** ok EUROPEAN FUSION DEVELOPMENT AGREEMENT
* *
* *
JET

EFDA-JET-CP(03)01-78

T. Fujita, T. Aniel, E. Barbato, R. Beh, R.E. Bell, A.R. Field, T. Fukuda, P. Gohil,
K. Ida, F. Imbeaux, N.A. Kirneva, L. Laborde, X. Litaudon, D. Mazon,

Y-K.M. Peng, K.A. Razumova, J.E. Rice, Y. Sakamoto, A.C.C. Sips, T. Suzuki,
H.Takenaga, the ITPA Topical Group on Transport and ITB Physics,

the international I'TB Database Working Group

Key Quantities for ITB Formation
and Sustainment






Key Quantities for I'TB Formation
and Sustainment

T. Fujita', T. Aniel*, E. Barbato’, R. Beh”, R.E. Bell’, A.R. Field’, T. Fukuda’,
P. Gohilg, K. Ida9, F. Imbeauxz, N.A. Kirnevalo, L. Labordez, X. Litaudonz,
D. MazonZ,Y-K. M. Pengll, K.A. Razumovalo, J.E. Ricelz, Y. Sakamotol,
A.CC. SipsB, T. Suzukil, H. Takenagal,
the I'TPA Topical Group on Transport and ITB Physics*,
the international ITB Database Working Group*

*see P.Gohil et al., 19th IAEA Fusion E ergy Conf., Lyon, 2002, IAEA-CN-94/CT/P-05.
IJAERI, Naka Fusion Research Establishment, Naka, Japan,
2Association EURATOM -CEA,CEA Cadarache, France;

Association E URATOM -ENEA, Frascati,Italy;
4Associati0nEURATOM-Confédération Suisse, Lausanne, Switzerland;
PPPL, Princeton, USA;

SEURATOM/UKAEA Fusion Association, Abingdon, UK,
7Osaka University, Suita, Japan;
8General Atomics, San Diego, USA;
°NIFS, Toki, Japan;

IORRC “Kurchatov Institute”, Moscow,Russia;

""ORNL, Oak Ridge, USA;
2MIT, Cambridge, USA;

B Max-Planck-Institut fiir Plasmaphysik, EURATOM Association, Garching, Germany.

Preprint of Paper to be submitted for publication in Proceedings of the
EPS Conference on Controlled Fusion and Plasma Physics,
(St. Petersburg, Russia, 7-11 July 2003)



“This document is intended for publication in the open literature. It is made available on the
understanding that it may not be further circulated and extracts or references may not be published
prior to publication of the original when applicable, or without the consent of the Publications Officer,
EFDA, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”

“Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EFDA,
Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”




ABSTRACT.

An international ITB database has been constructed to address primarily power threshold scaling,
confinement scaling and underlying physics in ITB plasmas. For the power threshold scaling, a
precise definition of ITB is required. Either the temporal separation of temperatures in two
neighboring measurement channels or the discontinuity in gradients in temperature profiles is often
used to judge the ITB formation. However, both of these criteria become unclear for low heating
power approaching the threshold for the ITB formation. Given this uncertainty in determining I'TB
existence,parameters are sought which will better define the time and spatial location of ITB. A

parameter frequently employed is R, /Ly where R, is the plasma major radius and Ly is the local

eo
temperature gradient scale length. gAnother parameter is py* = pg /Lt where pgis the local ion
gyroradius at the sound speed; pg =(m; TG)I/Z/(ZieBt),mi is the ion mass, Z; is the ion charge number
and B, is the toroidal field [1]. This parameter has a strong B, dependence and no R, dependence
i contrast to Ry, /L. The existence of ITBs in JET plasmas can be inferred in regions of space-time
where p* > pirp™®, where pirg™* 1s some critical value. Interestingly,a constant value of pyrg*,
0.014 ,is valid for a large variety of JET discharges heated by NB and IC with B, =1.8-4.0 T when
L. is used as L. As a first step in finding a parameter or a key quantity that can be generally used

to judge the ITB existe ce,the validity of p* is investigated for various devices in this paper.

1. ANALYSIS METHOD

Profile data from the following devices are used in this study;Alcator C-MOD (C-MOD),ASDEX
Upgrade (AUG), CHS, DIII-D, FTU, JET, JT-60U, LHD, MAST, T-10, TCV and Tore Supra (TS).
Here CHS and LHD are heliotron-type helical devices and the others are tokamaks. The data cover
geo:0.69-3.75m (a factor of 5.4) and B;=0.53-5.28T (a factor of 10). To fix

critical values for the ITB formation precisely,it is most efficient to use the values at the location

a wide region of R

and time of ITB emergence determined from the time evolution of profiles.In this study, to find
critical values using a limited number of time slices,values at the boundary of I'TB in radial profiles

are used. Values of RgeO/LTe (Rgeo/LTi) and pg /Ly, (p;/Ly;)are evaluated at the fooi/(;f T.-ITB (T;-

ITB) and just outside the ITB. Here p; is a gyroradius of thermal ion; p;=(m;T,) "*/(Z;eB,). The
temperature scale length Ly is evaluated using the temperature gradient along the major radius,
namely, by L1 =T/(dT/dR). Whe the temperature profiles are given as a function of normalized
radius p, dT/dR was evaluated by dT/dR =(1/a)dT/dp, where a is the horizontal minor radius. The

location of ITB foot is defined as the point where d/dp (R, /Ly) has its maximum,though other

geo

definition is also used in some cases where the maximum of d/dp (R

determined.An example is shown in Fig.1. Since p; /L; ocTil/zR

geo/ L) cannot be clearly

geo/Lei> Pi /Ly tends to have larger

values inside the ITB than at the edge,which is a favorable nature to define the region of ITB in a
/LTi)crlt and ( pi /LTi)Cm’

geo

/L and p; /Ly, change rapidly ear the I'TB foot,it is not

radial space.Our purpose is to find critical values of Rgeo/LTi and p; /Ly, (R
to define the I'TB region.Since both of R

geo
easy to determi e critical values that can be applied to a whole discharge duration from a single time



slice data especially in a strong or “box-type”ITB. In this study,critical values are defined as the
average of the value at the ITB foot and that outside the ITB with error bars covering these two

values as shown in Figs.1(b) and (c).

3. RESULTS

Critical values of RgeolLTe and p, /L, for T, ITBs are shown in Fig.2. Here,EC heating was employed
in TCV, CHS, T-10, JT-60U and LHD, while LH + EC heating in FTU, IC heating in TS and LH or
NB +IC or NB+IC+LH in JET. The electron densities are distributed in a wide range; n,, (0) <2X
10" m™ in EC heated discharges and JET data in LH phase while n (0)=(5-11) x 10"’m™ in FTU
and TS. The critical values of RgeofLTe lie in 5 to 20. In DIII-D, very strong I'TB data is used, which
resulted in a large critical value in the present analysis; the values ear the lower boundary seem to
be valid for the ITB criterion.The dispersion is larger in (pg /LTe)Crit than in (RgeO/LTe)Crit. In T-10,
FTU and JET (and DIII-D),critical values of p /L, are close to the JET criterion, 0.014, while TCV
and CHS have larger values and TS, JT-60U and LHD have lower values; p /L, reaches 0.03
outside the ITB in TCV.

Figure 3 shows critical values of Rgeo/LTi and p; /L, for T, ITBs and n, ITB (C-MOD).I C-
MOD,where off-axis IC heating was employed,the peaking of density was remarkable with small
changes in the temperature gradient and hence the scale length of pressure L, was used instead of
L. All other data are from NB heated plasmas,some of which were also heated by LH,IC and EC in
addition to NB.In DIII-D,QDB discharges with positive magnetic shear have low values of Rgeo /
LTi and pi/ LTi ’ (Rgeo
differences are observed between reversed shear discharges and weak positive shear discharges
(optimized shear in JET and high B, H- mode in JT-60U). In JT-60U plasmas with low beta (By
<1), low values p;/L;, (pi/LTi)Crlt <0.005, are observed. Recently ITBs has been observed in MAST

[2] and NSTX [3], in which large values of (pi/LTi)Clrit >(.03 are obtained.

/LTi)Crit < 5,than weak/negative shear discharges. In JET and JT-60U, no large

DISCUSSION
Both of p;/Ly, (T, ITB)and p;/Ly; (T; ITB)have been distributed in a wide range exceeding one
order; for T.-ITB (pS/LTe)Crit >(0.03 in TCV and CHS while (pS/LTe)C”it ~0.003 in TS and for Ti-ITB
(py/Lp) ™ >0.03 in MAST while (py/Lp;)"™ ~0.003 in JT-60U. In Fig 4, ratios of * s and * i to Rgeo
are plotted.It is found that ps/Rgeo or pi/Rgeo is large in devices with small Rocor TCV, CHS and
MAST, except for high field devices, FTU and C-MOD, while JT-60U and TS plasmas with low
foot temperatures have low values due to large radii and high magnetic fields.

In the present study, it is found that the critical values of p/L; or p;/Ly; are not constant but are
distributed in a wide range. The variation seems to be mainly caused by changes in pS/Rgeo or pi/RgeO,
and the critical values of RgeolLT vary within a rather smaller range than the critical values of p /L,

or p;/Ly;. Dependence of R, /L; on the ion temperature at the ITB foot, TifOOt in JT-60U plasmas is

geo

geo/Lei seems to increase with TifOOt for fixed B;,which means p,/Ly; changes

shown in Fig.5. R



/L; since p; at the ITB foot is proportional to (TifOOt)O'S. On the other hand,in

geo
the JET Bt scan data with g5 constant,variation in p /Ly, was smaller than that in RgeO/LTe. More

work is required to find what parameters determi e critical values of LT for the ITB formation.

more widely than R

SUMMARY

Critical values of temperature scale length LT for the ITB formation have been investigated in
various devices using the ITPA international ITB Database.Large variations in the ratio of ion
gyroradius pg or p; to Ly are found in some cases. It is suggested that the critical values of p /L,
and p; /L; depend on plasma parameters or other quantities tha p¢ (p;) should be introduced to

normalize LT.
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Figure 1:Radial profiles of (a)T;, T,, d/dp (Ry./Lr;),(b)Ry./Ly; and (c) p/Ly; in a DIII-D weak shear ELMy H-mode
plasma with T; ITB.The location of ITB “foot”is denoted by a vertical dotted line. The circles with error bars are

“critical’values.
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Figure 3: Critical values of (a) Ry, /Ly;and (b) p/Ly; for T; ITB. For Alcator C-MOD, scale length of pressure, L, is
used instead of L.
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Figure 4: (a) p/Ry,, and (b) p/R,,, at the ITB foot as functions of R,



25
o d
20 S
£ 'Y
= O
< 150 5 ?
g @]
o o 1
5 e
5 100 } i 1
g
o
©036-4.3T
5 om21T
JT-60U 5
0 | | | | g
0 1 2 3 4 5
Tt (keV)

Figure 5: Dependence of R,,,/Ly; on the ion temperature at the ITB foot
in JT-60U plasmas. Closed symbols denote the critical values while open
ones denote the maximum values.



