1 seems to indicate a weak dependence on 20 —rrrrerrrrrrer—rr——
v* within the uncertainties of measurements, since it F|252y 08 =023 d
corresponds to two quite different values of v* (0.03 and -
0.23). Best power fit, for both cases =1 and f =3, 10 - L

gives a value of the power coefficient « (in Eq.1) 55 é;,
between 1.5 and 1.75 which suggest that the ion 3 JB'O

transport is likely gyro-Bohm in NS case. A preliminary o b BT .
extrapolation, using the limited present data set, 0 %0 100 15/0‘),?00 250 300

indicates that ITBs could be triggered with a moderate
injected power in a next step machine by producing a ) _
hollow g-profile. In ITER: T; =8keV and p*(at a/2) = pre-ITB phase in NS configuration.
3.5107, we could expect an ion ITB formation with

about 40 MW of injected power (case B/v* =3/0.03 in Fig. 8).

Summary

The main finding of the present work is that the injected power required for triggering ion
ITB can be significantly reduced by controlling the magnetic shear without increasing the
ExB flow shear. Good confinement target plasmas are also found to be favourable for
decreasing the power required to produce an ITB.
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