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Abstract:

Various improved confinement modes in tokamak are surveyed
and their characteristics are reviewed. To search for the poten-
tiality as a fusion core plasma in reactor, an examination to
evaluate the core performance has been made. The fusion product
near the ignition condition, where @ is large, is used for the
evaluation. The dilution of the fuel ion and the profile effect
are sinultaneously examined together with the obtained 7§,

Because of the fuel dilution and of the bulk radiation, the
good performance does not always correspond to the mode with long
Tg. If their time evolution is taken into account the problem
becomes more serious. Further extensive research to control the

fuel purifty is surely needed to ensure the long pulse operation.



1. Introduction

Recently various "Improved confinement modes”™ have been
reported in tokamak plasmas., The H-nmode, which is associated
with the steep gradient and the pedestal formation of the density
or the pressure near the edge, has been found}) The supershotZ)
is another improved mode which has the peaked depsity/ion-temper-
ature profile in the central region. Initiated by these experi-
mental findings, improved modes which have various types of
pressure profiles have been revealed. At present, the combined
structure of peaked profile and pedestal formation has been
realized and a case is called hot-ion-H modeﬁ)

The H-mode studies on the threshold power and on the density
have explored the importance of edge parameters, The various
experiments with the aim of controlling the mode has led us to
study the technique to change the plasma boundary conditions.

The supershot has revealed the importance of the particle recycl-
ing near the edge on the plasma confinement. These knowledge
have enabled us fo make various improved modes with different
pressure profiles?’lz} Other than H-modes in various machines,
peaked profiles modes like, high-T,-mode, high-T, mode, hot-ion-H
node are obtaigped in ]ET?) The Improved-L mode, which has been
found in JFT-2M has also a peaked profile?)

In this paper, we survey various kinds of improved modes and
examine their enhancement factor as well as the degraded factor,
Using the database, we show an example for the evaluation of the
confinement as a whole. As an enhancement factor, TE/fEL has

been widely used, where TpL is the confinement time in L-mode.



One of the degraded elements is the decrease of the purity ratio,
either due to high-Z impurities or due to low-Z ippurities. The
former affects the duration(life) time of the discharge, and the
latter influences on the dilution of the fuel ions even if the
radiation collapse can be avoided. Strong dilution has been found
in almost all peaked profile modes. The true enhancement factor
of the mode can be evaluated by an inclusive analysis.

In the following, we adopt the evaluation factor(s) for the
fusion core performance in Sec.2. In Sec.3, several discharges
of improved modes are examined based on the present database,
Perspective of various modes are discussed, where the considera-
tion for the consistency with externmal apparatus is included. 1In

the final section, we noie some future issues.

2. Evaluation of Confinement Performance

One well-known figure of merit is the energy confinement
time, 7g, which is defined by the ratio of an internal plasma
energy, W;,, to an input pover, P;p- The ratio of improved
confinement time to that in L mode, H = tg/7gy. is often called
"the enhancement factor” of the mode. 1In a burning state, the
core performance is dictated by the balance between a fusion
input, P¢. and the power loss, Pioss- Namely, P; dominates over
Pin (@ >> 1) in the power balance equation, Ploss=Ps ¥ Pin. The
fusion product, ni(O)Ti(O)rE. is a figure of merit in this condi-
ticon.

If we assume that the scaling law of Tp can be used for an ex-

trapolation and that the fuel dilution is small, the ratio of Pf



to Ploss corresponds to this value. Let the ion temperature to
be from 7 keV to 25 keV, and the peakedness of the pressure
profile to be Tos thken the rough estimation gives

Pa ("\le ) M P].OSS = CTpni(O)Tl(O)fliT M ﬁT/TE (1)

This ratio is a measure of a good confinement as a fusion core
performance. Y¥hen the effect of the fuel dilutiom is explicitly

extracted, the ratio becomes
2
Palploss = Tpne(O)Ti(O)rEfDT (2)

where fDT( <1 ) is the effective fuel ratio given by 1-£Z2f,, and
fz is the impurity contamination ratio of the charge 7.
To compare various improved modes, the figure of merit can

be adopted,
Hefpd  ( 7pergefpf ) (3)

as a point model approach. Inside the ( ) above is for including
a profile effect for the given central performance of the plasma,.
We see that the enhancement of the confinement time is
necessary but is not sufficient for the improvement of the mode.
In addition to it, the purity of the fuel which should be center-
ed to the core, and the adequate peakedness of the profile are
needed. Simultanecus fulfillment of these conditions is required

for the true improvement. Adopting these guidelines, we examine



various improved modes, which have been obtained so far.

3. Improved modes and An evaluation

There have been found kinds of operation modes, each of
which has a longer energy confinement time than L-mode. Ve use
the database published in literatures. The evaluation here may
not be an universal but be an example. We list various modes in
Table 1 as typical example§'7"14). The mode classification,
machine ( with a shot nuamber or on many shots ), the change of
the mode, the input scheme, information with respect to the
density ( averaged density, peakedness, pedestal formation),
Zeff and the main impurities, zp( the diffusion coefficient D,
the inward pinch velocity Vip ). the dilutionm rate, the impurity
accumulation rate dZeff/dt, electron and ion temperatures and
their peakedness, pressure peakedness, the plasma rotation and
the profile, the enhancement factor of energy confinement time,
the improved quantity and the location, the changes in fluctua-
tion and in the heat transport coefficients, the information of
the global modes, radiation power, the radiation increasing rate
dPrad/dt, surrounding neutrals, the plasma configuration, wall
naterials, working gas, wall conditioning method, and the width
of the heat channel at the divertor plate are listed. Adopted

operation modes are the H-modes, the high-Ti mode}Z) the pellet

)
node, the Improved L-mode?) the J10C mode?) the Improve Divertor

confinement modelg) and the NBI Counter-injection modesx

Almost all improved modes are associated with the enhanced



confinement of particles. A good confinement of particle usuzlly
leads to an impurity contamination. In the following, we study
the data with respect %o the impurity contamination., There have
been reports on impurity study in 48DE¥!5) and JETIB). ¥e use

these data as our database.

ASDEX

Impurity contaminations in various type of discharges have
been measured and reportedlS). From these data we shall cobtain
the global performance of the core plasma. In table 2, we show
the main impurities and and their contamination rates, Zeff
values both from the spectroscopy measuremenit and from the brems-
straklung, the energy confinement time, the diffusiocn coeffi-
cients and the particle confinement times, those of which are
taken from ref. (15). Also shown are the purity ratios, fpr,
deduced from the data, and the enhancement factor of the emnergy
confinement time, H, which is normalized to the confinement time
in L-mode for additional heating cases, or to the value at the
turn over to saturated confinement, 7pgge. for ohmic cases. The
typical peaking factors of the density, 7, ( 7, = n,(0)/<n > ; the
ratio of the central value to the line averaged ome ) , of the

temperature, Tp ( Tp = Te i(D)/(T > ), and of the pressure, T

e, 1 p

( Tp = T+ Ty ) are taken from reportied data4'7’8'11’17).
Combining the data, we calculate the figure of merit pre-

sented in Sec. 2 and show the values of H-fD% and H-fD%-Tg, where

N

Tp is defined as Tp/Tp L- These data are analysed from the view

point of the snap shot, therefore a guiding principle for the



sustenance of the modes can not be obtained.

Ohmic discharges in table 2 show that the sc¢ called improved
ohmic modes suffer from dilution and/or radiation collapse. The
peaked profile modes are seen to have more impurity contamina-
tions than other ohmic discharges. The pellet mode has a little
increase of the dilution but the concentration of the heavy ioms
in the plasma center causes the radiation collapse. The perform-
ance with respect to the dilution is out of the question.

The I0C mode has the stronger dilution tharn the standard case
has. The I0OC apparently has the good core performance, however,
the H value in ohmic discharges is normalized to the saturated
value. If we normalize it to the value of Alcator scazling which
is applicable in linear regime, the figure of merit of ICC is the

similar value to the standard case’s. The peakedness, T of the

a’
T0C regime has been found to be proportional to the line averaged
density as 7, = 1_2+4<ne>19/3017), where <n.>;q is measured in
1019/m3. Many experimental observations have shown that the mode
with a larger peakedness has the stronger dilution , 1- fpre and
the dilution rate, -dfj¢/dt. The question about the optimum
preakedness and its realization is left open.

In auxiliary heated plasmas, the analogous tendency to the
ohmic discharges can be seen in the relation between the peaked-
ness and the dilution. The most peaking case of NBI counter
injection has the largest enhancement factor H , however, the
dilution is also strong and the total figure of merit stays to be

small. Furthermore, this shot has been terminated by the radia-

tion collapse in the later phase of the discharge, This is due



to the contamination of the heavy impurities.

Fith respect to the H-mode, the dilution overcomes the
enhancement of 7p. The total evaluation of this discharge is
lower than the standard L-mode,.

¥odes associated with the long particle confinement times
suffer from the dilution or the radiation collapse. Among these
data, we can not obtain an conclusion for the best improved mode.
The L-mode with a good wall condition has a bettier evaluation.
These data sorely depend on the timing of the measurement during
the discharges,

The impurity contamination, at present, is an unresolved
problem. We do not observe the large difference between the
different wall materials in ohmic discharges. Nevertheless, we
observe the less impurity contamination for carbonized wall
condition in a ICH heating discharge. From the data here, we are
not able to judge the difference. Further systematic as well as

the statistical analyses are necessary teo make a conclusion.

IET.

The analysis is applied to the recent JET data. For various
kinds of improved modes, the values of Z,¢¢ and the dilution
rates are reported in ref(16). With respect to these data, the
discharge traces, in which the temporal evolutions of the plasma
parameters are drawn, have been reported in the annual progress
report and so on?'IZ) Table 3 shows the present results of our

analysis for the modes evaluation, where the data from the trace

are used. Shown are the case studies for variocus modes. The



typical plasma parameter, the discharge conditions, the dilution
rate from Zeff and from the mneutron measurement, the enhancement
factor H, the peakedness of the mode and the figure of merit are
listed, This result is also from the snap shot analysis of the
node and the temporal evolution of the figure of merit is not
known.

Even in ohmic discharges the dilution rate is larger by
factor of around 3 than that in ASDEX. The reasons for the
enbanced dilution can be speculated to be due to the larger
energy content of the plasma, due tc the open divertor configura-
tion and the good conductance between the plasma edge and the
divertor. Regardless of the modes of types, this difference
should be kept in mind.

Among various modes of auxiliary heated plasnmas, high-T, and
high-Ti modes, which are associated with the peaked profiles of
the temperature and/or the density, have lower evaluations., The
pellet mode in auxiliary heated discharge has also the peaked
profile, and the evaluation of the mode may change according to
the timing of the measurement. -In table 3, this mode has a
higher point, however, the mode is suffered from the internal
disruption of the ion temperature even during the heating phase.
The peaked profile mode with pellet and heating has the highest
but the transient record of the core performance. There remains
the serious problem with respect to the sustenance of the mode.

In table 3, we have two types of H-mode, one is obtained via
L-mode on the medium density target plasma, and the other is

obtained via the hot-ion mode on the low density target plasea.
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Both have the better points and we may say that the H-mode is the
better improved confinement than those of peaked profile’'s on
JET, TFrom the view point of number of neutrons, the H-mode is
better than L-mode, i.e., QDD(H) >> Qpp(L). On the other hand,
the presently obtained H-mode in ASDEY has the lower point than
the L-mode, provided that wall conditioning plays the similar
performance. The H-mode has the good particle confinement and
hence has been suffered from the impurity contamination, The
total performance can not judged from this present database.
Further systematic analysis is surely necessary to obiain the

guiding principle for the choice of the operation mode.

Perspectives

The evaluation of the confinement performance includes the
capabilities for the extrapolation of the node as well as for
the duration time of the good performance. With respect to the
former case, an applicability of the extension of the mode to the
paraneter region of interest is one issue. If the mode appears
in a special parameter regime which is not extendible to the
operation regime in future, the mode should be discarded even if
the performance is excellent. The conventional H-mode, which
finally goes to the radiation collapse due to the heavy ion
concentration, has a problem with respect to the duration time.
This limits the extension of the duration time of the discharge
and conflicts to the steady-state operation.

The ELMy H-node may be a next candidate because of its

capability of the particle exhaust and its consistency with fhe

11



divertor performance}g) However, the parameter dependence of the

working region available to ELMy E-mode is not known. Scme data
show that the region of the appearance is restricted, and the
narrow parameter spacé3’19) is determined by the edge parameters.
The perspective of this mode to a quasi-steady state operation
depends on the realization of the edge controlling method, which
nust be insensitive to the external/internal power supplies.
Otherwise, a small amount of the perturbation in the fusion
output may terminate the desired operaticn. The experiment of
the external controlling system using Ergodic Magnetic Limiter
(EML) is under way, however, the conclusive result, at present,
is not known}g)

Another important factor is the duration of the improvenment.
The duration times of various improved discharges are limited,
partially by the radiation collapse, the unknown internal disrup-
tion and/or disruptions caused by some blooms from the cutside.
Others are said to be restricted by the external circuit like a
pulse length of the input power. Even if the discharge is appa-
rently limited by the pulse lengths, the expected life of the
good confinement can be obtained by the extrapolation from the
temporal evolution of the discharge. The rough guidelines for the
duration may be 1) the time until the occurrence of the radiation
collapse or the density limit disruption, and 2) the time till
the tolerable dilution rate is violated.

The rough time until the radiation collapse, T, q» Day be

estimnated fronm,
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(dPr,q/dt) l4gTrag = Pin - Praaltpd (4)

The radiation power, P.,4 is usually measured and this rate is
inferred to discuss the core performance of energy confinement,
The time derivative of this rate, (dP_,,;/dt) at t=t;, or the
averaged value for some period, tl-tg. can predict the remaining
time of the discharge life.

The H-mode shot im JET (#15894)12) shows that Prag(tod/Pyy =
1MP/8U¥ at the time when the H-mode starts, t=t;. Even if the
input power lasts as desired, about 8 seconds later the discharge
might be terminated by the radiation collapse, provided that this
radiation rate does not change,

The time derivative of the dilution rate also gives another
time scale. This is given via dfpq/dt. If we estimate the time
scale in which the dilution rate becomes a half of the initial

stage, the tinme T4i1 is evaluated by

(deT/dt)'Tdil = ‘1/2. (5)
If the main impurity is assumed to be carbon, then the dilution
rate fDT has the relation between Zeff as fDT o 1-(Zeff—1)/5.

The effect of the heavier impurity can be counted by the intro-

duction of the relation as, 6fDT/fDT = 6Zeff/Zeff/(6/Zeff-l). If

we neglect this correction, we have T4i1 in teras of Zeff as

(dzeff/dt)’fdi1/5 = 1/2. (5')

13



For the case of ELK free H-mode im JT-80 (8114833147 the
increasing rate of Zeff during the Lower Hybrid wave input has
been reported to be 0.3 per second. This means that even if the
LH pulse will be prclonged, the dilution rate becomes a half of
the initial state after 8.8 sec. In this case, we assume that
the worse situations like C—bloom12)/Be-Bloom and/or hot spot at
the divertor plate12'13) do not occur.

These two cases are typical examples to understand the life
time of the discharges. Obtained values may not be universal,
The systematic measurements and amalyses will provide us the
gulding principles for future problems and are surely necessary.

Aside from T.,q 80d 7457 we may have the other typical time
scales which impose the constraints to the survival of the mode,
In order to realize the long pulse operation of the improved
confinements, further research to find out and to define the other

time scales is needed.

4, Summary and Discussions

The case studies on the evaluation of the various improved
modes, which have been obtained sco far are done. To evaluate the
performance of the mode, we use the fusion product as a figure of
merit. From the view point of the long pulse operation( steady-
state operation ) we also show two time scales which may limit
the good performance of the core,

In this report we compare the improved modes with the L-mode
and/or with the S0C mode by using the evaluation function(s),

H-fn% (Tp-rE-fD%). As the case studies, we analyse the various

L4



nodes in ASDEY and in JET, respectively, The results of two
machines predict the different mode as the bhest. The peaked
profile modes are found, tentatively, not to be a candidate for
the core plasma of long pulse operation. This is because that
these modes tend to be contaminated by impurities faster than the
other modes. The combination to the other mode is out of scope.
¥e find that the long confinement time of the energy, T, 1is
only a necessary condition and the dilution dictates the evalua-
tion of the mode. The purity of the fuel, sometime, has the
stronger effect than the confinement time. Systematic analyses
on the present database will reveal a choice of the operation
nodes which can be used in future., However, we as yet have not
sufficient database to judge the core performance. The research
to pursue the true improved confinement is still strongly needed.
An approach from the neoclassical theory shows us that the
influx of the impurity to the plasma core is proportional to the
peakedness of the profile and the contamination of the impurity
at the initial stage, provided that the impurity fraction is
small, If we consider the situation that the impurity invades
from the outside, the dilution becomes serious faster for the
peaked profile modes. The fuel purity decreases with the time and
the rate is proportional To The evaluation factor, Tp'rE'fD%'
has a maximum with respect tc the peakedness. The experimental
check should be done. TFurthermore, it is also predicted that the
impurity influx changes according to the changes of the plasma
rotations. The realization of an active control by using the

rotation may alter the results of the present amalysis.
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To examine the potentiality for the long pulse ocperation,
the modes are checked by the introduction of two evaluation
factors of the time scale, 7,4 and Tq;1- The former is the
neasure of the 1life time till the radiation collapse takes place
and the latter is the one in which the sufficient purity holds.
The present case study shows us the duration times would be less
than 10 seconds for certain H-modes in JET and in JT-60.

To support the longer duration time of the mode, constraints
on the time scale from the other components should be minimized,
If the divertor function does not work well, impurities are to be
produced and are not shielded, then their back flow to the core
occurs, Usually the improved modes impose the harder condition
to the divertor plate. The back up operation schemes other than

20,21)

the separatrix swing and/or the plasma swingZZ} are to be

considered,

This evaluation factor can be used as one of the guidelines
to compare different heating and current-drive schemes. For
instance, according to the present database of Tp scaling, the
current-drive 1s necessary to increase 7p. However, the effi-
cient current-drive is realized only when the increase of g
prevails the dilution as the opposite effect. ( i.e., If Tp Ig,
aAIp/Ip t 28fpa/fpp >0 is necessary.)

The analysis here is a case study and is far from complete.
In order to realize the better confinement of the core this kind

of total analysis may help to explore some guidelines for the

future scientific strategy.
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Tablie 1

Table 2

Table 3

Table Captions
Characteristic discharge and plasma parameters of
various improved modes in JET, JT-60, ASDEY and JFT-2K.

( cited from listed refs.)

Impurity concentration in various ASDEX discharges and
the particle( including the diffusion coefficient, D )
and energy confinement times measured by laser blow-off
experiments are cited from ref.(15). The purity ratio
deduced from the data are shown. Using the
characteristic parameters of the mode {(cited from listed
refs. ) we examine the mode improvement factor at the

measured time ( a snap shot analysis ),

The purity ratio, deduced from the data of Zeff and
neutron measurements, and typical discharge and the
plasma parameters of various modes in JET are cited frop
ref. (16). Using the characteristic parameters of the
node (cited fror listed refs.) we evaluate the mode
improvement at the measured time. This is a snap shot
analysis and the remark is noted with respect to the mode

duration,
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Table 2

Ohmic heating NBi (D°). 1.5MW ICRH(2C ) 1 SMwW
Standard Peliet
{o]#] injection -tmode | H-mode Counter- 4+NB! | Carbonized
SS Wall Carbonized (wa‘l! cm'z) {carbonired {carbonized injection (0% wall
wesll wall} wall}

n, (%) 0.5 1 1.5 2 5 ) 3 2
ng%) 0.5 0.5 1 0.9 2 1.1 0.5
Ne, (%) 0.015 0,003 0.01 0,02 0.05 0.3 8.2 0. 04
ne, (%) 0,02 0.008 0.015 0.5 0.05 0.15 0.8 0.08 0,02
2o ) 2.2 1.8 2.4 3 5 Ragaton | 2.3
Zetmssi) | 20 1.8 27 e 1] 3 3 33 39 2.5
for 0.9! 0,89 0.8 0.77 0.4 0.4 0. 64 0,82
. Zguled 1 o2 0,84 0.7 0.6 0.4 0.54 0.4 0.72
t g{ms) 80 85 130 k7] 65 80 3% 50
T p.D(ms) 50 k) 2 50 32
" p i) g 9 4 u 1
T IJ.i(ms) %0 185 n 45 27 0
Dy lem?ss) 5,000 600 10,000 | 4.000 s0 w000 ] 9,000
H Iy 0,83 0,85 1.09 0.6 0.28 0.35 0.4 0.9
Ta 1.45 1.45 1.7 1,45 1,4 1.7 1.45 1.5
Ty L7 1.7 2.0 2.0 1.5 2.2 2.0 2.0
H 1 1.05 1.6 1 1.7 216 ~0.97 1.35
Higdr™e 1 o083 0,85 1,5 0.6 0. 2¢ 9.45 0.3 0.92
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