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ABSTRACT

After the discovery of the H~mode in ASDEX ( a tokamak in
Germany ) the transition between the L-mode ( Low confinement
mode ) and H-mode ( High confinement mode ) has been observed
in many tokamaks in the world. The H-mode has made & break-
through in improving the plasma parameters and has been recog-
nized to be a universal phenomera. Since its discovery, the
extensive studies both in experiments and in theory have bheen
made. The research on H-mode has been casting new problems of
an anomalous transport across the magnetic surface. This
series of leectures will provide a brief review of experiments
for explaining H-mode and a model theory of H-mode transition
based on the electric field bifureation. If the time is
available, a new theoretical model of the temporal evelution

of the H-mode will be given.

Lecture 1: A Story of H-mede; L/H transition, H-phase, ELMs

By showing the experimental data of typical observations
from 1982 to 1988, a picture of the H-mode is presented.
Putting emphasis on the time scale and the causality between
the observed phenomena in different places, the universal
phenomena are extracted. For the onset o¢f the L- to H- mode
transition, necessary conditions are tried to be disecriminated
from the associated phenomena. Being identified the spatial

regions, a story of H-mode ( temporal evolution in various




phases ) deduced from the experiments is given. A difficulty

in applying the pioneering theories is clarified.

Lecture 2: A Model of H-mode transition; Bifurcation theory
From a story of experimental observations, key physics is
to be extracted. The key physics variables are searched for,
and the discovery of the missing link is shown. A new model
theory of 1988 based on the bifurcation in the radial electric
field is shown. By this mechanism, the particle and energy
fluxes can'have multiple values for the same density and/or
temperature condition near the periphery. Successive experi-
mental checks motivated by the bifurcation theories found the
change in the electric field at L- to H- transition. Further
observations in experiments and developments in the theory
(1988-1990) are briefly compared and the improvements of the
theory are shown. The transport problem associated with the H-

phase is also given.

Lecture 3: A Model of ELMs, ELMy-H mode; Chaos and Mesophase

Temporal evolution of the H-mode in a diffusive media is
considered. A new model equation for ELMs, ELMy-H mode {from
the extension of the bifurcation theory is given to be a time-
dependent Ginzburg-Landau ( TDGL ) equation, which prediets
the periodic oscillation of the edge density, an appearance of
intermittent ELMs as well as chaotic oscillations. Mesophase
of L phase and H phase exists near the edge region. If the

time is available, this new topic will be discussed.

Key words: H-mode, L/H Transition, ELMs, Theoretical models,

Experimental observations, Review
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Lecture 1

-- devieces, experimental results, physics quantities, place,

time, causality, inter-relations, etec.

Introduction to tokamaks

1) The H-mode is the name of a typical discharge in tokamaks
with high confinement properties. Before beginning the story
of the H-mode, let us briefly explain the tokamak device and
its magnetic and topologieal configuration. The schematice
bird*'s-eye drawing is shown in Figure. Magnetic configuration
is mainly determined by the external magnetic coil systems
and the plasma current inside the vessel. The concept of
tokamak configuration is developed in USSR by Acad. Artimovich
and now considered to be the most promising candidate for a
fusion reactor system. The future world-wide plan of the
deviee ecalled International Thermonuciear Experimental

Reactor ( ITER ) is based on this machine configuration.

2) There are many tokamak devices in the world. Here we show
the overview of the some machines. They are JET, the largest
machine in the world which is operated by CEC and is located
in England, JT-60, the machine in Japan Atomic¢ Energy Research
Institute and the ASDEX in Germany, in which the H-mode was

first discovered by Dr. Wagner.

3) In the operation, the high temperature plasma is firstly

obtained by ohmic discharge with the aid of and external
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magnetic flux supply, and with additional heating method 1like
neutral beam injection ( NBI ) and/or radio-frequency wave
heatings ( ICRF, ECRF, LHRF ), the systems are seen in the
preceding view-graphs. For the understanding the situation
and the location of the external systems, the graphical draw-
ing of the bird's-eye view of the JT-60 tokamak in Japan is
shown, which is one of the three large tokamaks in the world

and the configuration has been re-modeled recently.

4) 1Inside view of the machine is also shown for JET, JT-60.
The International Thermonuelear Experimental Reaetor ( ITER )

is also shown.

5) Here we show a pieture of the discharge on the poloidal
eross-section whieh was taken in ASDEX. The pattern shows so-
called a double nulls{ DN } configuration. In the top and
bottom of the central plasma, two X-points, corresponding to
double nulls, are seen. inside the plasma, we exXperimentally
observe the pressure profiles, such as the density profile and
the temperature profile, as functions of the magnetic surface.
in other word, the physices quantities are often interpreted as
a function of magnetie surface, whieh is illustrated in the
next viewgraph.

Qutside the separatrix, we also observe a low density
plasma, which is called serape-off layer ( SOL ). The magne-
tie surface is shown for the single null configuration in JFT-

9M of Japan Atomic Energy Research Institute.
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6) The contour of the magnetic surface and the schematic
configuration of the vacuum vessel as well as the divertor
chamber is illustrated for the ASDEX. This configuration is
called to be an closed divertor configuration. I[If there is no
baffle or the shielding fence between the main chamber and the
divertor, the configuration is called to be open. ( recall the

difference between the JET-inside and ASDEX-inside )

In the following, we discuss the places of the observed
phenomena during the discharge using this contour pattern.
The locations of the plasma center, edge region, mid-plane,
the outer-most magnetie surface, the separatrix surface, the
serape-off layer {( SOL }, the divertor chamber, the divertor

plates, and so on are shown.

7) We start with the typical H-mode discharge obtained in
ASDEX. On the H-mode, there is a good and extensive article
published in Nuclear Fusion as a special topie by ASDEX Team.
( Nuel Fusion, 2¢ NO.11 {1989) 1959-2040 ) Mainly following
the experimental observations presented in this article, let

us consider the H-mode.
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FIG. 1. Variation of the line averaged density R,. the atom flux ¢,
Jrom the outer neutralizer plate at the intersection of the separatrix
and the neutralizer plate, B, + £/2 from ihe plasma equilibrium
and f,, from the diamagnetic signal, during a neutral injection
(NI) pulse (Rarched area). Compared are an H-discharge (solid
lines) and an L-discharge (dotted lines). The L-H transition is
indicated by the dashed vertical line. The two discharges differ
only in the current, which is 300 kA in the L-discharge and 275 kA
in the H-discharge.
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FIG. 3. Variation of the line averaged electron density 7,, the
atom flux ¢, from the outer newtralizer plate at the intarsection
of the separatrix and the neutralizer plate, and ,, from the
diamagnetic loop during the NI phase (hatched area) and during
the H- and L-phases.

# 18019

Ho (aud, R, 11013 cmY

0 - 20
(b) OH: 1062-1100 s
: 1:1212.12s
81 % : -1,
///////////” HA296-1330s | |
T AN 3
X Fo 2
:i [ -
([
0.5
2.
¢ r———— : —2l g
-L0 ~20 0 20 I

ricm)

FIG. 2. (a) Electron density 1,, B,, and H, radiation in the diverior
chamber; the L-H transition is indicared by the dashed vertical line.

{b) Development of the electron temperature and density profiles

NUCLEAR EUSION, Vol.29, No.11 (1989}

from the Ohmic phase to the L- and H-phases.
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8) Typical H-mode discharges, ( Fig. no. 1,2 )

variation of the line averaged denslty n,
the density increases after the onset of H-mode

g value ( plasma pressure/magnetiec pressure )Yehange

g value increases
the atom flux from the outer neutralizer plate &,

(the measure of the particle flux to plate )
sudden decrease of the partiele flux to the plate

typical parameters of H-mode in ASDEX

R » 1685em, a A 38cm, BT=1.5 - 2.87, Ip=.18 -.45kA,

others are seen in figures

Compare with the L-mode discharge

9) The spontanecus transition to H-mode is seen in the Figs.

With a preceding L-phase, the H-mode takes place and
lasts after the termination of NBI. ( Fig. no. 3 )

During the H-phase, Edge Localized Mode ( ELM ) as
revealed as the spikes of &, to divertor appears.
7

corresponding to the particle flux to the divertor plate

An occurrence of H-mode transition and the short H-
phase is seen even in the phase of the post NBI pulse.
( Fig. no. 71 )

Note that when the edge electron temperature reaches

the critical value, the transition ocecurs, Te?
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FIG. 70. Variation of the edge electron temperature with the
beam power in limiter discharges and in L- and H-type divertor
discharges. I, = 0.38 MA, i, = 3 x 10" em™ (H),

A, =2 x10% on (L) and B, = 5 X 107 em™ (limiter).
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FIG, 73. Line averaged density, H, radiation in the divertor
chamber, and ECE electron 1emperature during an L-discharge
with large sawteeth. Two sawteeth give rise 1o a short H-phase.
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FIG. 74. Soft X-ray radiation during the L-phase with large
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plasma within the separatrix. One sawtooth, sth(H), gives rise to a

transient H-phase.
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10) Existence of the threshold for the L/H transition
( Fig. no. 54 & JET & JT-60 )

Threshold power Pin
Threshold averaged density ng

for the onset of H-mode transition ( ASDEX, JT-60 )

Threshold edge temperature ’I‘edge
Threshold edge density Nedge
fof discriminating L, B modes ( JET )

11) The relation between the input power and the edge tempera-
ture, Py, - Tedge' is seen for various discharges.
The threshold power can be interpreted as the threshold
edge temperature ( Fig. no. 70 )

Critieal temperature for the transition?

Sawteeth trigger Short H phase ( Fig. no. 73 )
*Critical density, temperature or pressure?
What happens inside and outside the plasma?

12) Formation of the transport barrier
temporal soft x-ray signals from diode 1 and 2

(the width between 1 & 2 is 2.5em) ( Fig. no. 74 )

Sudden reduction of the power and particle fluxes to the
divertor region ( Fig. no. 37 }
Prad power radiated in the divertor chamber,

Pdep power deposited to the chamber

Particle flux barrier B,
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FIG. 6. Time evolution of the electron temperature T, and the line averaged density A, at three posi-
tions during the beam heating phase with L-H transitions (dashed vertical lirne).

In case {a), the density is regulated by a feedback system; in case (b), the internal gas flux is increased
Just before the beam is switched on and is then maintained ar a level. The breaks in the elec-
tron cyclotron emission traces are caused by a chopper whick is used to monitor possible drifis in the
background signal.
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13) Steep edge gradients of density and temperature

Pedestal formation on the plasma profile

temperature pedestal ASDEX {( Fig. no. 28 )
density pedestal or hollow profile D-III-D
( above Fig. no. 6 )

temperature/density -- closed/open div. ASDEX

14) Temperature rise from the edge -closed divertor
Density rise near the edge -open divertor
( Fig. no. 6 ) neutral effeect?
Different temporal evolutions in the density and tempera-

ture profiles Gradual change of g

15) The changes in the confinement properties

Temporal evolution of transport coefficients
(particle diffusivity at the edge convection)
global heat conduetivity (xe vs xj ) { Fig. no. 40 )
profiles of x, & x; change
plasma toroidal rotation profile ( Fig. no. 43 )

fluctuations edge vs core

18) Temporal evolution of the pressures gg;..

{ Fig. no. 9 of Ref.3 )

electron pressure profile development,
ELM activities,
pedestal formation and relaxation

the associated bursts
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FIG. 23. Time evolution of various plasma parameters of H-mode discharges with and
without ELMs (I, = 0.32 MA, B, = 2.17 T, Py = 3.3 MW, H® = D*): line averaged
plasma density 7,, D, light intensity in the divertor chamber, poloidal beta 8, global
energy confinement time 1; Fe XVIIl and Fe XXII line intensities (representative of iron
tadiation from ria = 2/3 and from the plasma cenire, respectively), and total and
central radiation losses Ppyp and I(0).
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Depoaed Power Density [W/em?)

E.R. Miiller et al. / Power balance of neutral - beam heated divertor discharges
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17) Temporal evolutions of the plasma parameters

with ELMs and ELM-free,
continuous density increase
impurity increase

radiation power ineresse

radiation collapse, termination of H-phase
Transient behaviour - not steady
18) Temporal evolution of the radiation profiles
with ELMs and ELM-free H-mode ( Fig. no. 23 )
edge radiation vs central radiation
absolute value { Fig. no. 24 )
*In the early stage, the temporal evolution is not known

the radiation is one candidate for the onset of H-mode.

19) ELM bursts at divertor

Deposited power density onte the plate
{ Fig. of Ref.5 )}
( L-phase, H-phase, ELM burst )}
Temporal evolutions of power denslity and Hm

{ Fig., no. 5 of Ref.4 )

problems ceasting to partiele exhaust, heat removal

transient heat load, ash ( impurity )



Study of Giant Edge-Localized Modes in DII-D
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FIG. 1. Time histories from a typical H-mode discharge
with giant ELM’s for 1.25-MA plasma current, 2.1-T toroidal
field, NBI power of 6.8 MW, (a} NBI power, (b) D, emission
in the divertor region, {(c) line-averaged electron density, (d)
plasma stored energy, (e) loop voltage, (f) edge soft x-ray
emission, and (g) edge visible bremsstrahlung. PHYSICAL REVIEW LETTERS

YoLuME 61, NUMBER 14 1988
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ELMs are localized at the plasma edge.




20) Temporal evolution of edge impurity contamination during
a repetitive ELMs. ( Giant ELMs in D-I11I-D )
( Fig. no. 1 of Ref.19 a )

Impurity accumulation vs ELM activity

a cause or an associated phenomena of ELMs?

21y Radial structure of Edge Localized Mode
soft X ray fluetuation

( Fig. no. 17 )

Temporal structure of ELM burst activities

( Fig, no. 18 )



22) After seeing the experimental observationd, we would like
to ask ourselves what the key issue to dictate the H-mode is.

Let us consider the phenomena dividing the problems into four.

1 : What is the necessary condition for the H-mode?
discrimination of the universal facts from the associated
phenomena,

what are the machine dependent quantities,
what kind of inter-relation between the physics

variables is expeected.

2 : Considering the temporal evolution of the H-mode as ;
L/H transition, H-phase, occurrence of ELM activities
and the termination,

what processes happen in each phase

what governs the each state and duration?

3 : Is the H-mode compatible to external control systems,
heating method, particle supply and exhaust,
heat removal and so on?
Is the H-mode consistent with the operating scenario as
the fusion core?

4 : What are the future prospeet and problems to be solved?




Summarizing the experimental observations, we may see the

following faets for the H-mede life. 23)

1. Necessary conditions for the onset of L/H transition.

There is a threshold power level ( P,y ) for the plasma
parameters so as to satisfy the condition of a spontaneous
transition.

The transition is possible with any kind of the heating
methods ineluding the ohmic¢ heating alone.

Finite time ( ~zp ) from the start of additional heating is
necessary for the onset of the transition. ( L-phase )

The transition is possible regardless of the existence of

separatrix, i.e., in both divertor and limiter configurations.

The threshold power level can be reduced by the following
changes. However, if the transition takes place, these dif-

ferences do not so affect the characteristics of H-phase,

e.go, TE.

a) lon gradient-B drift is toward the X-point.

b) The distance between X-point and bad ( magnetically )
curvature region is long.

¢) The distance between the plasma surface ( boundary ) and
the limiter is wide.

d) preferential edge heating to the central core heating.

¢) The existence of heat and partiecle flux from the core
due to the sawteeth.

f) Edge cooling due to impurity radiation is smaller.

g) Neutral gas pressure around the main plasma is low.

i) The safety factor g is smaller.



1) Both the total plasma current and the toroidal magnetic
field strength are low.

) Toroidal rotation is co-direction to the plasma current

direction.

The transition condition alters for the different gaseocus

species and depends on charge and/or mass.

2, L to H transition 24)

Edge electron temperature and/or density and/or their
gradients reach the threshold values for the transition.

Just inside the separatrix, the transport barrier is formed
and the sudden decrease of the particle and heat outfluxes
across the plasma boundary takes place.

The fluxes to ‘the divertor plate also suddenly decrease.

The magnetie fluctuation observed in scrape-off layer {SOL)

decreases.

3. H-phase, temporal evolution after the transition

After the transition, the steepening of the density and/or
temperature gradients starts just inside the separatrix.

The pedestal formation in the eleetron temperature profile
occurs. In the large devices, the electron density profile
tends to be holiow.

The globai energy confinement time Tg gradually increases
according to the time scale of the electron temperature rise.

The confinement time tg in H-phase is twice as large as

that in L-phase. Up to 1987yr, the dependence was not clear.



( ITER activity gathered the H-mode database and obtained the
scaling in 1990. The article will be published in forthcoming
issue of Nuclear Fusion in 18991. }

The reduction or annihilation of sawteeth activities are
sometimes observed. The fact may imply the flattening of the

current profile.

4, Impurity accumulation and Oceurrence of ELMs 25)
Impurity accumulation takes place in the time scale
similar to the energy confinement time z.
Bursts due to ELM ( Edge Localized Mode ) are often
observed. The bursts consist of the particle flux, the heat

flux and the amplitude of magnetie fluctuations.

ELMs suddenly exhaust the particle and heat from the pedes-
tal part of the plasma edge away to SOL region. Then the
decreases of the density and the temperature propagate to the
core region.

The magnitude and the f{requency of ELMs depend on the
configuration, the speeies of the gas, impurity, input power,
toroidal rotation and so on. Detail§ are not known.

Without bursts due to ELMs, the density increase and the
impurity accumulation continue and the quasi-steady state cean
not be obtained. Finally the H-mode discharge meets the
radiation collapse, or reaches the critiecal g and degraded

confinement.

5. Hto L transition
The reduction of the heat flux ( not the input power )

across the plasma boundary causes H- to L transition.



When the central radiation loss overcomes the input power
Prad > Pi’ or with the delay time ¢ TR ) after the
termination of the heating, it occcurs.

The edge temperature just before the H to L transition is

lower than that just before the L to H transition.
The transition sometimes associates the burst of Ha/Da

light, which is similar to ELM's burst.




Lecture 2

-—-A model of H-mode transition, bifurcation theory

There has been several thesretical work on modeling the H-
mode, the transition characteristies have not been fully
expiained. The transition oceurs in both the separatrix and
limiter configurations, and is originated from the change of
the transport inside the outermost magnetic surface. There
must be a eritical condition for the electron temperature
and/or density, and/or their gradients, near the edge. At the
onset of the transition, the heat flux which is going out of
the plasma surface, P ,;, suddenly reduces while the tempera-
ture and density remain almost unaltered. A finite time is

necessary for the change of the background plasma parameters.

1) In order to make a model theory of the H-mode let us first
review the experimentai context in Lee.l. To identify the
location of each phenomena during the life of the H-mode, the
region of the plasma is divided into five. ( A: edge region,
(A'CA): edge just inside the separatrix, B: core region, C:
outside the separatrix surface ( SOL ), D: divertor region
outside of the separatrix, E: divertor region inside the

separatrix. {( shown in the viewgraph )

*Necessary conditions in L-phase

The H-mode 1ife starts with L-phase and the conditions and
constraints are determined by the transport in the L-phase.
The necessary conditions of the plasma parameters in A & A'
for the onset of the H-mode transition is given in the L-phase

period. For example, the temperature at A'(T & yT

edge edge )
is influenced by the P, -P,.., where P;, is the input power to

regions A & B and P, is the heat outfiux from A' to C, the



impurity radiation loss in region A'( & A ), the width of C
layer and other transport processes in A (B) and C,D. The

remark on Pth is necessary.

2) #*L to H transition

The bifureation of the flux occurs at A', When Tedge or
VTedge exceeds a certain threshold value, Pyut suddenly de-
creases and the transport barrier is established. The change
of Tedge or VTedge at the transition is small. These experi-
mental observations suggest that the transition should have a
property that the heat and particle fluxes have two or multi-
ple values for one condition of the temperature and density.
The radial electric field is a candidate to play the role to

cause such a transition as a hidden variable.

*Steep gradient and Pedestal formation

The sudden decrease of Pout and Foutr Tout 18 the particle
out flux, make the fall-off lengths of the temperature and
density in C (SOL) be short, and reduce the neutral particle
recyciing. Simultaneously the sudden increase of the heat
flux to A', Pin~Pout occurs and the formation of steep grad-

ient with the pedestal starts.

#Increase of Energy confinement ( TE )

The increase of density and temperature in A propagates to
B. The higher pressure profile with the pedestal near edge is
obtained.The electron thermal conductivity Xo reduces. The
density profile becomes broad. The current profile is expect-
ed to be broad too. The sawtooth activity redueces and iow-m
tearing ( global MHD )mode tends to be stabilized. Due to the

steep gradient in A', the impurity accumulation starts.




1) *ELMs

The ELM activity is observed in A'. The particle and heat
in the pedestal A' are exhausted in the form of bursts. The
burst also contains the fluctuating part of magnetie field.
Whether the ELMs is the origin of the magnetic fluctuation in
C or net is not known. After the burst, the pedestal forma-
tion starts again. The period, the duration and the amplitude
of ELMs have varieties. Details are searched for. Without a
ELM activity, the radiation in B increases and goes to col-
lapse. The collapse occurs due to the strong density increase

even in the absence of an impurity accumulation.

*H to L transition

This may be a reverse process of L to H transition.
Whether this is a kind of ELMs, which can not return to H
phase, or not is still a question. The cause and the place of

this transition are not yet fully understood.

The key issue to understand the H-mode is the mechanism
of the L- to H- mode transition. The region is identifi
ed to be the plasma edge.

~--— Previous model theories in which the origin of the

transition is found in SOL show the difficulty.

Let us firstly show a possible mechanism of the L-to H-
mode (H- to L-mode) transition associated with the changes in
the partiele flux and the convective energy loss near the
plasma edge. Bipolar ien loss near the plasma periphery has
been discussed by Hinton and Ohkawa. Extending their work,
the bipolar electron loss is ineluded to obtain the consistent
radial electrie field. A bifureation in the particle flux

associated with the change of radial electrie field is found.



By this mechanism, particle and econvective-energy fluxes can
have multiple values for the same density/temperature condi-
tion near the periphery. This transition occecurs in both the
limiter and separatrix configurations. The critical edge

condition for the transition is obtained.
4) The first model for L-H transition based on E, change

*}, L~ to H- Transition

We study the zero-net-current condition to obtain the
radial eleetric field, E.. The radial fluxes of the electrons
and ions near the plasma periphery (inside the outermost
magnetic surface) are calculated. The plasma surface is
determined either by the limiter or by the separatrix.

The ion flux in the region of la-r| ¢ Pp is attributed to
the direct loss ( r: minor radius, a: plasma minor radius, Pp'
poloidal gyroradius, vaiqR/aeBt, q: safety factor, R: major
radius, Vot thermal veloeity of ions, By: toroidal magnetic

field). The ion loss is given by
rBan. o Fi//Er:
iviPprtifvVET >

where the coefficient F is proportional to the relative number
in the loss cone in the veloeity space and 0 ¢ Fi< 1 (¢ = r/R,
fiinl‘ fon-ion ceollision frequeney, n;: ion density). In
order to estimate F; in the presence of E,, we take two simple
assumptions, 1) that the lons which satisfy the resonance
condition v,/qR = E,/rB are lost directly, namely the loss
cone shifts in the velocity space, and 2) that the ion distri-
bution funetion fi is close to maxwellian, fi e exp{—vj/sz}.

The loss rate scales as




_ a2
FleieXP( GU-E s

where ugp = -Er/(prT), ¢ =1 for the initial L to H transition
and 5=23(1—cosem) for the ease with toroidal rotation due to

E Here g, simulates the effective poloidal angle of the

e
limiter position.

The electron loss is affected by the microturbulence and
can also be bipolar(B). The wave can propagate across the
plasma surface to the scrape of { layer(SOL) so as to take the
electron momentum away. It is also bipolar if it is driven by

the magnetic braiding.
B H 1
[p = ~Dang(ng/ng+eE /Ty +aTg/Tg)

where De is the anomalous diffusion coefficient and o is a
numerical coefficient ~O(1).
The eleetric field is determined by the zero-net-current

condition, Fg=r?, or

exp(-6X2) = d( A - X ), (A)
where X = pyeE. /Ty, d = Deri,/g/Fipg
and A=-Tepp(n;/ne+ aT;/Te)/Ti- The convective energy loss

associated with rB is given by Qcoan = (Te + Ti)r. The total
partiele flux, Tiot? is the sum of rB and the intrinsiec ambi-
polar component. The total convective energy loss is given by

tot _
Qeonv = (Te*Ti )T tqt-

Figure 1 illustrates the normalized flux fe i { fe i =

' ¥

Fe,ifii/E/FPpni)’ as a function of ppeEr/Ti¢ ( The
ecoefficient d may have a weak E dependence. We assume that d
is independent of Er') As is seen from Fig.1l, Eq.{A) predicts

the transitions of E, and . When  is small, Eq.{(A) has one
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real solution. According to the increase of ) or d, the
bifurcation of the solution appears (dotted lines in Fig.l}.
For the fixed value of d, thé transition occurs at the criti-
cal value of 3, Agse ‘

Figure 2 illustrates the A dependences of T and q (=
Qconvrii/E/?ppni{Te+Ti)). There appears a cusp type catas-
trophe (Riemann-Hugoniot catastrophe). The solutions of
Eq.{4) form the cusp-type surface in the space of (i, d, E,

{(or f, Q)). When ) is below the critical value ) the elect-

e
rie field'is negative {(i.e., directs inward) and the fluxes
are large. In the branch of lower fluxes, E, has an approexi-
mate values as eErpp/Ti A (A2 xg ) The L-mode corres-
ponds to the branch of the large loss flux, and the H-mode is
the branch of the reduced loss fiux. The transition from the
L- to H-mode takes place as A » B' 5 C 5 C' » D and that from
the H- to L-mode occurs as D > C' 5 B 5 B' 45 A. Beecause ),
for the L-to H~mode transition is larger than that for the H-
to L-mode transition, there is a hysteresis in the relation of
T and A as is shown in Fig.2a. The value x, is of the order
of unity (about 1.5 in this case). This value is in the range
of the experimental observation.

Ambipolar condition is affected by neutrals. TIon momentum

is also lost through the charge exchange(CX) process with

neutrals. The bifurcation condition is extended to
exp(-6X?) + dp( a; + X ) = d( A - X)) (0

where Aq= (n;/ni+ aiT;/Ti), oy is a coefficient close to 1,

P

p
dn:nozi<acxv>A/FipP, A is the penetration depth of neutrals
given by vo/ne<ai0nv> ( vy: neutral velocity, ny: neutral
particle density).

Figure ' shows the bifureations in I and E, at the eriti-
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FIG. 2/ Criteria Jor L-to-H-mode (so0lid line} and H-to-L-mode (dashed line) transition in the d-\ plane
{o = I and d, = 0}. Hysteresis appears near the iransition condition.
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FIG. 6. Normalized flux as a function of the gradient ) in the
presence of neutral particles, d, is chosen as 0, 0,158 (m d.),
0.2, 0.4, 0.429 {= 4"}, and 0.5, respectively. For d, > d.",
fransition is not possible. ¢ = 1 andd = 0.7.

S.-I. Itok and K. Ioh, Nucl. Fusion 29, 1031 (1989).
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cal value of x. The neutrals inerease the critical gradient
for the transition, and the normalized flux I' becomes large in
the presence of CX loss. The phase diagram of L/H transition
on p-d plane in the presencé of neutrals is shown in Fig.2{
The approximate condition is given by da-dg,a; =1. From Flg.2’

we see that the condition p_/p>1 is the necessary condition

P
for the transition. From Eq.(1), we have another constraint
for existing the bifurcation,{ l.e., al'/ar<0 for some ) J,

namely d, </e/2s.

£2. Transition Condition and Threshold Power

In this model, the threshold value Ao is predicted. The
transition ean occur spontaneously. The threshold power for
the L- to H-mode transition is interpreted as the necessary
power to reach the eritieal value x,. It depends on the
confinement nature of the L-mode. The peak value of Qconv
does not coincide with the threshold power, because there are
other losses. Our model prediets that the gradients of the
order of pp_l (i.e., the high edge temperature/density) are
necessary for the L- to H-mode transition.

The threshold power is obtained as foliows. We assume
that 1) De has the simple form of drift wave turbulence (
trapped particles and 7; modes ) as Dy =D0/EMT1'5/BQZ, 2)
vne/ne is estimated by -1/4, 3) o~x;=0 and Ai=Agpp/A. Assump-
tions 1) and 2) are consistent with the present L-mode scaling

of particle confinement time ¢ _ in JT-60 experiment and a

p
numerical simulation. Taking into account the T-dependences

of <6y4p

measured in the unit of 100eV, g>0 for T<100eV and g~-1/4 for

v> and <°cxv> as <°ionv> ~ 5x10_14ThB m3/s (Th is T

T>160eV) and (acxv>310"14Th1/3m3/s, the eritical eondition is

rewritten as



251p/2%811 - 10%n,B2n IR IM /21527376 > z3RBZ/MaB, (2)

p P

where we assume F ~ 1, D0=5m2/s at B=1T and T=i00eV, Z is the
ionie charge and M is the mass number. For the present day
tokamaks, T>100eV is necessary to satisfy inequality(2) and we
take g=-1/4. This fact is also confirmed by a transport code
analysis. The power dependence of the edge temperature is
obtained from the transport analysis of the scrape-ofii-layer
(80L). When the classical value of ¥ and the Bohm-like D

are employed, T scales as T « (ZPZIE'.Z/aLIPnb)z/11 where np is
the boundary density. The power dependence has been confirmed
by our numerical simulation of SOL plasmas. 1If the neutral
density is low, the approximate form of the threshold power is

given by combining Egq.(2) and T sealing as

Py = M—l1/9Z57/18313/91513/1831/2R11/9n%/2. (3)

This relation gives favorable dependence on M and Ip and
unfavorable dependence on Z, B and machine size. The lower
density limit is imposed by the neutrals. From Eq.(2) and the

eriterion of dn for bifurcation, we have

e

ng > 4.2x107%72 nj qrw~1/ 2, ~5/12 (4-1)
19 16

1/2 1/4p 19/245-1
M 2 (mg Bp) '/ (a/m) i oy z (4-2)

where n,, n are given in 1019/m3, 1016/m3, respectively.
The favorable location of the X-point relative to the VB~

drift may be explained in relation to the increment of » and d.

Furthermore, the electron edge temperature can be high in the



same configuration, because the distance between the source
and sink of the heat flux along the field line is longer
compared to the case of the opposite yB-drift direction,

According to this model, the transition occurs at the
plasma boundary. The improvement of the particle flux is
expected and the convective loss to the SOL should be reduced
after the transition. Improvement of the particle confinement
may further raise the edge temperature, hence the conduction
to the SOL may be also reduced due to the collisionless neo-
classical effect. The reduction of Ha/Da radiation is consi-
dered to be the result of the reduced convection/conduction
losses.

Our model predicts the change of the radial electric
field associated with the transitien.

The experimental data seems to support the picture that
the loss takes two values for one temperature near the edge at
the transition condition.

The picture of the multiple flux solution is supported in
the observation that the transition is triggered by the small

sawtooth.

*3. Temporal Evolution of E, and Pedestal Formation
After the transition C » C', T and Qcoan become about

1/10 times smaller. The loss at the edge, P becomes

out’

smaller than the flux from the core plasma Ps ( = Phoat Prad™

P,y }. Due to the sudden increase of P.-P ..+, the gradients
T* and n' start to grow. This oceurs in a thin layer near the
boundary, la-rl < Pp: and gives rise to a formation of the
temperature/density pedestal. The conductive and ambipolar
components of the loss and the SOL transport determine the
steepness of the edge gradient.

When the eritical condition is satisfied, the radial



eleetric field starts to change. The temporal evolution of
E, is governed by the equation

_ 2
(808L/9)6Er/6t = Te- T'y* (Ppniﬂl/ViT)V (EI‘/BP) (5)

where p; denotes the viscosity. The time scale of E, change {
.C+C') is estimated to be 30.40us for the parameters of R=1.6m,
a=0.4m, B=2.5T, q=3, T=0.5keV and n,=3x101%. Due to the
viscosity in Eq.(5), E, diffuses. The typical time scale is
estimated to be 30 ~ 40 ms for the parameters ahove, which is

of the order of the transport time scale.

*4, Impurity Accumulation, ELM's and H- to L-Mode Transition

The normalized loss flux in the H-branch in Fig.2a is a
decreasing funetion of the gradient. After the transition C -
C', a stationary state may not be realized, if there is no
other loss. The gradient near the boundary continues to
increase until the other losses increase and balance with the
heat and partiele inputs to the layer.

Due to the steep ion gradient at the edge pedestal, the
neoclassical effect causes the inward drift of impurities. We
study the H/D plasma in the regime of Z%nI/nimO(l) and
Zin;/ny<<1l. Z; is the charge of impurity and suffix I denote
the impurity. The accumulation modifies the transition condi-
tion through the piteh angle scattering and the impurity loss
of the losscone. These enhance the bipolar loss of ions.
Estimating the width Pp1 @S mIPp/miZE’ we have the condition
for the positive—Er branch in the absence of neutrals as, dp >
Zogp * {myn Z;/min;){(F{/Fy).

The eritical value, Agy ls also incereased by impurities.
Figure 3 illustrates the schematie graph of Er(A,nI/ni) and

the trajectory of the parameters., After entering the H-regime
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Fig.3. Schematic drawing of the bistable solution Ec (1, n*/ni) and the trajectory of (-1*. n*/
n;, Er) (a). Transitions occur at A, B, C and D (a). The projection on the (4, n*/ nj}

plane is given in (b).
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FIG. 4. Change in the edge plasma rotation and the inferred radial electric
field at the L to H transition for a neutral beam heated divertor discharge.
The D, trace in the bottom box shows the usval abrupt drop at the time of
the L to H transition. The spikes in the D, signal show the times when

several giant edge localized modes (ELM's) occur, Notice that the rotation
changes at the transition and then returns momentarily to about the 1-
mode level at each ELM.

Phys. Flulds B, Vol. 2, No. 6, June 1990



{A5A'), the pedestal grows and the impurity accumulation
starts. The diffusion of Er takes place (A'»B). The impurity
accumulation can trigger the transition to the L-phase (BsB').
The pedestal disappears and Zopp reduces (B'4C). Owing to the
reduction of Zogpy the plasma recovers to H-mode (CaC'). This
short L-phase with a burst would be observed as ELM.

If impurities accumulate in the core plasma so that P
becomes ioo small, the recovery to the H-phase is impossible.
The reduction of PS takes place with a time delay {(typical
value: rp). The H-mode can survive after the termination of

the additional heating.

*5. Effeet on Instabilities near Edge

The effeet of E, on trapped particle instability is
examined by calculating the toroidal drift veloelity. The
change of J=mjv,de and r=§dg/v, are calculated from the orbit
in the rotating frame, v}: vof—g(l—cosa)(v03+2v32)+ug(q;V0J2
where Vg=vpugp and Ug is pp(dEr/dr)/(ViTBp) corresponding to
the effect of dEr/dr. The toroidal drift is given as
(qR/thBr)aJ/ar (qS is the particle charge). Homogeneous E,
causes the same toroidal rotations of electrons and ions (vg
term) and the real frequency shift of the modes, but does not
affect the stablility. The effect of dE,/ar shifts the curva-
ture drift of trapped ions from Vqgp to vdo(1+2ug}, where 7T
quOQqR/QqSBr2. If 9E./ar is negative and a/ar is estimated
by the banana size - /E?pp, the toroidal drift velocity of
trapped electrons reduces by the factor of 1-2/e. The growth
rates of trapped particle instabilities are reduced.

In order to conclude the effect on the stability, the
combined analysis on transport of the plasma and electric

field and the stability is necessary.
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Fig. 1. Plot of auto power spectrum of magnetic fluctuations at various times in a divertor discharge. Mote
tecrease of fluctuations in the 10-30 kHz range at the L to H transitien. The signal shown here comes
from a magnetic probe under the divertor tiles near the point where the outer separatrix intersects
the tiles. The 3 db point of the frequency response of these probes is 50 kiz.
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Fig. 3. Contribution to the edge radial electric field 1004

from plasma rotation as a function of time .
across the L to H transition. The first ar-

separalfn
’0

row on the X—axis indicates the time of 9t
the L to H transition. The next four ar- 20z 4
rows show when ELMs occur. The final bz leml
arrow indicates the H to L transition. No-

tice that the electric field returns almest ASDEX
to its L—mode value during an ELM event,

Time resolution of the spectroscopic sys-

tem is 10 ms for these data.

K. H. Burrell et al., Plasma Phys. Controlled Nucl. Fusion
i 31, 1649 (1989),



Difficulties found in our model theory and re-modelling

-—- Critical comments from ASDEX and D-iIi-D and other works
The possible influence of electric fields on the L-H
transition was first pointed out in this model.... At least
in a qualitative sense, this L~H transition model reproduces
many experimental observations very well,
*in fact, we observe a reduction of the power flux in the
separatrix and a loss of power accountability....
--- ( convective loss vs conductive loss)
*This model identifies the good confinement braneh as the
branch having positive electric field.... However, recent
measurements of the poloidal rotation of the plasma in the
separatrix region of D-III-D also give results whieh are in
contrast to those predicted by the model...
-== (E, >0 or E, <0 )
*In this model, no ehange of the turbulent fluctuatien
level are required for better confinement, contrary to experi-
mental observations. Experiments in D-I11-D have revealed

and confirmed the statements above. ( see figures )

{Re-modelling>

The H-mode transition models based on the sudden change of
E, have been reported, and the change in edge E, have been
observed in experiments. However, neither of models could
fully explain the H-mode transition. We extend our previous
theory, ineluding the effects of E;. Ion losscone rate
changes in the presence of E;; banana width and the minimum
energy which bounds the loss cone region alter. Introducing

"g’(:PpEE/VTin} and numeries F and C, we have



Ty, g=(Fnyuipp/Ve/ l-ug|+Cs)exp{-oll—ugIX2}, X=ppeE, /T

where g¢=a/R {(a,R; minor, major radius) and ¢ indicates limiter
place.

Electron flux is assumed to be anomalous due to drift-type
microturbulence of toroidal mode number N. Applying the

mixing length theory,

ng’ eE
Fs,a = 'Dsns[;r‘(1+“sns} “Bsf
s s

r _equBt
NeT

)] (1)

s

where Dg=Dgq/THilg/ty, us=8/Te(4-uy), 7=dInT/d(1nn), q and g
denote safety factor and the coefficient of anomalous eleetron
viscosity. Note that the shear term of E,/r in Eq.(l), (dif-
ferential rotation affects the particle flux. re,a=ri,B gives
the refined condition for transition. Transition (L-H} occurs
even in the case of ¢=0 (limiter case), associated with the
negative jump of E,, independent of the sign of E,. Sudden
reductions of fluctuations and conduction loss are predicted.
Critieal gradient, Xas of new model is close to the value
obtained from previous model in the presence of toroidal

rotation, U¢ =(qT;R/erB)in;'/n;(1l+e;n;)-eE,/T; 1.

At present, there are still arguments about the onset of L - H

transition and we do not fully understand the physics.....

Ancther model theory based on the bifurcation of the
poloidal flow is also a plausible candidate to explain the H
mode transition. ( K.C. Shaing and E.C.Crume,dr., PRL 63
2369 (1989) )
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Fig. 1. Gradient of E,, instability growth rate ¥, and
particle flux as a function of the gradient parameter
A. Multiple solutions simultaneously exist for i, and
transition takes place at a particular value of 1.
Parameters are d=0.5, 1,=2.76, C=2 and £=0.3.
Normatized value I is given as Fryv,p,/27 2.

The solution of Eg.{d) on ug-X plane is drawn for

various values of i. The dashed line corresp to

Et-qB!'pp. Depending on the coefficlent n, the
appeazance of the transition slightly changes,

Parameters are d=1.0, ox0.5, ur_,-3.0, C=2.0 and e=0.3.
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Lecture 3

-- ELMy-H mode as Limit Cycle and Chaotie Oscillations

in Tokamak Plasmas

The ELMs have shown a variety of appearances and appear in
a some restricted parameter space of the H phase. They are
the single ELM, big/small ELMs or grassy ELMs associated with
a quasi-periodie oscillation of Ha bursts, and their mixtures.
Their phenomencological characterization has recently been
begun in experiments. The H-mode with small and frequent ELMs
is a candidate for standard operation in future experimental
tokamak reactor. However, key physical mechanisms for dis-
eriminating various kinds of ELMs are not yet known.

Giant-ELMs and small-ELMs have a similar ratio between the
period of the ELM and the duration of each burst, which is of
the order of 10. 1In grassy-ELMs, a different type of oscilla-
tion has been observed. The period and duration of the burst
have similar values as is shown in Fig.1l. Grassy ELMs, which
we analyse, only appear near the L/H transition boundary.

A comparison with eritical-g analysis due to the MHD bal-
looning mode has been applied. The analyses have shown that
the onset of some ELMs oceurs far below the critical pressure
gradient. Resistive MHD analysis of a surface peeling mode
may partly explain ELMs. However, there remains a question
for MHD mecdels why the strueture of f{luetuation/transport is
insensitive to the surface q value and current profile. The
period and duration of the grassy ELMs are left unsolved in
MHD analysis.

A model of ELM as a eyclic osciliation between L and H
phases due to impurity accumulation has been proposed. Up to

now, however, the impurity accumulation is considered to be



the associated phenomena.

We here propose a more complete model of grassy-ELMs (P.51
Fig.1). The L/H transition has been observed to have a hys-
teresis curve between the thermodynamie forces and associated
flows. Theories have predicted the sudden L/H transition
associated with the radial electrie field change and they are
extended to include the temporal evolution and the spatial
diffusion. The obtained equations for the edge density and
the radial electric field are of the time-dependent Ginzburg-
Landau type, which contains the solution of a limit eyele
oscillation. This oscillation is attributed to be one class
of grassy-ELMs. A model S-curve is employed in the phase
diagram of the density gradient and the particle flux. The
internal structure is obtained and shows the existence of an
intermediate state ( mesophase )} of L and H phases near the
edge regien., We assume a uniform temperature, since the ELMs
diseussed in this paper are experimentally insensitive to the
heating power.

Model equations consist of the radial transport equations
for the density n with the effeetive diffusivity D, and for
the normalized radial electrie field (or poloidal rotation ) Z
with the viscous diffusivity u. The value of D can be multi-
valued and is a function of Z. The equations contain a force,

which is a nonlinear funetion of the density gradient and are

given by
an a an
- = —D(Z)— (1)
at ax ax
az azz
— = NZig) +ay (2)
a ax



The nonlinear operator N is proportional to the radial current
FeTi» which arises from ion orbit loss, drift wave convection
and ion parallel viscous damping. Solutions Z(g) in L and H
phases are given by N(Z;g) =0 (g « ppn'/yn; Pp is the ion
poloidal gyroradius and y is the ion cellisionality.), whieh
show the transition befween multiple states. The parameter ¢
indicates a small coefficient showing that Eq.(2) has a faster
time seale than Eq.(1) when u and D have similar magnitude.
The curve of N(Z,g)=0 for the given value of Eg is shown in
Fig.2. The large D and the small D branches correspond to the
L and the H states, respectively. In the zero-dimensional
analysis, the transition from L to H or H to L occurs at
certain values of g (AsB [L-H] or B'5A' [HaL]). The radial
and temporal structure Z{x,t) is obtained here.

To model the dynamies of the L/H transition, we use the

simple S-curve of N and D as
N(Z,g) = g-B¢+[pZ%-02]

D(Z) = (D

max+Dmin)/2 + [(D,

max-Dmin)/Z].tanhZ

In weiting explieit forms of N and D, we normalize x in Pp? D
and p in Dy (which are typical values in the L-phase), t in
ppz/Do, and flux I in Donolpp. The normalizing density n;, is
chosen so as to satisfy g0=1. gz(p/pp)z (p is the ion gyro-
radius). In the following, we use the normalized variables.
#/Dy is the diffusion Prandti number Pp. Parameters g3, o, 8,
D

max® Pmin
We numerically solve Egs.(l) and (2) assuming that g<<1.

and u/Dy are treated as constant.
Actually, we here take a simple condition that 3Z/3t = ¢ ( g =

0 ) to solve the temporal evolution of the density. Eguation

(2 is a kind of time dependent Ginzburg-Landau equation or



the one whieh is used to analyse the reaction diffusion system
in ehemical reactions. The system-contains so-called siow
manifold strueture due to the assumption with respect to the
time scales.

The slab region near the plasma edge, -L<{x<0, is our
interest. As the boundary conditions, at the plasma edge

{x=0), we impose the constraint that (n'/n)anb is figxed. We

give the partiele flux T;

Solving Eqs.{(l1) and (2} with ¢=0 we find the state with
the periodic oseillations of the edge density ng and the loss
flux Fout In the restricted parameter space near the boundary

of the L and H phases. The flux T is defined at x=0. 1In

out
Fig.3, the temporal evolutions of Fout (&), which corresponds
to the Ha burst, and the Lissajous figure of ng and Iyt (b)
are shown. The parameters are; g0=1, «=0.2, p=0.2, Dmax:3’
Dhin=0-1, p=1, Iy, = 1.25 and rg(=-n/n' at the edge)= 1.

These oscillating solutions are possible in the inter-
mediate regime between L and H phases, and are attributed to
ELMy-H mode. The time averaged density is between that in L
phase and that in H phase. The parameter space where the ELMy-

H mode appears is found to be
D/ {BmAg) < Tiphg < Dy/{(Eppg) (3)

where go= g=28(a/38)%"%, gy= £g+2p¢a/30)3/2, D =D(2=/a73p)
and Dy=D(Z=-/a/3p) and Ag o g'l, as shown in Fig.2. 1In this
parameter regime, the cross-over point of the hysteresis curve
and the g value at the edge becomes unstable and the 1limit
cycle solution on the g and D plane (see Fig.2) appears. When
I'in is large so as to satisfy rinASZ > Dy/gy we find the
staticnary L state ; and the H state with steep density grad-
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ient Is found in the region rinA52 { D,/8y,+ Therefore the
ELMy-H state found here is the mesophase of L and H phases.
1f the condition D/8m>Py/ 8y holds, no oscillation is allowed.

The existence of the mesophase of the L and H phases is
seen in the radial structure of the density and the effeetive
diffusion coefficient D. 1In Fig.3 (e¢) and (d), their radial
structures are shown at the times of high and the low confine-
ment. A transport barrier is formed in a phase of rising
density. A smooth curve of D is formed due to the finite
viscosity g. The thickness of the barrier, A, is estimated as
A ~ /2gp/a in the small p limit. Numerical ealeulation gives
A«p0.44, confirming this analysis. ( L satisfies L>>A, so that
A is not limited by the computation region.) In this region,
there exists the poloidal rotation. The radial width A is
different from the width of the density inversion region.

We study the parameter dependence of the period 7 of the
oseillation. The numerical computation gives ¢ ~ CaASADM—l
where C is a numerical coefficient of the order of unity. As
is shown in Eq.(3), Ag is bounded in a narrow region to real-
ize the oseillation. If the ratio AsszM and other parameters
DM~0.5

are fixed, we have 7« over a wide range. On the other

hand, if the value of T, 2 and other parameters are fixed,

ints
we have 7« rin'o's.

The ratio of the time interval of gcod confinement (zH)
to ¢, n=ry/r, represents how close the intermediate state is
to the H-mode. (In the H-mode, »=1; »=0 for the L-mode). In
the parameter space predicted by Eg.{(3), n takes intermediate
values between one and zero. 7% is & decreasing funetion of
rinlsz’ and is discontinuous at the boundaries D, /g, and
Dy/8y+ For oscillating solutions, 7 takes its largest value
Tmax 2t rin*sz= D /8n+ "max iRcreases and approaches unity if

Dy, becomes close to Dhin+ This is confirmed by reducing b, to




Dnin PY fixing g,. For instance, by taking o=0.2 and B=u3, n
can be greater than 0.95, i.e., the period is 20 times longer
than the pulse width. In other words, the H-ness depends on
the transition structure.

This model with g=0 produces the periodic birth and decay
of the transport barrier and associated bursts of the outfiux
from the plasma surface. For the case of ¢#0, another time
scale is introduced in the solutions of Eq.(1l) and (2).
Chaotic as well as intermittent appearances of the bursts are
predieted. When we introduce the neutral particle effect to
Eq.(1) as a random noise, we also observe the intermittent
state and the chaotic appearances depending on its noise
level.

in summary, the theoretical model of ELMs are developed
by extending the bifurcation model to the time-dependent
diffusive media. A time-dependent Ginzburg-Landau model
equation with the spatial diffusion is applied. A periodic
solution of the plasma density and outflux is found revealing
a sequence of bursts of plasma loss. The mesophase is found
near the plasma boundary. The width of the transport barrier
was found to be proportional to /?b. This model reproduces
the oscillations in which the decay time of the loss and
period are comparable. The region of this nonlinear oscilla-
tion is identified in the parameter space; oscillations appear
near the H/L mode boundary. These features are consistent
with experimental observations of the grassy-EILMs. The param-
eter dependences of the period and "H-ness" 7 are studied to
identify the intermediate state. The finite diffusion time
of the electric field leads to chaotic oseillations. Fluet-
nations in the source flux or external oseillations also cause

additional chaotic oscillations of n, Tout and E,.
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