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Abstract. The results of self-consistent modelling by the one-dimensioaasport

code RITM of plasma parameters in Low (L) and High (H) owrhent modes, with
particular stress on the edge transport barrier in the H-modepresented and
discussed. The transport model used under both L and H-mode conditions includes
contributions from lon Temperature Gradient (ITG), Dissipative Tradplectrons
(DTE), Drift Alfven (DA) and Drift Resistive Ballooning (®B) instabilities
described in fluid approximation. The model predicts formation of the edgspbrt
barrier at a high enough heating power due to the reduction of contribinbon$T G

and DA modes, dominating the edge transport in the L-mode, caused tgniigy
gradient and by the pressure gradient and low collisionality, respectively.

1. Introduction

By analysing the cause of transport reduction at the edge underdel conditions,
one have to take into account the contributions from instabilities fefreiit nature.
There are specific edge instabilities, e.g., DA or DRB modésch are maintained
by coulomb collisions and, therefore, are more intensive at a lowpei@ture.
Numerical modelling of edge turbulence [1] predicts that the shieBxB rotation
alone is not sufficient to stabilise these instabilities anddasma collisionality and
high pressure gradient are required for this. The latter faatertaken into account in
an analytical model for DA turbulence developed in Ref.[2]. This moaslicts that
DA contribution to transport coefficients, controlling the edge turlmdeinder L-
mode conditions, reduces drastically if the heating power exeeedscal value. A
predictive modelling of H-mode based on this model for DA turbulamisport was
first performed in Ref.[3].

The suppression of specific edge turbulence is necessary but nohdaotaymation
of the H-mode pedestal. Additionally, the drift modes, which dominatespiort in
the plasma core, should be damped in the barrier region. Normalgssumed that
the shear of the radial electric field is responsible for 4hidHowever, the core
turbulence in the H-mode without internal transport barriers is déetiray toroidal
ITG instability (see, e.g., [5]). This develops when the temperaadient exceeds a
critical level[6], essentially determined by the densitydggat. The latter increases to
the plasma edge due to ionisation of neutrals recycling througlepaeasrix into the
confined volume. This provides an additional to E»B rotation shear channel for
ITG suppression at the edge. It is demonstrated in our calculati@tsonly if the
effect of the density gradient on ITG turbulence is taken into accaupbrtant
experimentally observed features of L-H transition and scaliogsedge barrier
characteristics can be explained.

2. RITM-code, transport model

The numerical modelling of L- and H-mode plasmas in JET has aérmed by
the one-dimensional transport code RITM [7]. This code allows modetiintpe
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confined plasma region from plasma axis to separatrix in oalepravide the
dependencies of diverse plasma parameters on the effective ragias of the
magnetic surfaces, For neutrals produced by plasma recycling on divertor plates and
entering confined volume through separatrix, a kinetic equatiorthirvelocity
distribution functiorf,:
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wherev;, S, and 1, are the radial velocity, source density and ionisation frequency of
neutral particles, respectively, is solved in a diffusive approximation.
The transport of electrons and impurity ions is described by continuity equations:
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whereng 7z are the densities of the electrons and impurigcgs of the chargé, and
S, zare their source densities (all ionisation stagadey C, O, Ne, Si and Ar can be
taken into consideration).

The particle flux densities include both diffusaed convective contributions:
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The densities and fluxes of the background ions ammputed from the quasi-
neutrality conditions:

n=n->ZmMm, TL=T5-> 27O} (5)

The metric coefficientg); » are determined by using the Shafranov shift cateal
from the Grad-Shafranov equation and analyticalhgspribed elongation and
triangularity of the magnetic surfaces.

The electron and ion temperaturs andT; are computed by solving heat transport
equations:
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wheren; =n, +2n,, I, =, +2I, are the total ion density and their fluQ,, the
electron and ion heat source due to additionalimgdtom NBI and ICRH, whose
radial profiles are taken from TRANSP calculatiol,,Q,,,Q,, the energy losses
from electrons due to coulomb collisions with iomxcitation and ionisation of
neutrals and impurities, respectively,, the energy exchange between main ions and
neutrals.

The boundary conditions of Egs.(2),(3),(6) anddf/)he separatrix,= a, imply the
e-folding lengths of parameters, which are takemfmeasurements.

Transport model.
The present transport model in RITM takes into aotdhe most important unstable
drift modes. The corresponding contributions to tiensport coefficients are
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y max

2
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maximum value of the instability linear growth rateonsidered as a function of the
perpendicular wave numbé&r and ko max IS theko-value whereynax is approached.
This leads to the following expressions for the tabations from ITG and DTE
modes [6,8]:
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determined in a mixing length approximation [B]z . Here jtax is the

“KTC eBl dr 3 dr sl & RJ 9RZ:
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wherec is the speed of light the elementary chargB,the magnetic field induction,
Zei the ion effective charg® the plasma major radiug, the ion Larmor radiusf,

CTekg:nix _ din n.
eB dr
frequency,v,, =V R/r the effective collision frequency of trapped elens with

the fraction of trapped particles, w. =

J the electron drift

v, being the collision frequency of thermal electrons'S =03/p, and

el ,max

ko, =1/ p, . The generalisation @' on the case of impure plasmas vt > 1

was performed by taking into account the resultsnofielling of ITG instability in
multi-species plasmas [9].

The transport due to ITG and DTE modes is signiigareduced at the plasma edge
due to strong density gradient and decreasing teathpe, respectively. Here DA and
DRB instabilities dominate the transport. The cgpending contributions are
computed according to the formulas from Refs. [#] HLO], respectively:

DA_XGB=

D™ =22 Oo\Fn'Yn 10
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Here xs = pZc,/ L, is the Gyro-Bohm diffusion withs being the ion sound velocity
and L, =-1/(dInP/dr) the pressuresfolding length; x=-kVy.L, /c, with
k, ~1/gR and Vi thermal electron velocity; the dimensionless facto

5\-3 2 1/2 U2
7D(ﬁn’vn)=|:m:| depends on parameter,é’n:(%] 4m,T, 1

1+ B +v23 B® kL,

1/4 12
and v, :(&] me being the normalised plasma beta and electrolisiool
m, e

frequency, respectivelyA, the mean three path lengththe safety factor angy, the

electron Larmor radius.
The drift-Alfven contribution starts to decreasethwincreasing pressure gradient
formula wheng, exceeds a critical value df+ vnz’s. In Ref. [2] this condition has

been used for an estimate of a critical edge teatpex for a L-H transition.
Finally, the transport coefficients are assumetthéform:
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Dt =D"®f, +D° +D"® + D", (12)
Ve =|D"™ f, (4r /3R)+ D ™| (dIng/dr), (13)
DZ =D, (14)
VI =VE +V 2N (15)
k¢ =3/2(D"™f, +D°F + D+ D" )n_, (16)
k!, = K'NE© +3/2(D'™® + DORE + DP*) (17)

In the linear electrostatic approximation ITG irsli#dy does not provide particle
transport. However, as other drift instabilities te non-linear turbulent stage, ITG
leads to stochastization of closed drift orbits @aodparticle losses. At easiest this
happens to trapped electrons with low parallel sigfo[11]. This explains the

proportionality of the corresponding contributiom D to the fraction of trapped
particles,fy. In the expression for the electron pinch-velodity small factordr/3R

represents a relatively weak effect of ion driveodes on electron convection [12].
The impurity ion diffusion is assumed the sameassefectrons; their pinch velocity,
Eq.(15), is compound from anomalous and neo-clalssantributions determined by
the gradients of the density and temperature didracind ions [13].

Up to now the non-linear dependence of transposdfficients on the plasma
parameters and their radial gradients does not ipghe convergence of RITM
calculations for time steps smaller tharl0 ms. Therefore the ELM activity can not
be presently modelled by RITM explicitly and the MLeffect on the transport is
taken into account as its exponential increase wherpressure gradient exceeds the
limit for MHD ballooning modes.

3. Modelling of L- and H-mode conditions
The capability of the transport code
RITM with the transport model
outlined above to reproduce both L
and H confinement modes, and the
transition between them at a critical
power, is demonstrated by the
results of calculations for JET
discharge #53146 characterised by
the magnetic field; = 2.4T, plasma
D S S S currentl, = 2.3 MA, elongation and

P » MW triangularity 0 =1.6 andx = 0.45 [].
The deuterium fuelling rate and
Fig.1 Normalised pressure gradieaf,and carbon sputtering coefficient were
ion temperature, ap=0.95, vs. the input adjusted to match experimental line
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power averaged densityimpurity content
and radiation fraction. Figure 1
shows

the dependence of the edge normalised pressuregtaa , and the ion temperature
at a characteristic position inside the transpartiér, o = 0.95, on the total heating
power,Pyt, from L-mode conditions at about 3.8 MW and tillthe moment when the
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H-mode is well established at a power of 16 MWalrelatively narrow power range
of 8-12 MW both characteristics increase very hoearly by a factor of 3.5.
Although these results do not reveal a clear b#tion between two transport regimes
with points where the slop of the curves becomésiie, there is clear separation
between two parameter ranges where hottand T; are practically independent of
power. These power ranges below 6 MW and above 2 &hd can be attributed to
L and H-mode, respectively. Modifications of all rgaeters and transport
characteristics in the transition zone
3 between these two ranges are strongly

ITG-dominated §§ non-linear interrelated and it is
=~ region @ & impossible to propose a simple and
;"’ 24 £ unique interpretation of the evolution
g obtained. The next sequence of events
= Pecead. seems to us to be the most probable.

§ 1 Seed An increase of the heating power leads
N oo -classioa) to a certain rise of charged particle
Tovel temperatures at the edge, the plasma
0- T T \ collisionality drops and pressure
0.85 0.90 0.95 1.00

; . . gradient increases. This leads to
normalised minor radius reduction of the transport driven by

Fig. 2 Radial profiles of ion heat Drift Alfven instability, which is the
diffusivity computed for the input power main channel for edge electron particle
4AMW (L-mode, dashed) and 14 MW (H-and heat losses under L-mode

mode, solid) conditions. As a result a much steeper

density gradient can be formed due to ionisatioreofcling neutrals. This allows to
keep ITG transport on a low level with increasing temperature gradient. Indeed,

according to Eq.(8),x""® ~,/OT —0T,,, where the critical value of the temperature

gradient, T, , at which the ITG-mode is completely suppressecteiases with the

density gradient. Thus, the formation of a strorgsity gradient due to reducef”
leads also a decrease®fC. In the edge region, where these two major coutivits
to the transport are damped, the neoclassical poansbecomes the leading
contribution toy; (see fig.2). Formation of this layer with stronggduced transport,
i.e., of the edge transport barrier, leads to tegetbpment of a “pedestal” on
temperature and pressure profiles.

The interpretation of the mechanism for the edgeidramaintenance in the H-mode
provided above does not rely on the effect of theial electric field considered
normally as the main cause for the turbulence sgson [14]. In order to investigate
the relative importance of the density gradient ahdhe radial electric field in the
suppression of ITG at the edge, computations haea performed with these factors
included separately and jointly into the considerat The influence of the radial
electric field and the magnetic shedras been taken into account by the formula[]:

ITG DITG 1
= B , Y, (18)
red
1+ (a:L |]:‘)EXB/ymax,ITG )2 ma)<l (S_ 32)2)
where w :Ei E, is ExB shearing rate, the coefficiemat reflects the
¢ B or(RB,

fact[14] that the magnitude of the ratig.;/ y,...;;c Needed for the stabilisation of
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turbulence varies in the range 0.5-2. The tgmmax(, (s—a,)’)]™ takes into account
that the stabilisation by the magnetic shear takkase only when this exceeds the
critical levelay[1l. The radial electric fiel&; is calculated from the radial component
of the force balance for the main ions, where tineitlal component of ion velocity is
put to zero and the poloidal one is given by nessital theory [13].
Fig.3 shows the profiles of the ion heat
conductivity and temperature found for
Pio=10.5 MW One can see that tlexB
rotation shear alone can not lead to
formation of a pronounced barrier and the
effect of the density gradient is more
efficient for this. The obtained result does
not mean that the electric field itself does
not change significantly from L- to H-
mode conditions as it is observed in
experiments. This also happens in our
0.5 Vn effect only computations sinck; is determined by the
_ | =Eeffectonly radial gradients of the plasma parameters,
e B which become much more sharp at the
°8%s 0.90 0.95 1.00 edge in the H-mode.
normalised minor radius Presently the code RITM does not allow to
model the real time dynamics of the L-H
transition, e.g., after an instantaneous
Fig.3 lon heat conductivity and increase ofPy: above the critical level.

temperature obtained with different The cause is a strongly non-linearity of

assumptions about the mechanisms fofansport coefficients which does not

stabilisation of ITG-driven turbulence Permit the convergence of calculations for
time steps smaller than10 ms. Therefore
the effect of self- generation of plasma
poloidal rotation due to Reynold stress and
its importance for the dynamics of the
edge barrier formation [15] can not be
studied in our simulations yet. However,
under guasi-stationary conditions
considered here, Reynolds stress,
probably, does play a considerable role.

T , keV

4. Comparison to other theories

Recently Guzdaet al [16] have developed a theory which explains thedition to
H-mode as a result of suppression of drift turbcéerby the zonal flow. The
suppression of the turbulence induced transporurscevhen the dimensionless

]
parameterﬁ:ﬁ(qR/ Ln)2/2, that determines the growth rate of the zonal flow

0
exceeds a certain critical valug,. This criterion can be rewritten in terms of
parameter ©=T_/,/L, which  has to reach a critical value

O, = 045B, (T)?*zX IR(M)A]"® to stabilize the turbulence transport. The results
from DIII-D tokamak have shown an excellent agreeintetween onset of H-mode
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and condition® >0O_, that supports an idea about the crucial rolehef density

gradient in a suppression of the edge turbulenigewr® 4 shows RITM results where
the linear increase of the heating power was ddhe.quench of ITG-turbulence at
the plasma edge starts whe® reaches the critical level®_ , shown by the

horizontal grey line. Such a good agreement ofcalgulations with Guzdast al[16]
is not accidental. The criterion for DA instabilisyppression proposed by Kerretr
al [2] can be written in the form:

, 3/2 2 3/2
DN / p>-o S| < o4z
5 ! /]e\/ R m Ae\/ R

while the Guzdar's condition can be
200 expressed as follows:

hozp DPA : 3/2 14 3/2
% 04 \\‘\\_ L m L
- | > e | 20057
EOAT”—/\&\- Ae\/ﬁ(quJ Ae\/ﬁ
L whereg=4 was assume by estimating the

numerical factors. One can see that the
difference between two criteria is less than
20%. Therefore, RITM results agree well
e with the assumption, that the transition

Fig. 4 Time traces for the input power, 0ccur when © approaches its critical

ion temperature, diffusion coefficient Value. It is necessary to note here, that not
due to DA turbulence, density decay@ll tokamaks demonstrate the correlation
length, diffusion coefficient due to ITG between density gradient and formation of

turbulence and paramete at the the edge transport barrier. For instance
normalized minor radius of 0.95 recentresults from MAST did not find any

during the L-H transition indication of a density profile steepening at
the edge during the L-H transition [17].
This should be the subject for further
investigation.
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5. Pedestal characteristics

014 The characteristics of the edge

- pedestal, e.g., its width and the

0121 temperatures at the pedestal t@j3;*°,

010 n are very important for the overall
s plasma performance under H-mode
< .08 . conditions [18]. In particular, due to

DEPD the stiffness of temperature profiles in

0.06- the plasma core, caused by the nature

000 002 o6 obe  oos  olo of tu_rbulence triggered by temperature
| /a gradients [5], T,E" control the total
_ _ _ plasma thermal energy. The pedestal
Fig.5 Normalised pedestal width as a radial width,A, changes in experiments

function of normalised neutral
penetration depth

significantly with different global and local plasnparameters [19]. For the profiles
computed by RITM the pedestal width is definedhesdistance from the separatrix
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to the position of the maximum ion temperaturedgmat. The sequence of RITM
runs was done to find the relation betwéeand the line-averaged density controlled
by the intensity of deuterium fuelling. The decead A with density is in good
correlation with the observations on DIII-D [20]m@ained by the hypothesis thatis
controlled by the penetration depth of neutrilsbeing inversely proportional to the
density. The proportionality betweénandl, found by RITM modelling is explicitly
demonstrated in Fig.6, showing that pedestal wilttontrolled by incoming neutrals.
6. Conclusions

The RITM code with the transport model taking irgocount contributions from
different unstable drift modes allows a self-cotesis modelling of L and H mode
conditions. The edge transport barrier exist dusugpression both of Drift Alfven
turbulence with increasing normalised plasma bathdecreasing collisionality and
of ITG induced transport suppressed by steep derggiadient. Although,ExB
rotation shear supplementary maintains the edgespat barrier, it is not so
important for the suppression of ITG modes as #resitly gradient. Criteria for the H-
mode formation derived in [2] and [16] are closed atan be reduced to the
requirement that the paramet@ exceeds a critical leve®_ . This requirement is

well reproduced in RITM simulations. The width betbarrier is determined by the
condition for the suppression of the ITG-mode wita density gradient and scales as
the penetration depth of recycling neutrals.
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