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Abstract

The global con�nement and the local transport properties of improved core con�nement

plasmas in JT-60U have been studied in connection withEr shear formation. The impro ved core

con�nement mode with ITB, the internal transport barrier, is roughly classi�ed into \parabolic"

type ITBs and \box" type ITBs. The parabolic type ITB has the reduced thermal di�usivity,

�, in the core region; however, the Er shear, dEr=dr, is not so strong. The box type ITB has a

very strong Er shear at the thin ITB layer and the � value decreases to the level of neoclassical

transport there. The estimated E�B shearing rate, !E�B , becomes almost the same as the linear

growth rate of the drift microinstability, L, at the ITB layer in the box type ITB. Experiments of

hot ion mode plasmas during the repetitiv e L-H-L transition shows that the thermal di�usivity

clearly depends on the Er shear and the strong Er shear contributes to the reduced thermal

di�usivity.

1. INTR ODUCTION

Various kinds of improved core con�nement (ICC) plasmas such as hot ion H-mode plas-

mas [1], high �p H-mode plasmas [ 2], and reversed shear plasmas [3] have been found in JT-60

with large fusion triple product, nD(0)�ETi(0), and high equivalent D-T fusion ampli�cation

factor, Qeq
DT [4]. In this paper, the improved energy con�nement and the reduced thermal trans-

port in such ICC plasmas are investigated in connection with the formation of a sheared radial

electric �eld, Er.

These ICC plasmas have much larger stored energy in the core region compared with

L-mode plasmas, and are often accompanied by an internal transport barrier (ITB), which is

formed at a location r=rITB inside the plasma. The pressure gradient changes discontinuously

at r=rITB. Figure 1 shows typical pro�les of the electron temperature (solid line and closed

circles), Te, the ion temperature (broken line and the open circles), Ti, and the electron density

(dotted line and closed squares), ne, in (a) a normal shear plasma and (b), (c) rev ersed shear

plasmas with ITBs.

Hereafter, we call the ITB of (a) and (b) the \parabolic type" ITB, in which the pressure

gradient is larger over the core region r<rITB than that of peripheral region in r>rITB. The Ti
pro�le shows the parabolic type ITB easier than ne or Te pro�les. The discontinuous change at

r=rITB is observed only in Ti gradient for case (a) and in ne, Te, Ti gradient for case (b). In

JT-60U, the parabolic type ITB could be observed in any kind of improved con�nement mode,

the hot ion H-mode, the high �p H-mode and the reversed shear plasmas.

W e call the ITB of (c) the \box type" ITB. Within the ITB la yer aroundr=rITB, the

pressure gradient is remarkably large. At both boundaries of the ITB layer, the pressure gradient
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discontinuously change. The box type ITB is observed in ne, Te, Ti gradient for case (c). Since

the Ti pro�le shows the box type ITB easier than ne or Te pro�les, the combination of the box

type ITB in Ti pro�le and the parabolic type ITBs in ne and Te pro�les is observed. The box

type ITB was observed only in reversed shear plasmas so far.

2. METHOD OF ANALYSIS

The transport and the con�nement properties of JT-60U plasmas are estimated by the 1.5

dimensional (2 dimensional equilibrium and 1 dimensional transport) transport analysis code,

TOPICS [5], and the orbit following Monte-Carlo code, OFMC [6]. The OFMC code considers

the ripple loss, the orbit loss and the charge exchange loss of the fast ions generated by NBI

and estimates the density pro�le and the pressure pro�le of the fast ions, the pro�le of the NBI

particle source and the energy deposition pro�les to electrons and thermal ions. The TOPICS

code uses the results of the OFMC code and calculates the pro�les of thermal di�usivity, �, and

the radial electric �eld, Er.

The Er pro�le is calculated as follows. The momentum balance and the heat momentum

balance equations parallel to the magnetic �eld give the equation of ux averaged parallel ow [7],
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Here, bL, cM , Vj and Sj are the normalized friction matrix, the normalized viscosity matrix, the

thermodynamic force vector, the momentum and the heat momentum source vectors, respec-

tively [8]. The su�x \I" denotes the variables related to the impurity. The terms with su�x

j=1�4 denote the momentum of electrons, ions, impurities and fast ions, respectively. The

terms with su�x j=5�7 denote the heat momentum of electrons, ions and impurities, respec-

tively. The term Vj (j=1�4) includes d�=d . In the following analyses, the second and the

third terms of the RHS of eq.(1) are neglected. The neglect of the second term is valid for the

case of almost balanced NBI injection.

The toroidal rotation of the impurity is expressed by the impurity ow parallel and per-

pendicular to the magnetic �eld [9],
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By eliminating the term
D
BukI

E
from eqs.(1) and (2) and using the toroidal velocity pro�le of

the impurity, uI�, measured by charge exchange recombination spectroscopy (CXRS), the Er

pro�le is estimated as
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Here, ��I;j = �I;j +
�

B2
�
=B2

� � 1
�
�I;j and the coe�cient �i;j is an element of

�bL� cM��1 cM .

The neoclassical thermal di�usivity was often estimated by Chang and Hinton's for-

mula [10]. In this paper, the matrix inversion method (MI method) developed for the bootstrap

current was applied to the estimation of the neoclassical ion thermal di�usivity [11� 13]. The

2



neoclassical thermal di�usivity of species j, �NCj , is made up of classical and P�rsch-Schl�uter

(CPS) di�usion and Banana-Plateau (BP) di�usion as follows,
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Here, bl and b� are elements of the normalized friction matrix bL and normalized viscosity matrix cM ,

respectively. The total ion neoclassical thermal di�usivity �NCION is obtained as ni= (ni + nI )�
NC
i +

nI= (ni + nI)�
NC
I on the condition of the same temperature for main ions and the impurities.

The linear growth rate of high-n toroidal drift modes was analyzed by a linear toroidal

kinetic microinstability analysis code, the FULL code [14] under the collaboration with the

Princeton Plasma Physics Laboratory. In the FULL code, the largest linear growth rate, L, is

calculated at some radius by changing the k��i value, where k� and �i are the wave number in

the poloidal direction and the ion Larmor radius, respectively.

In order to compare with L, the E�B shearing rate, !E�B , is estimated as [15]
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3. GLOBAL ENERGY CONFINEMENT PROPERTY FOR r<rITB

In this section, the energy con�nement property in the core region of the parabolic type

ITB and the box type ITB are compared. The ICC plasmas with Ip=1.5 MA, Bt=3.5�4.0 T,

ne=2.0�3.7�1019 m�3 and Pabs=8�15 MW are investigated. Here the following variable for the

incremental thermal stored energy in the region r<rITB is calculated by

�W in
th =

3

2
kB

Z rITB

0

h�
ne(r)Te(r) + nthi (r)Ti(r)

�
�
�
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�i
dV

(8)

based on the boundary density and temperature at r=rITB. The value of �W in
th denotes the

ability of each type of ITB to con�ne the stored energy in the core region. The plasma volume

and heating power in the region r<rITB are V in and P in, respectively. The dependence of the

volume averaged values, �W in
th=V

in, on P in=V in for (a) electrons and (b) ions is shown in Fig. 2.

Open symbols and closed symbols denote the cases of the parabolic type ITB in Ti pro�le and

the cases of the box type ITB in Ti pro�le, respectively. Circles and squares denote normal

shear and reversed shear, respectively. The slope from the origin corresponds to the core energy

con�nement time. It is clear that the core energy con�nement time of the box type ITB is twice

as large as that of the parabolic type ITB.

The concentration of the absorbed power in the region surrounded by the ITB (r=rITB),

P in
abs=P

total
abs , is estimated as a function of the relative core plasma volume, V in=V total. They are

almost the same between the parabolic type ITB and the box type ITB. Therefore the better

core con�nement of the box type ITB cannot be ascribed to the intensive core heating.
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4. SHEARED RADIAL ELECTRIC FIELD FORMATION AND REDUC-

TION OF LOCAL TRANSPORT

4.1. Steady State Case

The relation among the improved energy con�nement, the reduction of thermal di�usivity,

�, and the sheared Er is discussed in this section. First, plasmas in the steady state are analyzed.

Figure 3 shows the pro�les of the electron and ion thermal di�usivities, �e (thin solid line) and

�i (broken line), the neoclassical �NC (dotted line) and the radial electric �eld, Er (thick solid

line). Each part of this �gure corresponds to that of Fig. 1.

The �NC was estimated by the matrix inversion (MI) method [11]. The �NC value estimated

by the MI method is about half of that estimated by the Chang-Hinton formula [10] in the

parameter region represented by Fig. 1. Since the collision frequencies of electrons and ions are

in the banana regime, the orbit squeezing e�ect is taken into account in the calculation of �NC .

However, the di�erence in �NC between results with and without the orbit squeezing e�ect is

small. Only within the ITB layer of the box type ITB, 40% reduction of �NC is obtained.

In the case of a parabolic type ITB, the thermal di�usivity in the region r<rITB is remark-

ably smaller than that in the region r>rITB. The value of �i decreases to the level of �
NC near

the magnetic axis. The characteristic of improved core con�nement in the parabolic type ITB

is shown by the reduction of thermal di�usivity over the whole area of the core plasma, which

is the well-accepted point of view. A negative Er shear (dEr=dr<0) is obtained in the region

r<rITB. However, the Er shear is not so strong compared with that in the ITB layer of the box

type ITB.

In the case of a box type ITB, on the other hand, �e and �i at the ITB layer are quite

small; their values are reduced to the level of �NC, whereas the value of the thermal di�usivity

in the core region r<rITB is not always small. The characteristics of improved core con�nement

with a box type ITB are di�erent from those of a parabolic type ITB. Good con�nement is not

directly related to the reduced thermal di�usivity overall of the core region. A stronger barrier

against the outward heat ow is formed at the thin ITB layer and the heat ow is dammed

up at the ITB in the region r<rITB. In the vicinity of the ITB layer where �e and �i become

quite small, a strong Er shear layer is localized. In this region, the contributions of the toroidal

rotation and the pressure gradient to Er, that is the �rst and the second terms of the RHS of

eq.(3), are of the same order of magnitude.

4.2. Repetitive L-H-L Transition Case

In this subsection, the relation between the local transport and the sheared Er is analyzed

during the dynamic change of energy con�nement. A hot ion mode plasma with Ip=2.5 MA,

Bt=4.2 T and Ti(0)>20 keV is investigated. Figure 4 shows the time evolution of the NBI

injection power, PNBI , the diamagnetic stored energy, Wdia, the line averaged electron density,

ne, the Te and Ti at the half minor radius and the intensity of the D� signal of this plasma.

The L-phase and H-phase con�nement appear repetitively. In this plasma, the Ti pro�le is fairly

peaked, but no clear ITB was observed.

In Fig. 5, the pro�les of �e, �i and Er in the (a) H-phase and (b) L-phase are shown. At

the L-H and H-L transitions, the shear in the toroidal rotation changed instantaneously within

the time resolution of the CXRS measurement. The Er shear becomes strong in the H-phase

and weak in the L-phase overall of the plasma region. At the same time, both �e and �i in the

H-phase become about half of those in the L-phase.

The plasma parameter pro�les at a selected time during the H-phase (reduced �) and the
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L-phase (enhanced �) become almost the same, because the plasma changes repetitively. This

suggests a conclusion that the thermal di�usivity clearly depends on the Er shear and the strong

Er shear contributes to the reduced thermal di�usivity.

4.3. Linear Growth Rate of Microinstabilities and E�B Shearing Rate

The box type ITB has a very large pressure gradient at the thin ITB layer, which may

become a free energy source to excite microinstabilities. At the same time, strong Er shear

is formed at the ITB layer, which induces a sheared E�B ow in the poloidal direction and

suppresses microinstability [15].

Figure 6 shows the pro�les of Te, Ti, ne, L and !E�B , in the peaked pressure pro�le high

�p plasma ((a) and (b)) with Ip=1.5 MA and Bt=3.5 T and the box type ITB reversed shear

plasma ((c) and (d)) with Ip=1.2 MA and Bt=3.5 T. The pro�le of L is calculated by the

FULL code for the electrostatic toroidal drift mode (trapped-electron-ITG mode). In the former

case, L is much larger than !E�B except near the magnetic axis. The E�B sheared ow is

not strong enough to suppress the microinstability. This is consistent with the fact that �i is

larger than �NC except for the region near the magnetic axis. In the latter case, the ITB layer

is formed in the region 0.4<r=a<0.6. Within the ITB layer, !E�B becomes almost as large as

L. It is expected that the microinstability in the ITB layer is suppressed and favorable energy

con�nement is realized.

5. TOROIDAL ROTATION SHEAR AND CONFINEMENT

The relation of Er shear to the reduced transport and the improved con�nement has been

presented in the previous sections. The Er shear depends on the toroidal rotation shear and the

shear of the pressure gradient. In this section, the e�ect of toroidal rotation shear on the energy

con�nement is studied.

JT-60U has two units of co tangential NBI and two units of counter tangential NBI. The

co-rotating plasmas and the counter-rotating plasmas are obtained by selecting these tangential

NBI units. A set of ELMy H-mode discharges with Ip=1.0 MA,Bt=2.1 T, ne=1.9�2.1�1019m�3,

Pabs=4.4�6.3MWand Ti(0)=4�5 keV was carried out. The plasmas are not in the core improved

con�nement mode because of the small NBI power.

Figure 7 shows the pro�les of (a) Vt, (b) ne and (c) Ti for the co-rotating plasma (closed

circles, with two units of co-tangential NBI), the almost no rotating plasma (closed squares, with

one co- and one counter-tangential NBI) and the counter-rotating plasma (open circles, with two

units of counter-tangential NBI). In addition to the tangential NBI units, the perpendicularly

injected NBI units are used. The total absorbed power is 6.0 MW for all cases. The values of

the total injected NBI power are 8.0 MW, 8.8 MW and 10.0 MW for the co-rotating plasma,

the almost no rotating plasma and the counter-rotating plasma, respectively. The ratio of orbit

loss and ripple loss of fast ions is larger for the counter NBI injected (counter-rotating) plasma.

The toroidal rotation shear for each case is almost constant overall of the plasma. The

co-rotating plasma has slightly higher density compared with the counter-rotating plasma, in

spite of having almost the same temperature pro�le. The pro�le of the absorbed power density

is almost the same for each case except in the central region r=a<1/3 as shown in Fig. 8.

The HH-factor for the thermal energy con�nement time based on the ITER97H-ELMy

scaling law [16],

�
ELMy
th (s) = 0:029 I0:90p (MA)B0:20

t (T) P�0:66abs (MW) n0:40e (1019m�3)M0:2
i R1:84(m) a0:19(m) �0:92 ;

(9)
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is shown in Fig. 9. It is clear that the co-rotating plasma has a higher HH-factor than the

counter-rotating plasma. In order to clarify the di�erence in energy con�nement from the view

point of Er shear, it is necessary to evaluate the second term (momentum source term) in the

RHS of eq.(3), because the momentum injection by the parallel NBI is essentially important for

these experiments. We are going to evaluate the momentum source pro�le by modifying the

OFMC code. The comprehensive study of the con�nement with the Er shear for ELMy H-mode

plasmas will be done in the near future.

6. CONCLUSION

The global con�nement and the local transport properties of improved core con�nement

plasmas in JT-60U have been studied in connection with radial electric �eld shear formation.

The improved core con�nement mode with ITBs is roughly classi�ed into \parabolic" type ITBs

and \box" type ITBs. The parabolic type ITB shows a reduction of the thermal di�usivity, �,

overall of the core region surrounded by r=rITB; however, the Er shear, dEr=dr, in the core

region of a parabolic type ITB is not so strong. The Er shear in the box type ITB is very

strong only at the thin ITB layer and the � value decreases to the level of neoclassical transport

there. Experiments of hot ion mode plasmas during the repetitive L-H-L transition shows that

the thermal di�usivity clearly depends on the Er shear and the strong Er shear contributes to

the reduced thermal di�usivity. The energy con�nement property of box type ITBs in the core

region surrounded by r=rITB is about twice as large as that of parabolic type ITBs.

The estimated E�B shearing rate, !E�B, is much smaller than the linear growth rate of

the microinstability, L, for the parabolic type ITB. For the box type ITB, on the other hand, the

!E�B value is almost the same as L at the ITB layer. A series of ELMy H-mode experiments

with di�erent plasma rotation showed that the co-rotating plasma is more favorable for energy

con�nement than the counter-rotating plasma in the non-ICC ELMy H-mode plasmas.
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Fig. 1  Profiles of Te (solid line), Ti (broken line) and ne (dotted line) of ICC plasmas with 
(a) normal shear, parabolic type ITB, (b) reversed shear, parabolic type ITB, (c) 
reversed shear, box type ITB for Ip=1.5 MA and Bt=3.5~4.0 T. 

Fig. 2  Characteristics of incremental energy confinement in the region r<rITB for (a) 
electrons and (b) ions for Ip=1.5 MA and Bt=3.5~4.0 T.  Open symbols and closed 
symbols denote the parabolic type ITB and the box type ITB, respectively.  Circles 
and squares denote the normal shear and reversed shear, respectively.

Fig. 3  Profiles of χe (thin solid line), χi (broken line), χNC (dotted line) and Er (thick solid 
line).  Each part of this figure corresponds to that of Fig. 1.

Fig. 4  Time evolution of NBI injection power, 
PNBI, diamagnetic stored energy, 
Wdia, line averaged electron density, 
ne, Te (a/2), Ti (a/2) and Dα intensity 
in hot ion plasma (Ip=2.5 MA and Bt=
4.0 T) during repetitive L-H-L 
transition phase.
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Fig. 5  Profiles of χe (thin solid line), χi (broken line) and Er (thick solid line) for (a) H 
phase and (b) L phase.

Fig. 6  Profiles of Τe (solid line), Τi (broken line) ne (dotted line), growth rate of the 
microinstability, γL, (solid line) and ExB shearing rate, ωExB, (dotted line) in normal 
shear hot ion plasma ((a) and (b)) and in reversed shear plasma ((c) and (d)). 

Fig. 8  Profiles of absorbed power.

Fig. 7  Profiles of (a) Vt , (b) ne and (c) Τi in co-rotating plasma (closed circles), nearly no 
rotating plasmas (closed squares) and counter-rotating plasma (open circles) for 
ELMy H-mode phase.
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Fig. 9  Dependence of HH-factor on absorbed power. 
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