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ABSTRACT

An explanation for the L-H transition through the electromagnetic mechanism: suppression of
drift wave turbulence by the skin effect, is offered. In dimensional space, the bifurcation is

attributed to the involvement of two parameters in the L-H transition phpi:ijcmd B/ va[2

(the latter scales aaT2 in physical parameters). Maximum of the diffusion coefficient, corre-

sponding to the L-H transition, is reached wherctiiksional skin-depthA ) sin = vc?/8ov
(v - drift frequency) equals the characteristic radial displacedeftthe drift turbulence. The

same criterion can also be presentedzs= N2V = ¢? /80 - the condition for equal rates of the
plasma diffusion into the magnetic field and the diffusion of the magnetic field into the plasma.

* % 34
The analysis yields the combinatid’é?’/S(Te +'I'i)3/8/B(qR)1/4 (scales a:%B/v p 2/3] ' in

dimensionless parameters) as a critical parameter for the L-H transition, for the case of the
kops = const scaling for the wave vector of the drift turbulence. This threshold parameter should
be applied near the separatrix position. A requirement thabthsionlessskin-depth must be
smaller than the radial displacement of the drift fluctuations in the L-mode, which is necessary
for turbulence suppression, determines the thregBidtit the L-H transition.

The proposed mechanism for the L-H transition clarifiefRtdependence of the H-mode

~ RY™ scaling is predicted, WithRpres<70 MW for ng = 5x 109m™3

in ITER. The critical parameter for the L-H transition, together with dimensionless parameters

power thresholdP,
characterising pressure gradient and resistivity, create the set of similarity parameters describing
ELM behaviour. The scaling for the separatrix density normalised to the Greenwald density
limit Ng sen / NG With the machine size and toroidal field which ensures “similar” ELM behav-

lour can thus be obtained. For the fixed similarity parameters, the analysis yieldswééﬁ)(

but favourable dependence B s /NGy ON the major radius. In recent experiments on JET
and other machines, the degradation in the edge confinement associated with increased ELM
frequency was found to be responsible for the density limit in high power H-modes. Owing to
the approximaterRl/ 4 dependence, an excess over the Greenwald iigpitigyy, by about

30% higher in ITER compared to JET for “similar” conditions (g sep / Me, SEParatrixzg; and

the To /T, ratio, wall conditions, the use of pellets etc.) in ELMy H-modes is predicted. This is
with the provision that a limit on the central density, related to mechanisms in the plasma core,
is not encountered.

1. INTRODUCTION

It is widely accepted [1,2] that with the neglect of atomic processes and Debye scale events, the
important dimensionless parameters of the tokamak discharge are:



VD~£R U_ N/T B~ﬂ
) qRBl BZ .

= (1.1)

Fixing them ensures similar behaviour of the plasma in different conditions, irrespective
of the machine size. These parameters are used for similarity studies in the main plasma. In the
scrape-off layer (SOL), temperature and density are small, and, as was suggested by Lackner
[3], B can be dropped as a similarity parameter. Instead, temperature must be fixed to correctly
describe atomic processes, and the set of similarity parameters becomes:
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The neglect of pressure effects relate@ tas was pointed out in [3], may limit similarity
of conditions in the two different machines: “since, perhaps not the physics in the scrape-off
layer per se, but the form in which energy is ultimately fed into it might deperfdd ®his
would clearly be the case in, for example, giant ELMs...” [3]. Following the work of Lackner, a
discussion on the relative importance of similarity parameters in the SOL was carried out, nota-
bly by Hutchinson and Vlases [4], who proposed to pay attention to all of them, and by Catto et
al. [5], who considered various specific models for physics in the divertor.

The present work is devoted to the analysis of physical mechanisms lying behind each of
the similarity parameters. A dimensional approach can not only be applied to overall perform-
ance of the plasma but also to individual mechanisms (see e.g. Ref. [6] by Connor and Taylor).
Attempts to apply the above mentioned parameters to describe intrinsic SOL processes, how-
ever, are complicated by the fact that the scrape-off layer has its own internal geometrical pa-
rameter. Even without neutrals, interaction with the target forces the width of the SOL to scale

differently from the size of the machin&y, ~ (DDqR/cs)llz. Unless the diffusion coefficient

is specifically fitted to yieldAgy ~ gR, the width of the scrape-off layer will not be proportional

to gR. Therefore, physical mechanisms in the SOL are unlikely to be expressed through the
above similarity parameters and some other combinations will have to be used.

Another difficulty in applying these parameters to the scrape-off layer originates from
strong variation of plasma parameters across the SOL, often leaving its different parts in com-
pletely different situation with respect to the effectiveness of individual mechanisms in contrib-
uting to perpendicular transport. “Effective” mechanisms are those which, by their impact on
either growth or suppression of the most important instabilities, determine the final state of
strong turbulence with its characteristic frequencies and radial displacements. It appears to be
that in the scrape-off layer there exist a number of very distinct conditions defined by corre-
sponding domains of both plasma parameters and geometrical dimensions. They favour just a
few “effective” physical mechanisms out of larger number of potential candidates. Conditions
can be separated by specifying limits on certain combinations of the parameters. Such limits



may also be called critical parameters or thresholds. That is why, at least in the complex case of

the SOL physics, it seems more appropriate to speak about critical parameters rather than simi-

larity parameters in their usual sense. Not withstanding the above criticism, similarity param-

eters sometimes accurately reflect underlying physics even in the scrape-off layer, and at least

may be used for initial separation of different conditions, before critical parameters are found.
As a starting point, the case of “cold” and “rare” SOL plasmas {lcand 3, but not too

high VD) is considered in this paper, for which transport scaling laws are derived (Section 2). For

very low T, turbulence in such plasmas is strongly affected by collisionality (wﬁb;m lower

limit on temperature as a function of other parameters, below which “typical” scaling laws in the
SOL must break down, is determined in Section 3. Mechanisms limiting Tldow 3 phys-

ics”, as these parameters are allowed to increase, are examined in Section 4. The effect of these
limitations on the SOL transport, including MHD phenomena and the L-H transition, is dis-
cussed in Section 5. A comparison between threshold parameters associated with the proposed
explanation for the L-H transition and local plasma parameters measured just inside the separatrix,
is made in Section 6. Some aspects of dimensional similarity of discharges with an emphasis on
simulation of perpendicular transport in the SOL are covered in Section 7. Experimental scalings
for the H-mode power threshold are analysed in Section 8, where a dependendg,pktbe

major radiusR which does not contradict to the proposed explanation of the L-H transition is
derived. HighT high 3 conditions reached near the separatrix in high input power high density
discharges and their implication for overall discharge performance, in particular the possibility

to exceed the Greenwald limit, are discussed in Section 9. The influence of the assumption that
the decay length at the separatrix position scales with the scrape-off layerAyjigtbn the

main results obtained in this paper, and their modification in another limiting case where the
decay length scales with the machine size, are examined in Section 10. Conclusions are formu-
lated in the last section.

2. TRANSPORT IN THE “COLD” AND “RARE” SOL

In low B plasmas, only gradients of density and temperature (but not their product - pressure)
can be a source of turbulence, which at very low temperatures implies collisional drift and
interchange instabilities (see Section 3 and Appendix 1). The most universal instabilities are
drift instabilities, both collisional and collisionless. For “cold” and “rare” plasmas floand

3, but not too higth) turbulence essentially consists of poorly correlated drift waves which
interact with each other in their non-linear stage of development. Regardless of what causes
growth of perturbations of electric potential, they will always behave like drift waves. This is
roughly true even for the special case of an interchange instability affected by finite sheath
conductivity [7,8], since perturbations of electric potential are proportiongl, tas in the case

of volume conductivity considered in the Appendix 1 (although the growth rates have different



dependencies on temperature). Therefore, to describe the most typical features of edge turbu-
lence, the drift frequency should be selected as a characteristic frequency of fluctuations. This
choice is justified by numerous experimental measurements of fluctuations at the edge [9].

Throughout this paper, the philosophy being followed is that whatever mechanisms con-
tribute to the growth of the instability, the plasma will end up in a state of strong turbulence with
short correlation times of the order of the inverse fluctuation frequency. The radial displacement
of the plasma in the process of spatially de-correlated fluctuations will determine their charac-
teristic wavelength\, (this is the basis for the so called “mixing length argument”, applied to
transport coefficients). Due to the possibility of the radial transfer of the fluctuation energy,
turbulence may be non-local. The valueAgf and in many cases even its functional depend-
ence on parameters, can only be obtained from experiment.

Strong turbulence with short correlation tingg,, of the order of the inverse fluctuation
frequencyl/v may cause problems for turbulence suppression by sheaBefiidi#/s, the idea
widely used in theories of the L-H transition (see e.g. [10-12]). The rate at which fluctuations are
distorted by the sheared poloidal rotation associated with radially inhomogeneous radial electric
field, Vghegr =d(CE, /B)/dr, may not be high enough to compete with the growth rate of
perturbations when the growth rate of an instabiitig as high as the fluctuation frequency
The problem is aggravated in large machines (whggg,, is lower) as was pointed out by
Kotschenreuther, Dorland et al. (see e.g. [13] and refs. therein). However, as will be shown in
Section 4, there may be other, electromagnetic mechanisms for turbulence suppression, which
do not exhibit such a detrimental scaling with the machine size. One of them - the skin effect
suppression of drift turbulence, is most likely to be responsible for the L-H transition. It yields a
scaling for threshold parameters at the edge which roughly agrees with local measurements
prior to the transition (Section 6).

Although the analysis which is presented here always refers to the diffusion coefficient
D, similar arguments can generally be applied{oAs for X, analysis of perpendicular
electron heat conductivity is complicated by the high parallel electron heat conduction that can
smooth perturbations dl, along the field lines. Also, since the SOL width is defined by both
the perpendicular transport and the sink to the target, the effective width of the scrape-off layer
with respect to the decay of electron temperature cannot easily be incorporated into the analysis

owing to more complicated dependencexgf on Te (~ T65/2) and the variability of the func-
tional dependence of the electron heat sink at the target depending on the regime of transport
(conduction or convection limits).

The plasma diffusion coefficient is defined by:

Dy = A%, (2.1)

where A is a characteristic radial length of turbulent displacementsyvand characteristic
frequency. For drift waves the characteristic angular frequency is given by:



Wy =21V = KgCTo/eBAg, . (2.2)

As for the functional dependence kg and A (not to be confused withg,!), it cannot
be established from first principles and has to be taken from experiment. Experiments indicate
strong turbulence in the SOL with broad band frequency and wave vector spectrig;eyith
being of the order of 0.2 [9]. For generality, however,

kops = fko (2.3)

is adopted. For the Larmor radiygs = cs/w; will be used, withcg = /(Te +T;)/m . Other

assumptions are conventional for drift turbulence. Large magnetic shear in theqS(DE)(
imposes a restriction on the minimum possible magnitude of the radial wave ke @taaixi-
mum A,) for givenkg andkj, necessary for the very existance of the flux tube:

ke /kg =21/ KyaR. (2.4)

For the parallel wave vectok =1/0R (A = 2rgR) will be used, describing the longest
most unstable fluctuations, which givdg:/kg = 211. In general, however,

k /kg = frg (2.5)
so that one can trace the dependence on this parameter, but afyywely, Values off,g larger

than unity are supported by observations. This allows one to rehiacedkg + kr2 with ki,
and the wave vectors are given by:

ke = fio/Ps: ko = fip ! frePs and k= 21t/ frgaR. (2.6)

A radial displacement will be defined as:

A=\ /2=TUk. (2.7)

This is not in any way an arbitrary choice for the relation betweemnd k;. It can be
demonstrated that, provided turbulence is strong and fluctuations are de-correlated, the typical
distance between maxima of density measured in microwave scattering experiments is, indeed,
twice the average displacement.

With the above assumptions the angular frequency and radial displacement can be written

as:
f
Wy _ko Te G5 ’ (2.8)
fro Te+Ti Ag
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where M) is the Mach number of parallel plasma flow, to account for the possibility of strong
recycling in the divertor, and the Egs. (2.1), (2.2), (2.8) and (2.9):
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This gives forwy:
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Finally, for the diffusion coefficient one obtains:

/3 /3
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D

The relation D ~T7/GB_4/3(qR)_1/3 following from this formula, is close to Bohm
scaling against temperature and magnetic field, although it also contains a weak dependence on
the machine size ang. It has to be emphasised that the only critical assumption required to
obtain such a scaling is tha&tpg = const. The other assumptions are conventional for drift
turbulence.

Eq. (2.13) can be employed to estimate the magnitude of the diffusion coefficient. For

NUS0ICY
o B(T)
parameters inside brackets are kept fixed. Then, assufigjg0.2, fig =21, q=3, R=3m,

easy comparison with the Bohm formulapg is replaced m’s’, whereas

M =1 Te=Ti =100 eV andB=3T for fixed parameters, and the case of a deuterium plasma,

Eq. (2.13) givesDp; = 0.042 x % m’s™ , which is close to the Bohm diffusion coefficient

(1/16 = 0.063).

As is clear from Eq. (2.13), the assumptifyg = kps ~ \;D is required to turn it into the

exact Bohm-type scalingffg is not likely to change much as it is the longest perturbations
along the field line that grow most rapidly; however, the exact value of this parameter is very

uncertain once the plasma is already in the state of strong turbulence). The paﬁ%ems
varied widely across the experiments reviewed in the literature [9], enough to detect such a
dependence. The fact that it has not been reported implie§ghahbould be regarded as con-



stant. Still, the possibility of théy, ~ J;D scaling cannot be completely ruled out and will be

used to provide an alternative scaling every time critical parameters are formulated. In contrast,
a deviation in the opposite directioffy, ~1/\ED, which would be difficult to justify physi-

cally, results inDp ~ T4/3B"5/3(qR)_2/3. It seems to exaggerate the dependence on the toroidal
field and, therefore, will not be considered.

Scalings forAg, and Dy in the SOL and in the main plasma corresponding to different
dependencies of,, = kppg on pD, ranging from being proportional to inversely proportional to
this parameter, are assembled in Appendix 2. fige= const dependence corresponds to the

gyro-Bohm scaling:Dp ~T3/2/aBz, in the main plasma. It can be called a “local” scaling,
since the fluctuation size in this case is proportional to a local parameter, the ion Larmor radius:
A ~ Ps- Another extreme case is Bohm-type scalibg: ~ T/B x qR/a, corresponding to the

fip ~ pD dependence. It may be called a “global” scaling, since the fluctuation size (or, rather,
the radial correlation length of the turbulence spectrum) in this case scales with the size of the
machine: A ~gR. The dependence oD on ¢ is eliminated wherp" is defined as

pD~ T /RB instead opr~ JT/gRB. There is a general understanding that “global” scaling
describes energy confinement in the L-mode (low confinement regime) [14], whereas “local”
scaling is responsible for energy confinement in the H-mode (high confinement regime) [15].
Large scale fluctuations are removed in H-mode plasmas. Underlying physical mechanisms for
“local” and “global” scalings are discussed at the end of Section 5.

So farvt, being an important similarity parameter in the SOL physics (e.g. in parallel heat
transport), did not figure in any equations. Conditions where it must be explicitly present in the
equations related to turbulent transport, are considered in the next section.

3. THE CASE OF VERY LOW T (HIGH vH

Collisional instabilities dominate in “very cold” plasmas. Mechanisms causing growth of
perturbations are considered in Appendix 1, where a dispersion equation (Al1.4) for the com-
bined drift and interchange instability is derived. It has the form:

2—

w2+immwd +im)ws—imodwsiwg(ky/km) =0. (3.1)

Herewy = kgCTe/€BA, is the angular frequency of the drift wave, also responsible for the
polarisation drift (ion inertia) giving rise to the drift instabilitgqcz, = 2(Te+Ti)/rq R\, de-
scribes the effect of the verticalB drift, leading to the interchange instability at the outer
midplane (sign “+”), or stabilisation of turbulence at the inner midplane (sign “+");

Wg = WjWea/ Vg Ellqlzlk% characterises the ability of spatial charge to diffuse along the field lines

7



without creating perturbations of electric potential (proportionajgjo); a=T/Te.

Expressions for wave vectors and resultg\gg from the previous section can be used to
obtain the temperature and density dependence of the three main frequepeidsy is im-
plied):

~TY8, (kg /kp) ~TH3, wg~T2/n. (3.2)

For the fip = kpps ~ \;D dependence, these results are slightly modified:
wg ~TH4, wg(kg/ka) ~ T8, ws~T%2/n. (3.3)

For relatively high temperatures (the criterionTywill be derived later in this section)
the resistivity is small (higlog), and in the approximatiotg >> wy, ooo(kelkm), correspond-
ing to a small growth rate of the instability €< w), the dispersion equation (3.1) can be sim-
plified:

0= Wy +i(w§ + wikE /K3)/ ws. (3.4)

The imaginary parts ofo are the growth rates of the drift (symmetric part) and inter-
change (asymmetric part) instabilities. It is of interest to know their relative contributigns to
to assess which mechanism for instability is stronger: polarisation drift (drift instabiliftyg or
drift (interchange instability). The equati@ny = wgkg / kg will define the transition between
their relative strengths:

/2
ps _ 1 EF
q; qu 2T[ /M||fkp o %1_7% . (3.5)

From this equation, a temperature threshold above which the interchange instability will
dominate can be obtained:

2 2

(3.6)

ForTe =T, fip =02, fig =2m, q=3, R=3m, M; =1, B=3Tandm =mp it gives:
Te =41eV. The exact figure is rather meaningless as the accuracy of the temperature prediction
is lost in uncertainties ofy, due to the sensitivity to this parameter. Obviously, the ratio of
growth rates of the two instabilities will make an impact on the in-out asymmetry of the diffu-
sion coefficient. As a function of temperatusgsterch / Yrift = oo(z)kg/ooﬁk% is proportional to

T With such a flat temperature dependence and numerical uncertainties in the coefficients,



the dominant source of the instabilities cannot be quantitatively predicted.

Against temperature and densitygift :wﬁloos scales asn/T3/6 (n/T2 for

fip ~ J;D). Therefore, at sufficiently high temperatures the growth rates become too small, and

other, collisionless mechanisms will contribute to the instability. Various sources of instabilities
will combine to create strong turbulence, and fluctuations will overlap, interact with each other
and the charged particles, break up because of the shear etc. It is important to remember, how-
ever, that no matter what mechanism feeds the instability, it is (almost) always a drift wave
which propagates and grows (or decays) in the plasma, so that all the results of the previous
section, so far, are valid.

Restrictions on some of the assumptions made earlier occur at very low temperatures
when the drift frequencwy becomes comparable withg, and the growth rate of collisional
instabilities approaches the frequency of oscillations. Physically, this corresponds to the situa-
tion where ion-electron friction becomes so efficient that the parallel current, compensating the
charge pumped into a flux tube of lengy2 = ToR in the course of the oscillations, creates
fluctuations of electric potential high enough to increase the growth rate of the instability up to
Y = Rew. If the temperature is reduced even further, there will be no need for fluctuations to be
so extended along the field lines, and they will become shorter. Shorter parallel wave length,
owing to the shear restrictiork = 2n/ figgR (Egs. (2.4-2.6)), will imply smallerfig
(1< fg <2m) and a shorter poloidal wavelength (largg) for the same\,. The angular fre-
quency of fluctuationsoy = kgCTo/eBAg, Will increase, resulting in an increase Df;.

The critical condition for the plasma to become collisional from the standpoint of the
development of instabilitiegpy = wg, gives the equation:

3 1/3 /3
DpSDL3 fkpM|| A reD 3 To f Ve
HRI s 0.2 H Bo+tl o S

With vg =3.8x10" 2z ng(m™3)[(To(eV)] /2 s* and we =1.76 1011 B(T) s, the

electron temperature can be extracted as:

18 - m 0'°0 7, 07
[Te(eV)] 73 =8.1x107Bng(m ™)z Mﬁ/?’fklg/?’fr‘é/?’gn 0 HT =

<[ B(T)]2/3[qrm)]®3. (3.8)

For ne=10"m™3, f,=02, fg=2m q=3, R=3m, M =1 B=3T, zg =1 and
m = mp, this givesl, = 7.9 eV. This temperature is much lower than the one corresponding to
the boundary between the Pfirsch-Schluter and Plateau redigre434 eV follows from the
equationvg = ,/2Te/me /TR for the above parameters.



The use ofwy = wg rather thanwgkg /k; = wg to determine the lower temperature
collisional threshold was justified by the smallnessipffor To =7.9 eV wy > wokg /kp).
Near and below this threshold, solutions of Eq. (3.1) have large growth rates. Solving Eq. (3.1)

allows one to obtain the diffusion coefficient by applying the mixing length argumgnt.y / krz,
seeking the combinations of wave vectors yielding the laBgsGenerally, the effect of shorter

A (smaller frg) will be to increase the diffusion coefficient given by Eq. (2.13) as the condition
Wq = Wg is approached. The degree of enhancement will depend on the collisionality. That is

why vHis an important parameter for turbulent transport in strongly collisional plasmas.
4. LIMITATIONS ON DRIFT TURBULENCE ARISING FROM NON-ZERO f3

Whilst pD andvPare important parameters to describe turbulence in quasi-stationary magnetic
fields in thef3 — O approximation, finite3 effects account for temporal evolution and small
scale spatial variation dB. There are three ways in whighcomes into play in “cold” and
“rare” plasmas: through a) the skin effect which may restrict turbulence, b) the microscopic
electromagnetic fluctuations always accompanying drift turbulence, and c) MHD instabilities
caused by the pressure gradient.

Fluctuations of the plasma with finite pressure generate fluctuating perpendicular currents

according toldp = %jD x B. Owing to the continuity equatiomivj = 0, j; cause fluctuating
parallel currentsj, thereby introducing small scale perturbations of the magnetic field:
curlBp :4%[j", which enable electrons to move radially following the perturbed field lines
(mechanism b)). If the parallel conductivity is high, however (high fast changes ify will

be impeded by the counter-currefjf described bycurlE = _%a':_tm_ This is the essence of

the skin effect and its possible suppression of turbulence (mechanism a)). In the equation

2
%_ItB =curl(V x B) +4C—AB the skin effect is accounted for by the second term on the r.h.s.,
TIO

whereas the first term on the r.h.s. reflects changBsdue to the fast movement of the plasma
across the magnetic field driven by the pressure gradient (mechanism c)).

The aim of this section is to find how limitations imposed on “Bwow (3 physics” by
these phenomena can be formulated and which ones occur figsis ascreased.

a) Skin effect

The skin frequency for the plasma columnvg;, = ¢ . Dividing it by the transit fre-
quencywy =Ve/gR gives a dimensionless parameter, which can be presented as:

10



Vskin _3=1yhF (gq) L~ a7I7 2 | (4.1)

r

where € = a/R. For given v and pD, finite B acts so as to reduce the skin frequency, or to
increase the skin time. However, since the same ratio can also be expressed Themayh
minor radiusa, from the physics’ point of view, the skin effect is directly related not @itut

with the plasma temperature. Large skin times restrict the radial extent and/or frequency of
fluctuations. For fluctuations of radial siZg the relevant skin frequency can be obtained from
the equation% :%% (k- >>kg is assumed), considering perturbations of the type

expli(kr —wt)] with k. = T/A:
2

ol (4.2)

Vakin =
Drift turbulence, while being predominantly electrostatic, is nevertheless associated with
fluctuating currents and magnetic fields that have the same temporal and spatial characteristics
as the fluctuations of density and electric potential. These electromagnetic fluctuations are es-
sential for the growth of perturbations (see Appendix 1). Small skin-depths introduce
inhomogenities inside the flux tubes of the width of drift fluctuatiAnsausing their splitting
into narrower tubes. For fluctuations of parallel current not to be restricted by the skin effect, the

conditionv << vg4, Must be satisfied, which leads v << c? /80, or simply D << c?/80.
Critical parameters for the onset of a strong influence of the skin effect on the drift turbu-
lence can be found from the equation:

Dy =c?/80 . (4.3)

c? /41w is often referred to as the diffusion coefficient for the penetration of the magnetic
field into the plasma. Substitutind; from Eq. (2.13) into Eq. (4.3) gives:

-1/3

-2/3
20 2 O
TC Te CMyps
CPs = —— E_L . 4.4

S 80Epfkpfre-re‘*-riH CIRE *.4)

Using o) =1.2 10132(;%(Te(eV))3/2 s, the above criterion yields:

~1/6

13/6 1/2
[Te(eV)]™°[(Te + Ti)(eV)] :1_9x104zeﬁM”-m(fkpfre)m%;n_t)g [qRM)]Y/3. (4.5)

[B(T)]4/3

ForTe=T;, B=3T,q =3, R=3m, M, =1, f;, =02, fig =2m, z5 =1landm =mp
one obtainsT =85 eV. For T; /Te =5 it would give To = 69 eV. Parameterd, fi,, frg and

11



Zg May vary significantly. Variation of the toroidal field over the magnetic surface is also large.

Some of the most unstable modes are located near the outboard of the magnetic surface. To
stabilise these modes, the toroidal fi@dthat has to be substituted into the Eq. (4.5), might
need to be taken at a poloidal angle closer to the outboard rather than on the magnetic axis. This
would especially make a strong difference in tight aspect ratio tokamaks by significantly reduc-
ing the threshold separatrix temperature required for the L-H transition. But even at the mag-
netic axis, the threshold, is lower in these machines since they have lo&dor the same
plasma current.

It is important to understand what physically happens to the drift fluctuations when the
Eq. (4.3) is satisfied. As has already been mentioned at the beginning of this section, the skin
effect is associated with an impedance to the flow of current along the field line which is neces-
sary to compensate charges pumped into the flux tube. For low temperature drift turbulence
these charges are pumped by the polarisatiorC#hdrifts, and are also affected by the finite
ion Larmor radius. The impedancejjoincreases with the width of the flux tube and the parallel

conductivity. For the same initial fluctuaticiw (caused by the pumping of the charges into the

flux tube by perpendicular non-ambipolar mechanisms), the induced counter-current parallel
electric field following from theAE, = 41t/ x 0j)/ ot equation will result in the compensation
of j~|| which would be proportional to the plasma conductiaify- Te3/2.
Eq. (4.4) determines the critical temperature where the irﬂfi'&d the centre of the flux
tube is fully compensated. The same equation can also be obtained by equalising the skin-depth

Aol skin =+/c?/8ov (v=wgq/2m - drift frequency following from Eq. (2.12)) to the radial
size of the drift fluctuation@ given by Eq. (2.9). For higher temperatures, wide flux tubes (of
the width A given by Eq. (2.9)) will break up into narrower ones, since the parallel current
density will have a hollow profile across them. Small scale turbulence, owing to the square
dependence oD on the size of the fluctuations, will reduce the diffusion coefficient. The

advantage of formulating the skin effect & = c? /80, in its application to fluctuations of
parallel current inside the flux tubes, is that it effectively imposes a “prohibition law” on combi-

nations ofA andv which resultin the diffusion coefficied = sy being greater thac? /80 .

Perturbations with larger produc&gv cannot develop.
b) Microscopic electromagnetic fluctuations

As was first pointed out by Callen [16], fluctuating parallel currents accompanying drift turbu-
lence create micro-islands which cause electron heat flux. The amplitude of the fluctuations of
the radial component of the magnetic field can be easily derived by substituting the contribu-

tions to j~|| found in Appendix 1, into the equatiommrIfBD :4Tﬁ||/c and divéD =0

(kB +kgBg =0):
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B =bl0%g, (4.6)

where3 =8m(Te + T;)/ B? and @ is the amplitude of fluctuations of the potential, of the order
TA/eAg, . The width of micro-islands can be estimated as:

A =B 35 (4.7)
B 2 k|
with an upper limit on the associated electron heat conductivity:
ALERY;
=NV, =N —E 4.8
Xe mVey ~ fre R (4.8)

This form of X reflects the extreme case of a resonance where, after every passage along
the parallel lengthfrgTgR/2m=A;/2 of the perturbations, electrons are shifted radially by

Am. Forv. =/ Te/mg, using all the previous results, a critifatorresponding to the condition
that this mechanism has a strong impact on the radial trangperD, can be derived:

on e, 1l o,

P Ziutiol BH D o (9

For the parameters used earlier in numerical estimates thisfyves x 1073, A critical

density n= 6.5x10%° m? follows from this criterion forTe =T; =100 eV (if there was no
resonance between 2\ and v, the density would be even higher). Against temperature and
toroidal field, it scales as ~ B/+/T, and can hardly be reduced to the measured values at the
separatrix by reducin®. Therefore, the density required to cause Ig{gés too high to be
reached in experiments and such a microscopic electromagnetic turbulence should not contrib-
ute to radial fluxes in the SOL.

c) Pressure gradient as a source of MHD instabilities

Among the MHD phenomena caused by the pressure gradient, ELMs are of the greatest interest
for edge physics. According to [17], resistive ELM activity begins if the critical valu@ for

exceedsfl = ZRA
||
from Eq. (2.11) into this criterion, gives:

, Where =8m(Te +T)/B Assumingy = 2R and substituting gy
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_ /3 /3
VT S 1 rp, 4.10
P 2T[2q EpfkpfreTe"'TiB %E . (4.10)

For the parameters used earfer 3.8x107™. This threshold is substantially lower than
the one derived in the previous sub-section. FQ=T, =100eV and B=3T,
n=43x1018m=3,

The value of} given by this criterion will not be used in the following analysis. Its func-
tional dependence essentially states that the critical gradient of the poloidal beta near the separatrix
is inversely proportional to the major radil¥3g ~ 1/ R, whereAg, is used as a characteristic
decay length. Such a dependenceérors typical for the MHD phenomena caused by the pres-
sure gradient. For example, the Sykes-Troyon beta limit [18319]:,/aB, can also be written

as OBg ~ q/R, when the minor radiua is taken as a characteristic radial decay length.

The importance of the magnitude @fin MHD phenomena caused by pressure gradients
comes eventually from the similarity of magnetic configurations. On the global scale, the
Shafranov shift increases pressure gradients on the outboard side of the magnetic surface where
the curvature of the field lines is unfavourable, resulting in ballooning instabilities. The Shafranov
shift originates from the superposition of the poloidal magnetic fields created by the inductive
(main) plasma current and the parallel Pfirsch-Schltter current (which has opposite directions
on the inboard and outboard sides of the magnetic surface) arising from the divergence of the
diamagnetic currentig = cp/aB. The ratio ofjg to the main parallel current densify:~ B/qR,
which determines poloidal variation in spacing between the magnetic surfaces, can be expressed
as:

je/j”‘“BXCI/E . (4.11)

As for the two other dimensionless parametepsand pD, they come from the similarity
of parallel transport and drift motions. The ratio of collisional frequengy; ~ nT 32 to

transit frequencwy, ~ T /qR gives:
2 _,0
Veoll /Vir ~NQR/TS ~v—. (4.12)
The ratio of the drift velocityg =cE, /B~ T/aB (for the OB drift Vj ~T/RB) to the
parallel velocityVf, ~ NT gives:
Vo/Vj~~T/aB~p". (4.13)
The parametepDaccounts for the similarity of macroscopic drift motions and drift turbu-

lence. The skin effect, according to Eq. (4.1), can be expressed by the paﬁa(m@i@zr. The
involvement of two parameters in the dynamics of the turbulence creates the potential for a
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bifurcation at some critical temperature. In dimensionless parameters, the criterion for the L-H

transition (4.5) corresponds to a critical vaIueBanszE?/ 3.

In recent three dimensional computations of turbulence with the inclusion of electromag-
netic effects by Scott et al. [20] and by Rogers et al. [21] it was found that the magnifude of
has strong influence of the state of the turbulence. Early indications in the model also containing
profile dynamics [20] were that the turbulence should be moderately suppresse when
increased to values above the electron/ion mass ratio:

B>m/m . (4.14)

This parameter may be derived by equating the parallel electron velGity/To/mg

with the Alfvén velocityVa = B/ /4tTm , pointing to a possible role of drift-Alfvén turbulence
in the L-H transition; it is also the point at which the collisionless skin-depth,

c/wp, = c/«/4Tlne2/me, becomes as small as the drift scalg= / T/m /w;, so that all im-

portant scales of motion have an electromagnetic response in the electron parallel dynamics.
When the profile effects are separated out, however, the turbulence itself actually becomes stronger
with increasingf [21]. Whether the interaction of profile and turbulence dynamics gives a
maximum in the transport, as in [20], but with the inclusion of more realistic profile effects,
particularly in the scrape-off layer, must still be sorted out. Nevertheless, as will be shown in
Section 6, a threshold i is unlikely to be the parameter which controls the L-H transition.
Local measurements inside the separatrix near the edge of the pedestalp wingrany is

often reached just prior to the L-H transition, indicate that the transition is mainly controlled by
the critical T, which increases with the toroidal field, whereas the dependence on density ex-
plicitly present inf3 is very weak, at least in typical medium to high density plasmas.

5. INFLUENCE OF HIGH T AND 3 ON THE SOL TRANSPORT: A MECHANISM
FOR THE L-H TRANSITION

Analysis of limitations imposed by high andf3 on intrinsic “cold” and “rare” SOL turbulence
performed in the previous section, has revealed two main physical mechanisms: suppression of
fluctuations by the skin effect and the appearance of the pressure gradient as an additional source
of turbulence. The latter is responsible for ELMs. The criteria for conditions where these mecha-
nisms become effective are given by Eqgs. (4.5) and (4.10).

Suppose the temperature is raised above the threshold specified by Eq. (4.5). The plasma
enters the regime where the radial extent and/or frequency of turbulent displacements is

restricted by the skin effect and = c?/8c. Sinceo ~Te3/2, the diffusion coefficient will

decrease with temperature@g ~ Te_3/2. Such a trend is unlikely to continue up te&range
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of temperatures, as new, e.g. MHD instabilities caused by botlhagial large current density
gradients,U]j(r), pertinent to the hot core plasma, would develop. In certain range of tempera-
tures, however, the decrease@f with Ty is likely to be observed, leading to a bifurcation
where the separatrix temperature, after it has reached the peakini({fg dependence, can

make a sudden upward excursion accompanied by a decay in the level of fluctuations. A de-
crease inD will cause growth ofTg as a transport barrier is formed (it is implied here gat

will also decrease due to the reduced level of turbulence). The time scale for such an event is
characterised by the speed of transport processes in a layer of the size of turbulent displacements,

A =Tps/ fip (Eg. (2.9)). For the set of “typical” parameters used ealer1.07 x 10™?m for

deuterium plasmalg, = 2.01cm for this case; surface averaged widths are implied and the
confinement regime is “bad” as expected from Bohm diffusion). Taking- 1.4 m’s* which
follows from Eq. (2.13) and is abowt/3 of the Bohm diffusion coefficient, gives:

T= AZIDD =~8x107°s. This is close to time scales for fast changes in the level of turbulence
observed in experiment during the L-H transition. The degree of the increase in the separatrix
temperature is difficult to predict. It requires the analysis of drift turbulence where the skin
effect plays a role. Another restriction can be the influence of the MHD instabilities caused by
both current density and pressure gradients (the latter is discussed below).

Lets look again at the criterion for suppression of drift turbulence by the skin effect (4.5).
It can be recast as:

LS ) S TR P

= const for fy, ~4p”). (5.1
5 B const for fy, Jp) (5.1)

Owing to a very steep dependence of the parallel electron heat flow to the target on the

electron temperaturejy ~ Te7/2 /'y, theTg in the SOL, up to the separatrix position, must have
a fairly weak (much weaker than linear) dependence on the input power. Therefore, a roughly
square dependence dg inside the criterion (5.1) (which applies to tifig, = kyps = const

scaling) does not necessarily contradict to the experimentally observed dependence of the H-mode
power threshold on the toroidal field for constant density, which gives for the power flux through
the separatrixBnes/ S ~ B. More detailed analysis of the compatibility of the threshold (4.5)
with the experimental H-mode power threshold will be carried out in Section 8. Comparisons
between this threshold and measured local parameters, rmaimgide the separatrix, will be
made in Section 6.

The skin effect can also provide an explanation for the radial profilgg of the SOL
measured with Langmuir probes in both L- and H-mode dischaxgegpears to be lower near
the separatrix (wher&, is higher) than deeper inside the SOL [22,23], contrary to the expecta-
tions based on Bohm formulae. This indicates possible strong influence of finite skin-depths on
the size of fluctuations (or their correlation lengths) even in the L-mode, at least in the case of
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the electron heat conductivity. There is also evidence for an inverse dependggpaenahe
local T near the separatrix.

The influence of the pressure gradient on the SOL turbulence is manifested by gcritical
in Eq. (4.10). It has the following parametric dependence:

B~ T1/3B"2/3q‘5/3R‘2/3 B~ T1/4B‘1/2q‘3/2R‘1/2 for fip ~ \ED)_ (5.2)
For density, it gives:
N~ T 2/3g4/345I32/3  (y _7-3/4g3/24-3/27112 ¢ fiep ~ \ED). (5.3)

The dependence on is weakened by th&/3 power. Therefore, as a crude guidance,
criterion (4.10) may be looked upon as a threshold for density. For very high densities, the effect
of pressure gradient on the SOL may dominate over the effect of large skin times. Features
typical of the H-mode may become less pronounced. It is likely that in these conditions coupling
between drift and MHD turbulence occurs, dominated by the latter, as a result of which high
frequency MHD turbulence driven by the pressure gradient (grassy ELMs?) may resemble drift
turbulence, masking skin effect suppression, even when the criterion (4.5) is surpassed. This
might explain experimental observations that in some discharges it is impossible to identify any
sharp temporal changes in the character ofthdluctuations, as the discharge progresses from
Ohmic to the L-mode phase (irregular fluctuations are seen oRlghethen to the H-mode
phase with grassy ELMs, then to distinct individual type | ELMs and, finally, to the ELM-free
H-mode [24]. It is not excluded therefore that the decreak;ofith T, may not take place at
all in certain conditions and the dependelgT) is monotonic. These conditions are likely
to be encountered when the paramdjgmhich characterises pressure-gradient-driven insta-
bilities (Section 9) is large.

In addition to the criterion (4.5) for suppression of drift turbulence by the skin effect
which is related with Spitzer conductivity and determines the threshold for separatrix tempera-
ture (for givenB), there is also one fundamental restriction on the very possibility for the
collisional skin effect to suppress turbulence. It comes froncdtisionlessskin-depth origi-
nating from the residual plasma resistivity due to electron inertia and limits the maximum per-
pendicular wave vectdk, so that distances shorter than certain valugpfire beyond the
control of the ¢ollisional) skin effect. It is easy to show that fy = 11/ A, radial turbulent
displacements cannot be restricted by the skin effect if they are smaller than the collisionless

skin-depth defined aA g, = r[c/oope. Numerically, this givesQAggin = 1.67x107/\fne(m'3)

m. Forng = 10'%m? this equals 0.58m This distance has to be compared with a characteristic
displacement of drift fluctuations g = Mg/ fip. For fip =0.2, Te =T; =100eV, B=3T
and deuterium plasma, this equals 100 Therefore,Agrist > Agin, and in this particular
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example the skin effect does have the potential for reducing the size of fluctuations. For
arbitrary plasma parameters the conditdgis > Agiqn, Must be considered as necessary for

suppression of turbulence. It can be formulated as:

PsWp, > Cfio, (5.4)

and, owing topg ~/Te + T /B and Wy, ~+/Ne, can also be presented as a condition on mini-

mum f3:

8M(To+T) _ Mo, 2 _ -5 Mp kap
— . />2_ = f =219x10 55
2 7 m g m H.2H (5-5)

p="T e

ForTe =T =100eV, B=3T, fi, =0.2 andm = mp this gives for the threshold density:

n>25x10"® m™3. The criteria (5.5) and (4.14) have the same parametric dependencies. How-
ever, for fi, =0.2 Eq. (5.5) gives a significantly lowd¥ than the Eq. (4.14).

The dependence on temperature may be eliminated by combining inequality (5.5) with
Eq. (4.5) (elevated to the power 3/8):

15/16 3/16
n>3.2x1018 17145/ /878 -3/sUm U 321 1By 2 (5.6)

Hnp H Ef +TE [GRm Y8 "

This criterion may explain the existance of a lower density limit for the L-H transition
observed in experiments. In typical discharge conditions this threshold should be exceeded for
fip = 0.2 (it givesn>2.7><1018m'3 for “typical” parameters used earlier), indicating that either

fko > 0.2 or that the lower density limit is caused (or, at least, affected) by some other mecha-

nisms (Section 7). Increase in the critical pede§tabften observed in experiments at low
densities may be related with approaches to the density limit (5.6) when turbulent displacements
in the L-mode phase prior to the L-H transition are close to the collisionless skin-depth. The
electron parallel conductivity in these conditions is reduced by electrons’ inertia, andTaigher

is required to cause the transition.

So far, in has been tacitly assumed that the L-H transition is triggered at the separatrix by
virtue of it being the hottest point in the scrape-off layer. This argument, however, should make
the plasma inside the separatrix an even more suitable location for triggering the L-H transition.
There are nevertheless sufficient grounds to expect that it is the separatrix magnetic surface
where the L-H transition is most likely to be triggered. The plasma as a whole, according to
Kadomtsev [25], may be considered as a self-organising system which, through instabilities, is
trying to reach the state of minimum free energy. Such a view is supported by experimental
observations of profile consistency. Boundary conditions imposed on this system at the separatrix
may come into conflict with internal mechanisms responsible for adjusting pressure and current

18



density profiles in the process of relaxation to the final state with optimum profiles. This is
definitely the case when the plasma near the separatrix is “cold”. Sharp gradients of parallel
current density, especially near the edgeg high in the plasma centre and almost zero - at the
separatrix) cause the growth of tearing modes. A large number of non-linear tearing modes
concentrated around magnetic surfaces with rational safety fgetan/n (but m andn num-

bers can be high!) will interact with each other, thereby generating magnetic noise all over the
plasma.

This creates conditions for radial transfer of fluctuation energy across the plasma column,
explaining fast re-adjustment of profiles. The tearing mode mechanism implies that the radial
wave length of perturbations will scale with the machine size (for fimethd n) giving rise to
Bohm-type scaling (see Section 2). According to Kadomtsev, such an “incompletely relaxed”
state of the plasma (provided it is “relaxed” with respect to a disruptive instability and balloon-
ing modes) corresponds to the L-mode. This explanation of the nature of electron heat transport
in the L-modes is supported by fast changegdnobserved in experiment during transient
phenomena. As was concluded in Ref. [26] from the analysis of JET data: “During L-H and H-L
transitions,X, is indirectly observed to change very rapidly close to the plasma edge and within
a few milliseconds across most of the plasma... Similar changgsdocur during ELMs and
soft terminations. Collectively, these events represent anomalous L-mode transport switching
on or off on a millisecond timescale.”

Solutions forp(q) and j(q) found in Ref. [25] for the case of good thermal insulation in
the core (the H-mode), can only be realised for boundary conditions with a pedestajéa) the
profile. This can explain why high conductivity at the plasma edge is a pre-condition for existance
of the H-mode. The H-mode is described as a state with “total relaxation to a minimum energy
with current conservation”. Tearing modes do not grow into non linear stage with high ampli-
tudes (or, at least, do not overlap), and plasma transport becomes “local” with gyro-Bohm scal-
ing for transport coefficients.

An alternative (or additional) explanation for the strong profile consistency observed in
both the L- and H-mode is provided by the idea of a critical temperature gradient [27,28,13] (the
current density profile is, of course, closely related tolgherofile). An empirical Rebut-Lallia-
Watkins (RLW) model [28] assumes a strong increase in getnd x; when theT, gradient
exceeds its critical value. In a series of calculations by Kotschenreuther, Dorland et al. (see [13]
and refs. therein) core energy confinement was successfully reproduced by computations of
toroidal ion-temperature-gradient-driven (ITG) turbulence. Increasing ffig ratio was found
to stabilise the ITG mode, resulting in better confinem@&nprofiles close to marginality (for
the ITG turbulence) were found in H-modes, whereas in L-modes a significant deviation from
critical profiles could occur, especially towards the edge. The core H-mode temperature was
found to depend strongly on the pedestal temperature. These calculations, however, failed to
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predict stabilisation of turbulence outside the edge of the pedestal, apparently due to the neglect

of the effect ofB; perturbations orﬁu.

Despite longer wavelength ITG modes being found to be unstable near the edge of L-mode
plasmas, the ITG turbulence is mainly “local”, wkhpg U1 [13]. To explain Bohm-type con-
finement in L-mode, the scaling @& (or, rather, correlation length of turbulence) with the
machine size is required. This can be provided by toroidal or non-linear coupling of the unstable
modes (of any nature) [29,30]. The combination of “global” (i.e. with some dependekge;of
on R) transport at the edge with “localkfpg = const) transport in the core based on critical
temperature gradient model was shown to correctly describe transient phenomena in JET [31].
Such a combination could explain both the Bohm-type global confinement and profile consist-
ency in the L-mode.

There are two reasons why the separatrix position in particular should be regarded as the
location where the L-H transition is likely to be triggered. Being the boundary between the two
topologically different magnetic configurations (closed field lines inside it and open - outside),
it should be prone to the maximum number of instabilities. Significant problems always occur
when attempts to join solutions obtained inside and outside the separatrix are made. Outside the
separatrix, particle and heat sinks towards the target cause poloidal non-uniformity of plasma
parameters, whereas inside the separatrix profiles should be poloidally uniform. Satisfying the
conditions for the suppression of turbulence near the separatrix should thus be sufficient for the
whole plasma to switch into a state with better confinement.

Another reason to consider the separatrix as a favourable location for the L-H transition is
the existence of short decay lengths of plasma parameters characteristic of the scrape-off layer.
The criterion on the threshold temperature given by Eqg. (4.5) was derived from the equation

D = c?/80. The diffusion coefficient is proportional @4, which, in turn, has an inverse
dependence oAy, . Therefore, shorter decay lengths achieved at the separatrix compared to
more inward positions facilitate the L-H transition by lowering the threshold temperature.

For the mechanism of drift turbulence suppression by the skin effect, the width of the
transport barrier inside the separatrix observed in the H-mode (the so called “pedestal width”:
distance between the edge of the pedestal of temperature and density profiles and the separatrix)
should be determined by the radial extent of the region where such suppression occurs. Further
inside the main plasma, MHD instabilities in combination with drift, ITG etc. waves, are ex-
pected to determine the level of turbulence and the magnitude of transport coefficients.

6. LOCAL PARAMETERS AT THE L-H TRANSITION AS MEASURED IN EXPERI-
MENT

Equations (4.5), (5.5) and (5.6) give thresholds for separatrix temperfatanel, density prior
to the L-H transition that can be compared with experimental results. In recent experiments on
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Alcator C-Mod [32], ASDEX Upgrade [33], DIII-D [34] and JET [35] detailed measurements of
Te near the separatrix have been carried out. However, due to mainly diagnostic limitations the
data are presented not for the separatrix position but for an outer midplane position correspond-
ing to 95% of the poloidal (Alcator C-Mod and ASDEX Upgrade) or toroidal (DIII-D) flux
inside the separatrix, and for major radius correspondir®$66 of Ry, in JET. Since the
criterion (4.5) for the L-H transition refers to the separatrix position, direct numerical compari-
son with the experimental data is impossible to make and only parametric dependencies can be
compared.

In all four machines it is observed that edges the critical parameter for the L-H transi-
tion which supports the criterion (4.5). There is a limit for Taebelow which the transition
cannot be obtained. The limit is the same for the L-H and H-L transitions, implying that the
hysteresis in the input power (lowBfyt is needed for the back H-L transition) often observed
at medium densities is due to the improved confinement in the H-mode that establishes higher
edgeT,.

The critical edge temperature increases with toroidal field in all four machines. The de-
pendencelg oqge = f(B), however, is quite different from the one following from Eq. (4.5) for

the Te =T case: Tg gep ~ V/B. Experiment giveSeedge ~ B4 in Alcator C-Mod, Te egge ~ B

in ASDEX Upgrade andlg eqge ~ B2 in JET. The discrepancy between these results and the

scaling prescribed by Eq. (4.5) is likely to originate from different locations of experimental
data (inside the separatrix) and the separatrix position assumed in the Eq. (4.5). As has already
been mentioned in Section 5, increase in separatrix temperature is severely restricted by steep

dependence of electron heat sink to the targeéfiomgy, ~ Te7/2 /L. That is why separatrife
should be a rather flat function of the toroidal field in a sequence of discharges with increasing
Prput Which is necessary to cause the L-H transition.

In Alcator C-Mod, ASDEX Upgrade and DIII-D no dependence or very weak dependence
of the critical Te ggge ON g (or plasma current) is observed. That agrees well with the depend-

ence of critical temperature following from Eq. (4.5). As for the dependence on density, almost
no dependence oflg oqge ON Mg is Observed in Alcator C-Mod, unless the density is too small

(see below). DIII-D note that there is an optimagiat which the L-H transition power thresh-
old is lower, but the dependence on density is not strong. ASDEX Upgrade report the

Teedge ~ ﬁe_,gd%e dependence. In JET, the dependence on the line average density along the chord
corresponding to 93-94% @, (Well inside the pedestal) could be established. It was found to
be very weakTg eqge ~ (Mg edg’e)_o'083i0'152. Thus, taking all experimental facts into account,

one has to conclude that the absence of explicit dependence on density of the criterion (4.5)
should be regarded as one of its strong points.
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Separately from the dependencelggyge ON Mg, stands the issue of lower density limit

for the L-H transition. In Alcator C-Mod, no L-H transitions were observed for

Ne < 9x10m? in discharges withB =5.3 T. Although part of the difficulties in obtaining
H-modes in low density discharges is associated with higher input power required g ggjse

it is pointed out that “edge temperature threshold is a necessary but insufficient condition for
remaining in H-mode, and that this local condition, unlike global power thresholds, does not

show hysteresis” [32]. The density limit following from Eq. (5.6) would giygy, > 1.1x 109

m? as a necessary condition for the L-H transition in this machine, lower than the expected
Nesep = MNe/3= 3x10"° m® The discrepancy can either be attributedip being larger than

0.2 (due to sensitivity of Eq. (5.6) to this parameter, an assumfyion0.36 would bridge the

gap between the two densities) or to some additional restraints related to the usual difficulties in
obtaining very low density plasmas. For example, DIII-D report that at low densities, locked
modes can raise the power threshold for the H-mode or even inhibit it. As was pointed out in the
previous section, increase in the critical pedegtabbserved in experiments at low densities
may be related with approaches to the density limit (5.6) when turbulent displacements in the
L-mode phase prior to the L-H transition are close to the collisionless skin-depth. The electron
parallel conductivity in these conditions is reduced by electrons’ inertia, and highsr
required to cause the transition.

The dependence of local parameters prior to the L-H transition on the toroidal field direc-
tion has been studied in Alcator C-Mod. It confirmed earlier observations on ASDEX Upgrade
that in reversedd, plasmas the edge electron temperature required to cause the L-H transition is
substantially higher than in normal field ones. In Alcator C-Mod, threshgighe was found to

be approximately twice the threshold values with the noipdirection. This seems to contra-
dict the explanation of the L-H transition through turbulence suppression by the skin effect, or at
least to suggest that some other mechanisms affecting the transition are involved. However, in
can also be argued that an extra power pinch near the separatrix expected in theBpnormal
configuration compared to the reversBdone, due to neoclassical toroidal effects [36], will
specifically affect the separatrix temperature, so that there must be a differenc@dg,ttia
the two field configurations for the sarfigeqge measured at they = 0.95 surface.

In addition, such an extra pinch or outward flow (depending on the field direction) which
also exists for particle fluxes [37], could affect the scrape-off layer widgh, thereby chang-
ing the criterion on the threshold temperature given by Eq. (4.5) so as to explain experimental
trends. This criterion was derived from the equatidyn= c?/80. Since the diffusion coeffi-
cient is proportional tavg, which, in turn, has an inverse dependencégy, sharper gradi-
ents in the normaB; configuration would result in a lower threshold temperature for the L-H
transition.
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A possible importance of the separatrix region in establishing conditions for the L-H tran-
sition is mentioned in the paper from Alcator C-Mod: “... since up-down asymmetries mainly
affect the region outside or just inside the separatrix, the results of reverse field experiments
imply that the extreme edge region plays an important role in H-mode physics”[32].

Regarding the sensitivity of the L-H transition threshold to dimensionless parameters,

data from all four machines suggest thatis not an important parameter. In the L-mode, just
prior to the L-H transitiony" varied from 1.4 to 5 in ASDEX Upgrade and - from 2 to 17 in
DIII-D. Alcator C-Mod note that, due to wide variation Y’ and weak dependence of the
Te,edge ON density, “ .o and[3 are not important variables, or that their functional dependen-

cies are such as to cancel out the density dependence” [32]. The mechanism of the skin effect
suppression of drift turbulence suggests a different explanation. The dimensionless parameter

2 1
characterising collisional skin effect is roughly proportional to the combinﬁﬁqu v

(Eq. (4.1)). Therefore, irrespective of possible separate evolutlanamélvD in the experiment,
the density contribution is cancelled out.

7. DIMENSIONAL SIMILARITY OF TRANSPORT IN THE SOL AND DIVERTOR

Having established scaling laws for the most important mechanisms which influence turbulence
in the SOL, it is worth re-examining the validity of arguments usually used for dimensional

similarity of tokamak discharges. Strictly speaking, exact similarity means fp@mj] andp3.
This makes the problem of simulation of an ITER discharge problematic due to its large size and
toroidal field, as it requires:

B~(@R >4 n~(@R2, T~@R 2 (7.1)

Geometrical parameters such as toroidieitya/ R, as well as safety factay, must also
be fixed because they influence transport. For purposes of restricted similarity it is, however,
important to know how sensitive various mechanisms are to variation of the dimensionless pa-
rameters.

First, the drift turbulence as a fundamental feature of the “cold” and “rare” SOL. The
scaling for the angular frequency of drift waueg gives for a relevant dimensionless param-

eter, namely its ratio to the transit timeg /wy, ~ (p[5_2/ 3, provided kopg = const. This as-

sumption leads to th®p ~T7/6B""'/3(qR)"1/3 scaling for the diffusion coefficient, which is
not far from the Bohm scaling. An insistence on the exact Bohm scaling would require

Kops = JpD; thenwgy /Wy ~ (p[5_5/6. As reality must be somewhere between these two possi-

bilities, pDin any case emerges as the most important parameter for transport simulation in the
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“cold” and “rare” SOL.

In “very low T“ plasmas collisionality becomes important, and the question is whether

o correctly represents its influence on the transport. This appears to be the case. The ratio of

growth rates of interchange and drift instabilitteékglwﬁk% is proportional tog, for fixed

pD. Fixing q, therefore, is a necessary condition for reproducing transport in collisional plasmas.

Complete similarity of turbulence in “cold” and “rare” SOL plasmas requires proportion-
ality between the three frequencies determining the dynamics of the combined drift and inter-
change instability (Section 3):

Wy ~ Wy ~ Wg. (7.2)

Provided toroidicitye is also fixed, this would ensure that such a combined turbulence
behaves in exactly the same way in all machines, with the same mode numbers etc. As another

ratio, wy / W, is proportional to;meg, vI must be fixed too. Thus, all four paramet@%:vm,

€ and g, must be fixed to simulate turbulence of “cold” and “rare” plasmas. This would also
ensure similarity of parallel transport, e.g. proportionality between parallel heat flux in the SOL
and heat transmission through the Debye sheath, as well as similarity of instabilities affected by
finite sheath conductivity. Proportionality betwe&g, and gR and similar behaviour of mac-
roscopic drift motions would also be observed.

Virtually all aspects of transport in the “cold” and “rare” SOL (except for the interaction

with neutrals and other atomic processes, of course) can be simulated bp?i)dﬁg € andq.

It becomes clear that the set of similarity parameters proposed by Lackner [3] (temperature also
fixed) ensures complete similarity of the SOL behaviour including atomic processes, provided
the plasma is “cold” and “rare”. However, even if temperature is relaxed (atomic processes are
ignored), the realistic possibility to simulate plasma transport in ITER using JET as a model can

be questioned, as it implieF: ~ qZRZBZ, n-~ q3R384, and both temperature and density in
JET will have to be made too low.

This gives weight to the proposal made by Hutchinson and Vlases [4] to allow variation of
the safety factoq (to raise it in a smaller “model” of the “reactor”). For strongly collisional
plasmas, however, proportionality between growth rates of drift and interchange instabilities
would require keepingj fixed. But in plasmas which are not too collisional, typical of the main
SOL region, the priority given to the exact simulation of the combined drift and interchange
instability is somewhat lower. As for the correct simulation of parallel transport, it is also af-
fected by atomic physics, especially in high recycling plasmas. Accuracy in reconstructing de-
tails of parallel profiles has already been compromised by the exclusion of atomic processes.

Thus,q and v should be considered as a second-tier parameters, righp%ftmcording to
their importance in perpendicular transport in a SOL which is not too collisional. Unfortunately,
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arguments have to be reversed again when transport in the divertor region is taken into consid-
eration. There the plasma is too collisional for the regimes of practical interest (for the present
reactor concept), and fixing parameters proposed by Lackner [3] (with the excepliphas

to be rigorously enforced in order to simulate transport in both SOL and divertor. However,
similarity of atomic processes will be completely lost, as it requires a dramatic reduction in
density and temperature.

Practical steps in modelling the “reactor SOL” would be: running a code for the “reactor”
(assuming plasma-wall interactions and atomic processes can be correctly described) in which
transport coefficients (ideally, local ones) are derived from experiments on the “model” in very
low power and density dischargd3; obtained in the experiments should be scaled according

to D ~ vAZ ~ Wy R°~T/B (the samey in the “model” and “reactor” is assumed) when sub-

stituted into the “reactor” code. Owing to the- R%B? proportionality which has to be adhered
to in order to create similar conditions in the two machines, the experimental diffusion coeffi-

cient should be scaled up accordingDg ~ R?B when substituted into the “reactor” code. A
potential difficulty in creating similar conditions in the two machines stems from the fact that
fluctuations tend to cover TR distance along the field line. In this sense they are “global”,
and the same poloidal variation of plasma parameters in the “model” as in the “reactor” would
ideally be required. This may prove to be unachievable. For example, it may be impossible to
obtain detached plasma in the “model” for parameters relevant to similarity of the turbulence.
The way3 should be treated for purposes of transport simulation depends on the regime
of operation to be explored. In low density high power discharges affected by the density thresh-
old for the L-H transition (5.6)3 will be an important parameter, as this threshold is essentially
the threshold of8. At higher density, proximity to the L-H transition, characterised by criterion
(4.5), will provide a relevant similarity parameter for the ELM-free H-mode. At even higher
densities, simulation of the MHD activity caused by the pressure gradient, according to Eq.

(4.10), would require observing the proportionafgty- pEZ/B. Thus, conditions expressed by

Egs. (4.5), (4.10) and (5.5), with one of them not exactly being relatgdwaing to specific

details of the radial profiles in the SOL and a possibility TaandT; may differ significantly,

should be given certain weighted factors depending on the regime. In the core the situation

would have been much easier, as the proportionali’fvap[?s_lq_1 correctly characterises
the skin effect.
Finally, in radiative divertor experiments in the L-mode, atomic processes are likely to be

as important as plasma parameters, p%d\)m, g and T all have to be taken into account. At
the same time, skin effect and MHD activity play no role in Ibwlasmas (the latter - only if

[3/pE2/3 is small).
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8. SCALINGS FOR THE H-MODE POWER THRESHOLD

Eq. (4.5) which gives the criterion for the suppression of drift turbulence by the skin effect and
is related to the L-H transition, can be checked for consistency with the experimentally found
dependence for the H-mode power threshold. In line with the dimensional approach adopted in
this paper, the threshold power should scale as:

Rhres ~ R? x ND(Te +aT;)/Agy - (8.1)

Coefficient a is mainly used to distinguish thd. +aT;) combination from(Tg + T;)

which entersp” (present insideD; and A4y ). Since the heat conductivitieg, and x; are not
considered, the ratiaT; / T, describes the sharing of the power flux through separatrix between
ion and electron channels.

Substituting the expressions for the diffusion coefficBptand the scrape-off layer width
Ag found in Section 2 (Egs. (2.13) and (2.11)) for the casigp# kgps = const, results in:

Rires ~ NR2 (T +aTy)(Te + T)Y 21238 72/3(qR) 273 (8.2)

This scaling has to be compared with the experimentally observed power threshold, which
approximately has the form:

Rhres ~ NBRY. (8.3)

There is a significant degree of confidence in the linearity of the dependeRggobn
B, as well as the absence of a strong dependengeAtrthe same time, the value pfcan only
be established with a large scattgr=1.5-2.5, as it involves comparison between different
machines with different magnetic configurations, wall conditions etc. As for the dependence on
density, experimental scalings are usually presented against the line averagergdeAsitye
best fit to the multi-machine database on the power threshold, the ITER Confinement Database
and Modelling Expert Group has adopted the following dimensionally correct scaling [38]:

Rres = 045 % B(T)(ng) 75 Rim)] 2 x| 0.6(ng0)Rm)2] 2> Mw, (8.4)

wherenyg = ﬁe(m_3)/1020. It predictsRy e = 50 — 200 MWfor ng = 0.5 % 10%°m~3. with such
alarge uncertainty in th, ... . prediction, better knowledge of t#e-dependence is crucial for
ITER.

Against the line average density, the dependéhge, ~ 1/% has been reported from
JT-60U [39]. According to Eq. (8.4), it implies tlfg,m~R1'5 dependence on the major

radius, which is very favourable for ITER as it yieldsN®/ for 7, =0.5x102%: > . Recent
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JET data, on the other hand, are best fitted byRihg; ~ ﬁg'75 dependence [35], corresponding

2
t0 Rpres ~ R™.
There is no simple relationship between the separatrix density and the line average den-
sity. It is usually assumed thate, /M = 3, but significant deviations from this relation may

occur. For the purposes of testing the criterion for the onset of the L-H transition given by Eq.
(4.5), on the consistency with the experimental power threshold, the latter will be assumed to
have the form (8.3) where is understood to be the separatrix density, and no attempts to
correct the density dependence will be made. Recent data from JET are in a very good agree-

ment with the linear dependenceRf,; o on the edge densitVB e ~ (neledge)0'9521“0'089 [35].

The ratio of the two power thresholds, (8.2) and (8.3), which can be expressed as:

0.6 103102 7/3
FP~R2—ygTe+aTI) (Te+T|) Te 0 , (85)
0

B(qR)%4 0

must be independent of plasma parameters, magnetic configuration and the machine size, pro-
vided the relation between these parameters correctly describes conditions prior to the L-H
transition. Skin effect mechanism for the L-H transition roughly satisfies this criterion, since for

TL63(T, + T)037

the case okgps = const it can be presented in the forrf——C =
B(gR)™

which follows from Eq. (4.5) and is close to the combination inside the square brackgts of

This mechanism can explain the absence afependence (with an insignificant difference

~ g% which contributesq™/# dependence td% that should be ignored) provided

=const (Eqg. (5.1)),

(Te + or'l'i)o'6(Te +T; )0'3Teo'2 scales a§'éL63(Te +T, )0'37 over the range of machine/regime pa-
rameters which contributed to thBye ~NBRY scaling. Fora =1, this requires

Te ~ (Te +'I'i)0'37 proportionality, which seems probable as in the regimes with high edge tem-
peratures typicallyT; >>T,, as invoked from the comparison between the power deposition
onto the target measured with IR thermography and calculated power deposition from Langmuir

probes which measur&, and particle flux (see e.g. [40]). As for the dependence on major
radius,y =1.75 is required to makép independent oR.

For the alternativep” scaling of the perpendicular wave vectdps ~+ p©,

0.67 0.281-0.22 (/2

_ +0T, +T , . -

~R? VE(Te afti) (Teo 3;-') Te [0 . This has to be compared with the condition

O B(aR)™ O

7247 (T, + ;)03
B

=

=const (second in Eq. (5.1)). The discrepancy with the scaling agqinst
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033 s larger than in the previous case, contributiﬁﬂ;’2 de-

inside the square bracketsg
pendence tdp which seems significant. However,ffT + T; /RB is used forpD rather than

JTe+ T /0RB, then the qg-dependence inside Fp will change:

0.67 0.281-0.22 (/2
- + ; + [ - . .
o~ R? VE(TQ oti) nge 013-'3? Te O .Asforthe L-H transition threshold, it will take
Bg-T R
0 q O
T2'17(T +T-)°'33
the form: -& Beo 33' =const, and the difference im-dependencies between the two
q°

expressions almost disappears. An explanation of the L-H transition through the skin effect
would requirey =1.5 in order to make independent oR.

Finally, the kopg ~ pD dependence yieldg =1.0, which is in a clear disagreement with
the R-dependence of the experimental H-mode power threshold. Therefore, the possibility of

the kops ~ pD scaling for the wave vector near the separatrix position in the L-mode, prior to the
L-H transition, must be completely ruled out.
The conclusion to be drawn from the above analysis is that the power H-mode threshold

must have approximateRy, e ~ RY"° or even weaker dependenceRifas the dependence of

Kops on pDis expected to be somewhere betwkgpg = const and k;pg ~ V pD possibilities,
but seems to be closer to tkgpg = const case), in order to be consistent with the skin effect
suppression of the drift wave turbulence as a mechanism for the L-H transition. The dependence

Bhres ~ RV s quite favourable for ITER. Threshold power following from Eq. (8.4) in this
case is only 69IW for Ny = 0.5 x10°m™3, B=568 TandR=8.14 m

9. EFFECT OF HIGH SEPARATRIX T AND 3 ON THE DISCHARGE PERFORM-
ANCE: DENSITY LIMIT IN ELMY H-MODES

As both the input power and density are raised, the relative weight of the two mechanisms
specific to highT and 3 plasmas should increase, first, near the separatrix. The balance be-
tween them must have a profound effect on the overall discharge performance, because they
control the L-H transition and cause ELMs. It is of particular interest to have an idea about the
relative strength of these two mechanisms in ITER. What will be more important: the stabilising
effect of turbulence suppression by large skin times (fiigbr the destabilising effect of MHD
instabilities (higi3)?

To answer this question, criteria (4.5) and (4.10) should first be expressed as ratios (l.h.s.
over r.h.s.), to yield threshold parameters:
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A-n = B3R/ 3 gn 7 (f) (9.1)
D1/3 72/3
FB qn(TB;-T)DT ‘(:T %E Mﬂ_/S(fkp)l/?) (92)

For the radial decay lengths near the separatrix, there may be deviations from the scaling
for Agy given by Eq. (2.11) which is still employed in the paramekgrsy and Fz (the same

remark could be made with respect to all the results on the L-H transition obtained so far). Right
at the separatrix, the decay lengths should be affected by both SOL physics and transport proc-
esses inside the separatrix. Since, however, the very origin of steep gradients at the separatrix is
ultimately due to the particle and heat sinks onto the target, it would be natural to assume that the
SOL mechanisms have certain supremacy over those inside the separatrix in establishing the
gradients. Another extreme case of My~ a scaling, which completely ignores the SOL phys-
ics, is considered in Section 10.

There is insufficient confidence in the validity of the dependencg onthe beta limit
given by Eq. (4.10). On the other hand, the scallifig~1/R for fixed q is quite common to
characterise thresholds for MHD phenomena. Since safety factor is about 3 in both ITER and
typical JET discharges, in the following analygisvill be assumed fixed.

The net temperature dependence insiderghearameter can be eliminated by expressing

(Te +7T;) through F__ and substituting intd:B, leaving only the dependence on the'T,
ratio. For the case ofy, = kgpg = const this gives:

88 —1/24
ETTe+TiDO R4 44 pi/42m O

BTRAETE e #MUEpE ©3)

This formula allows one to establish the ratio of separatrix densities in two different ma-
chines that would ensure similar pressure gradients, provided they both operate just above the
H-mode power threshold or at a fixed excess offthey parameter over its value correspond-
ing to the L-H transition.

The density irFB can be replaced with its value normalised to the Greenwald density limit

Ne = nGW(m"3) :1014|p(A)/Tra2(m2) [41]: Kgw =n/ngw. The dependence dfgy on
major radius and toroidal field can be established when this limit is given the form of the Hugill

density limit [42] (for the fixed plasma elongation, the functional dependence of the two limits
is essentially the samefigy ~NHygii ~ B/dR (q dependence will be ignored). Since the

Greenwald limit refers to the line average density, the direct relevance to this limit can only be
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made if a fixed proportionality betweeny, andng is assumed. For the caselgfps = const,

one obtains:

+T [P88 KGWZérf4M1/4 1/24

_rl/4 e
R e e O

The physics behind the Greenwald limit has originally been related with the degradation
of the core particle confinement and associated increase in power losses at the edge due to
convective power flux and/or atomic processes (charge-exchange, ionisation and impurity ra-
diation), as larger fuelling is needed to maintain high density near its limit [41]. This leads to
lower edge temperatures which affect current density profile. Aftejjtheshrinks sufficiently,
sharper gradients at the edge will cause instabilities arising from the free energy contained in the
poloidal magnetic field, leading to a disruption. Such a scenario seems to be applicable to radiative
L-modes. In contrast, in the highest density H-modes in JET and some other machines a “soft”,
non-disruptive density limit is observed, with the density rise limited by the degradation in the
edge confinement associated with increased ELM frequency [43-45].

In JET, the Greenwald limit can be reached but not exceeded in ELMy H-modes. Accord-
ing to Eq. (9.4), similar problems will be encountered in ITER. The dependence on major ra-
dius, however, suggests a possibility of modest improvement in ITER in this respect. For the
samek; as in JET, provided the temperature ratio and other parameters are also théggme,

in ITER can be increased compared to its value in JET by a fac{&-gir/ RJET)1/4 =1.29
for Rter/Ryer =8.14/2.96. Reducingzg and the Mach numbeM, should also have a

beneficial effect. The influence ag on theFB parameter is obvious: according to Eq. (4.5),
higher zg increase the edgg, necessary to maintain the discharge in the H-mode, and for the

same pressure a lower density is permissible. As for the Mach number, its influence has to do
with the profile effects. According to Eq. (2.11), lardéj reduce the SOL width, , thereby
increasing the pressure gradient at the separatrix, so that a smaller separatrix density is permis-
sible for the samer. The reduction inM; can be achieved by increasing recycling in the

divertor.

Conclusions about the beneficial role of high recycling in the divertor (provided all other
parameters, mainly separatif and T; present inF__y are fixed !) cannot be fully justified
within the framework of the present model. The model ignores the effect of neutrals on the main
plasma. If the divertor is not closed enough, or there are leaks from the divertor to the main
chamber (by-pass leaks), the neutral pressure will increase near the walls, resulting in the cool-
ing of the edge plasma. Whether the ionisation source from these neutrals increases or reduces
density gradients near the separatrix, depends on density and temperature distributions across
the SOL.
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Another deficiency of the present model is its neglect of the electron heat flux through the
separatrix. The model predictions, therefore, are better justified when most of the power to the
scrape-off layer is supplied through the ion channel, since ion heat conductivity is much more
likely to be governed by the same scaling laws as the diffusion coeffitignFinally, the
extremely weak mass-dependence in Eqg. (9.4) may not reflect the full extent of possible isotope
effect in density limits, since this dependence may be implicitly contained in the magnitude of
the fi, =kgps parameter which was supposed to be fixed.

Criterion (4.10) for the onset of the ELM activity does not include any dependence on the
collisionality. Experiment, however, seems to suggest that resistivity has a strong impact on
ELMs [46]. Therefore, complete similarity of the ELM activity also requires the same

veD = Zff an/Tez.

For the case okpg = const, VE can be expressed as:

_ DT TDO K Zéﬁ4Ml/4 D1/8
CRHETE TR Brpd ©9)

Comparison with Eq. (9.4) shows thEé and VE have the same scaling against major
radius as well as againggs and M. Thus, the maximum density normalised to the Greenwald

limit is expected to scale &4 for fixed FL-H, Te/Ti, Nsep/MNe, Q. Zgr and (here, a “similar”
effect of neutrals on the profiles should have been the more appropriate formul4fion)

For thekpg = \;D case, the scalings take the form:

D'L K Zgﬁ 018[] 008
I:9/20E'T +T Mj m O 1 9.6)
B-RHET H T RUZeT Bl
» DT+TD0 Kaw ng.fz 0.27 mD013
eTRTRETE T g bl ©7)

In the VE dependence, foBitgr/Bjet =5.68/3.4 Kgw can be increased by 11% in
ITER compared to JET, and the collisionality will still be the same in the two machines. At the
same time, the scaling of tH%B parameter against major radius is much more favourable for

ITER. The factor of access g\, over JET is 1.70. Since the fundamental source of the ELM
instability is the pressure gradient (gradients of current density are the dominant source of MHD
instabilities only in “cold” edge plasmas, as in radiative L-modes), the significant reduction of
FB in ITER indicates the possibility of a significantly lower ELM activity. Thus, it appears to be

that hopes of exceeding the Greenwald limit in ITER are justified. Since the scaling law for the

wave vector should be somewhere betweerkgipg = const and kpg = V“JpD cases (but more
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likely to be biased towards thepg = const case), the favourable scaling against major radius
suggests a possibility of an increase over the Greenwald limit in ITER by about 30%.
Even larger excess over the Greenwald limit may be possible in ITER or the tem-

perature ratidl; / Te could be reduced (dependenciesMjpand m /mp are more complicated
issues as was pointed out earlier). Another way to raise the maximum (core) density is to in-
crease the ratidlg / Ng o by Using pellet injection as has been done in experiments on ASDEX

Upgrade [45] and DIII-D [47]. InASDEX Upgrade, steady state ELMy H-mode discharges with
line averaged densities of up to 1.5 of the Greenwald limit were achieved by a combination of
repetitive pellet injection with moderate gas puff fuelling [45], despite this machine being much
smaller than JETRyeT / Raspex-u = 2.96/1.65, giving rise to 14% smallegyy than in JET

for “similar” edge parameters, according to Egs. (9.4-9.5)). This, however, was achieved at the
expense of a dramatic reduction in confinement. In DIII-D, line averaged densities of up to 1.4
of the Greenwald limit were achieved. However, good confinement (ITER89P H-factor around
1.75) at such a high densities was maintained only transiently, with radiation rapidly increasing
above the input power accompanied by a degradation in confinement.

10. INFLUENCE OF THE A, ~Ag ASSUMPTION ON THE MAIN RESULTS

In the previous analysis, the scrape-off layer widtlyy was used as a characteristic radial
decay length near the separatrix. This assumption, as was pointed out in the previous section, is
justified by the fact that the very origin of steep gradients near the separatrix is ultimately due to
the particle and heat sinks onto the target. Still, transport processes inside the separatrix should
definitely have a certain impact on the scaling for decay lengths at the separatrix position. The
validity of some important results obtained so far, therefore, may be questioned. This, in particu-
lar, applies to the conclusion that ITER will exceed the Greenwald linkitdf = const scaling

for the wave vector is adopted, then the validity of this conclusion hinges on a rather weak

dependence of thEB parameter on major radiusR=/4,
In order to check how critically the results obtained depend on the previously made as-
sumptions, it is important to derive scalings fgr_y, k3, Fp and VE parameters in another

limiting case where the SOL physics is totally ignorkg:~ a. In the following analysis, the
safety factor, zg and the Mach numbev, will be assumed fixed, anfigy will be replaced

with the major radiugR. With these assumptions, Eq. (2.13) for the diffusion coefficient should
be replaced with:

1 T p
DH ~ — _¢€ s 10.1
0 ~ CsPs fkp T.+T R ( )

for fixed frg. This results in:
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(10.2)
for kgpg =const andkpg ~NF cases respectively. Criterion (4.5) for suppression of drift

turbulence by the skin effect, which in effect is the condition on the separatrix parameters prior
to the L-H transition, will take the form:

2T+ T
B%R

52 4
Te/ (Te +7i )]/
Bs/ 2\#TQ

FL—H ~ and FL—H ~ (103)
for kgpg =const andckpg ~ JF cases respectively.
The threshold power ratioFp (Section 8) can be expressed as:
1/3 1/6 1303
Fo ~ R3/2” VDr (Te + )" "(Te +0Ti) 0, for kgpg = const. At the same time, separatrix
D BVR 0

parameters prior to the L-H transition must satisfy the condition:

7;5/4 (Te + 1; )1/4
B\JR

independent of major radius.

Frm~ = const. Hence, they =1.5 assumption is required to make

For the case of kDpS~JpﬁD scaling, Fp can be expressed as:

ia yDr2’5(T +THVI0(T, +aT)2/5D5
R BRL/3

D D
23 _Te (Te + T
B BR./3

dependent of major radius.

The L-H transition occurs at

Mo ~

= const. Hence, they =1.33 assumption is required to make in-

For the ELM activity, thex, ~ R assumption gives:

83 91
F3, e +T0% Kew and a1 le +T07 Kaw
B ~F-Hp T, 0 Re73l3 B~FR-HE T, 0 ROMBSII

(10.4)

for kpopg = const andkpg ~ J;D cases respectivelXgy = n/ngy in ITER can be increased
significantly compared to JET, by at least a factor of 2.3, for the $gme

The scaling forvg can be expressed as:

19
—8/11DT +T d) KG
HH 1, H R

and ve ~R = (10.5)
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for kgpg = const and kpg ~ J;D cases respectively.

Compared with the previously analysed case of\the Ay, scaling, changes in all im-
portant critical parameters are beneficial for ITER. The threshold power for the L-H transition,
edge pressure gradients and electron collisionality in ITER would only be lower if the decay
length A, scaled withR, due mainly to favourable scalings against major radius. Positive con-
clusions about ITER operational space obtained earlier should therefore be regarded as fully
justified. At the same time, they are more appropriate for projection to ITER than the results
obtained in this section.

CONCLUSIONS

The assumption that drift waves are the fundamental source of turbulence in a typical “cold” and

“rare” SOL plasmas (lowl andf3, but not too high)D), combined with experimental results on

the relation between perpendicular wave vectors and ion Larmor radius, allows one to derive the
diffusion coefficient. The dependenkgps = const (LJ0.2 as a statistical average), which seems

to be supported by observations, results in a near Bohm scaling of the type

Dy ~ T7/GB"4/3(qR)_1/3, being numerically close to the Bohm diffusion coefficient for typi-

cal edge parameters. An insistence on the exact Bohm-type scaling rdxg]p'ges\fpm. Real-
ity must be somewhere between these two possibilities. Validity of Bohm- and near Bohm-type
scalings must break down in “very cold” plasmas (Eq. (3.6) gives an absolute minimum for the
temperature threshold). Collisionality controls dynamics of the combined drift and interchange
instability in such plasmas, and’is an important parameter.

Finite 3 effects reveal themselves through MHD instabilities caused by the pressure gra-
dient (increases witl) and by the skin effect. Thellisional skin effect, caused by Spitzer

. : . . T2 7l :
conductivity, can be characterised by the dimensionless comblrmtqpﬁr v " in the main

plasma, and, being proportional a, physically is controlled by temperature. Since drift
turbulence is accompanied by fluctuating parallel currents, the skin effect is capable of reducing
its level by splitting wide flux tubes. The skin frequency for the drift fluctuations with the radial
displacementl is: Vi = c? /80n? (kr >> kg andA = 1t/k; are assumed here). At lofy, the
frequency of the drift fluctuations is much lower tharvgi,. The critical temperature for the
onset of a strong influence of the skin effect on the drift turbulence correspondsug;p,.

This equality can also be expressedas= N2y =c? /80 - the condition for equal rates of the
plasma diffusion into the magnetic field and the diffusion of the magnetic field into the plasma.

The same criterion can be derived by equalisingtlisional skin-depthA )| sin = c?/8ov
to the radial displacemei\. For Tg > Tg it the size of the fluctuations is limited by Acqjj sin
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and the relationDp = c?/80 is observed. Owing t@ ~Te3/2, the diffusion coefficient de-

creases with temperature Bg; ~ Te_3/ 2 in contrast with the increase according to Bohm- or

near Bohm-type scalings at lovy.
The dependenc®(T), therefore, is non monotonic. Once the crititglat its peak is

reached, first near the separatrix (reasons why the separatrix should be a favourite location for
this event are given in Section 5), drift turbulence can be suppressed by the skin effect and the
temperature may have a sudden upward excursion. The time scale for fast profile re-adjustments

within the layer of the order of the fluctuation size is ~80 msTfor T, =100 eVandB=3T
in JET. This is interpreted as the L-H transition. The analysis yT@f&@(TgTi)?’/ 8/B(qR)1/4 as

a critical parameter for the L-H transition for thkepg =constscaling for the wave vector of the

fluctuations (I'G}3/6(Te + Ti)1/3/ B for thekpg ~ JpD case). In dimensional space, the bifurca-
tion is attributed to the involvement of two dimensionless parameters in the L-H transition phys-

ics: pD and B/vatg.

Another necessary condition for the suppression of turbulence is thetllise®nless
skin-depthAgin ~c/wp, ~1/ \/Ne, being the lower limit of distances controlled bydbéisional
skin effect, must be smaller than the size of drift fluctuations in the L-mode:
Agrit ~ k1 ~ps ~ VT /B (kgps = const is assumed here). The requireméyin < Agrift
imposes a restriction on minimugwhich, when combined with the temperature threshold for
the L-H transition, defines a lower density threshold for the L-H transition. Increase in the criti-
cal pedestall, often observed in experiments at low densities should be related (at least partly)
with approaches to the density threshold. Near this threshold, turbulent displacements in the
L-mode phase prior to the L-H transition are close to the collisionless skin-depth. The electron
parallel conductivity in these conditions is reduced by electrons’ inertia, and highsr
required to cause the transition.

The mechanism of the drift turbulence suppression by the skin effect implies such a rela-
tion betweenTg, T, B, q, R and ng at the separatrix prior to the L-H transition that ensures
consistency between the experimentally found H-mode power threshold of the type
Rhres ~ NeBRY and dimensionally correct scalifyes ~ R? x NeD(Te +aTj)/Agy - Once this
mechanism is adopted as an explanation of the L-H transition, it clarifies the uncertainty over
the value of the powey in the Ry, s dependence on major radius existing in the present multi-
machine database on the L-H transition. This coefficient must $4-75, or even lower. Ac-
cording to dimensionally correct scaling developed by the ITER Confinement Database and
Modelling Expert Groupy =1.75 corresponds to the threshold power of less thal\ROfor
Me =5x109m3,

The critical parameter for the L-H transitioR (), together with dimensionless param-

eters characterising the pressure gradiE@)‘. and the resistivity\(g'), create the set of similar-
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ity parameters describing ELM behaviour. The scaling for the separatrix density normalised to
the Greenwald density limite s / Ngy With the machine size and toroidal field which ensures

“similar” ELM behaviour can thus be obtained. For the fixed similarity parameters, the analysis

yields weak ¢ R1/4) but favourable dependence @f e /NGy 0N the major radius. In recent
experiments on JET and other machines, the degradation in the edge confinement associated
with increased ELM frequency was found to be responsible for the density limit in high power

H-modes. Owing to the approximateIR}U4 dependence, an excess over the Greenwald limit,
Ne/New by about 30% higher in ITER compared to JET for “similar” conditi@nsng sep / N,

separatrixzgs and theT /T ratio, wall conditions, the use of pellets etc.) in ELMy H-modes is

predicted. This is with the provision that a limit on the central density, related to mechanisms in
the plasma core, is not encountered.
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APPENDIX 1: COLLISIONAL DRIFT AND INTERCHANGE INSTABILITIES

Analysis of individual instabilities in collisional plasmas can be found in [Kadomtsev B.B.,
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Pogutse O.P., in “Reviews of Plasma Physics”, Consultants Bureau, New-York - London, Vol.5
(1970) pp.296-303], as well as many other sources.

In light of a special importance attached to drift and interchange instabilities in the SOL, it
is worth giving a brief guidance through physical mechanisms responsible for these instabilities.
For simplicity, only the density gradient as a source of an instability will be considered.
Inclusion of temperature gradients does not lead to any new quality essential for dimensional
analysis.

Suppose a radial displacement of the plasma at some point has created a bulge on the line
of constant density. Such a perturbation will usually be stretched along the field lines, with

A < 2moR, so that there exist small parallel gradients of density. On the figure, the profile of the
bdlge is continued by dashed lines to reflect a

conventional approximation of all perturbations Eg
by exp[i(kr —wt] in the slab geometry. The
radial structure of the bulge (wave vectQ)
is not reflected in the figure but will be ac-
counted for in equations.
At the centre of the bulge the electric
potential has a maximum, to compensate for
the parallel electron pressure gradient (electrorés

obey Boltzmann distribution in the absence of friction), provided electrons move fast enough
along the field lines to react on changes in the electric potemtiat> w/k. Finite parallel
wavelength is essential for Boltzmann distribution of electrons, so that they could move away
from the bulge along the field lines. On the other hand, ions should not be too fast to escape the
bulge along the field lines, so that it would quickly disappear< w/k. Thus, the restriction
on the parallel phase velocity will beg <<w/k << vy (the conditionv; << w/k is also re-
quired to avoid strong kinetic mechanism for the wave damping: Landau damping).

The poloidal electric field has its maximum and minimum on the fringes of the bulge,
whereasEg = 0 in its centre. Thereforegg x B drift will be shifting the two sides of the bulge
in opposite directions radially, and the whole structure will effectively move up. This is a drift
wave; it propagates in the electron diamagnetic direction. Whether the size of the bulge will
grow as it moves, is determined by mechanisms which affect changes in the ampliigde of
acting across the bulg@Kg) and shown on the following figures.
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lon inertia leads to the so called drift in-
stability. Heavier ions are slightly shifted along
oscillating Ef; in phase withED =dEg/dt,
in addition to theirkE x B drift. The resultant
current (the polarisation drift) is given by:
io= nmczED/eBz.

As the bulge propagates like a wave over
the plasma, the phase of the poloidal current

(~ Ee) is such that it peaks at the centre of the

bulge, while being zero at its fringes. There-
fore, divg j Will pump a negative charge to ion inertia
the top and positive - to the bottom of the bulge
(assuming a sinusoidal wavgy is reversed at
the centres of the two neighbouring “anti-
bulges” depicted by dashed lines on the first
figure). The sign of the variation in the poloidal
electric fielddEg is such that the bulge should
grow. The rate of growth will depend on the
magnitude ofdEg. If the ion-electron friction
is negligible, the charges will escape along the
field lines without creating significant magni-
tude of 5Egy. Collisionality, therefore, does not
lead to the dissipation of the bulge, but, on the
contrary, facilitates its further growth. [IB—drift

Vertical [IB drift is responsible for the interchange instability. At the outer midplaBe,
drift is exactly in the poloidal direction. Opposite directions of this drift for ions and electrons

result in the net current density of their Larmor circlgs= +2n(T, +T;)/BR. Owing to the

poloidal variation of density created by the bulggjs not poloidally constant andivgjg will
pump a positive charge to the bottom and negative - to its top fringe. Again, as in the previous
example,dEg causes growth of the bulge. The same arguments applied to a bulge localised near
the inner midplane would create the same directiadEgf(upward), but there thEg x B drift
acts so as to eliminate the bulge. That is why the interchange instability has positive growth rates
on the outboard and negative - on the inboard sides of the magnetic surface.

Finally, there exists the effect of finite ion Larmor radius which tends to stabilise the
instabilities. It requires the inclusion of the radial structure (fikijeof the mode in the analy-
sis. Large Larmor radius of ions slightly averagesEgecting on the whole Larmor circle, so
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that theE x B drift velocity for ions will be smaller than that for electrons giving rise to the net
G 2 — 1.2 2 = 2,12
current densityj g = —Sen dE x B]/B*, where S= kAT /mw{” andkg = kg +ky .
In the linear approximation, perturbations of the electric potential are assumed to be small:
d/eTo<<1. This also implies small perturbations of densify, and electric field,

E= -0¢ =-ikd (all perturbations have aexp[i(kr —wt] structure with different phases).
Expressions for all three contributions to the perpendicular current should be linearised (prod-

ucts fip etc. are neglected) and substituted into the quasi-neutrality equaligr:0
(krjfr +keie +k”j~|| =0). This gives for the individual contributions to the parallel current:
= k3 I [hmc? /B2 o for the polarisation drift,j = fikg /ky (Te + T;)/BR for the OB
drift, and j~|| = -ikgSed Bk [@ [éin/dr for the effect of a finite ion Larmor radius.
Perturbationsi and ¢, as well asw and components of the wave vector, figure in the

expressions foﬁ”, whereas the objective is to find th#k) dependence. There are two equa-
tions to attain it. Parallel electron equilibrium equation reads:

—0pg /05| — eny| + jjmeve /€=0. (A1.2)
All three j~” are to be summed up and substituted into the linearised form of this equation:
~ikyfiTe =i Cenkyd + jymevei /€. (A1.2)
Density perturbations are described by the continuity equation:

6n/6t+div(ncE><B/BZ) 0. (A1.3)

Its linearised form isfi= —kgdc/wBdn/dr. It allows one to replac@é with ¢ in the

parallel electron equilibrium equation. After such a replacement and cancellafignhef dis-
persion equation will be obtained:

W2 +i [Bwg +i [Mows =i modwsioog(ke/km)z =0. (A1.4)

Herewy = kgcTe/€BA, is the angular frequency of the drift wave, also responsible for the
polarisation drift (ion inertia) giving rise to the drift instabilitgqg = 2(Te+Ti)/m R\, de-
scribes the effect of the verticalB drift, leading to the interchange instability at the outer
midplane (sign “+”), or stabilisation of turbulence at the inner midplane (sign “-");

Wg = WjWe/ Vg Elkﬂzlk% characterises the ability of spatial charge to diffuse along the field lines

without creating perturbations of electric potential (proportionad;ﬂ)); o=T/Te.

41



APPENDIX 2: SCALINGS FOR D AND Ag, FOR DIFFERENT DEPENDENCIES
OF kpps ON p”

Adopting any particular form of the dependeriggg ~(pD)°‘ for different a gives rise to
different scalings foiD both in the main plasma and in the SOL. For the frequency of fluctua-
tions, the assumption that turbulence consists of drift waves gives:

w-—kal (A2.1)
B x (size)

where the characteristic radial size should be taken as minor etbushe core and\g; - for
the scrape-off layer. An expression for the SOL width contains the diffusion coefficient:

Ay ~ (DoaRINTYY2. (A2.2)

In order to find botA g, and Dy, another equation which relates the diffusion coefficient
with kg and the frequency should be used:

Dy ~ /K3 . (A2.3)

These three equations allow one to obtain the following scalings:

K-Ps o R const 1/yp" 1/p"
core =11 B a B2 a B® a B>2a/gR | B®agR
oL 1516 GRS T 1761|743 4 782 1

0 B2/3 B B4/3 (qR)1/3 B5/3 (qR)2/3 B2 gR
TU6 U4 ol qus sz L2
Agl W(QR) W(QR) W(QR) 5576 (aR) B

The most probable cases for tb@ scaling are in the fourthk;pg ~ const) and third
(Kops ~ \;D) columns, the former corresponding to the gyro-Bohm scalin@foin the core.
The g-dependencies will change for all the cases apart &Kgpg ~ const when pD ~JT/RB
is adopted instead @ ~ /T /qRB.
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