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Abstract 2120

For more than 3 decades, sharp electron temperature jumps at the plasma edge in H-mode or in ITBs in
the plasma core are interpreted as regions with suppressed t ransport - “transport barriers”.

The key assumption in this interpretation is the existence o f the perfect magnetic surfaces. In fact, for
the plasma edge there is no minimal experimental or theory re ason for plasma having good magnetic
surfaces at the edge. Instead of the widespread but baseless assumption, the relaxing of it leads to the
understanding of temperature pedestals, consistent with t he basic experimental data and free of plasma
physics miracles, like “transport barriers”.
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1 Discovery of H-mode and ETB

4/20
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Quiescent H-mode regime on DIII-D 5/20
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“The quiescent double barrier regime in DIII-D” by
C. M. Greenfield, K. H. Burrell, E. J. Doyle et al. Plasma
Phys. Control. Fusion 44 (2002) A123-A135.

Figure 4. Kinetic profiles from a QDB (103740) and
ITB with an L-mode edge (99849). (a) lon and (b) elec-
tron temperatures, (c) electron density, (d) radial elec-
tric field, and (e) E x B shearing rate.

There are many similar pictures from different regimes on DIII-D and
from other machines.

The record Tfed ~ 6 kV was achieved in QHM
regime.
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2 Core-transport based interpretation of pedestals

6/20

The basic assumption is that the plasma confinement zone (cor

e) extends till the separatrix
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In the core heat flux
q

= —nxVT.

Accordingly, the sharp temperature gradient automaticall
neo-classical level in consistency with experimental data -

y means reduction of x till the
the transport barriers.

(2.1)

Wow, such an unbelievable gift to FES plasma physicists from

The number of publications, highlights, grant applications
less (certainly measured by thousands) - the plasma edge is t

the tokamak edge plasma !

, XPs, related to the ETB is count-
he key to magnetic fusion.
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3 The logic of LIWF: from the plasma edge to the core 7120

1998

1999

2000

2004

2005

2005
2008

2012

High edge temperature is natural for the plasma with a pum ping walls
(Krasheninnikov)

Te%¢ ~ [ PAV/T ~ ENBI/5, edge temperature is similar to 7?4
R.Stambaugh. APS-2000. Quiescent Double Barrier H-Mo  de regime on DIII-D
K.Burrell, APS-2004, by saying “Edge Harmonic Oscilla  tions do not affect the
pedestal temperature” has triggered the understanding that the tip of the tem-
perature pedestal is the end of the confinement zone: TPred = Tedge

The confusion of naive expectation to reduce the Te%¢ by RMP on DIII-D was
envisioned.

The edge was basically understood. Stabilization of EL Ms by Li was predicted.
The basic theory of the pedestal was presented to RMP Mod  eling Workshop,
August 25-26, GA, San Diego CA. L.E.Zakharov “Where is the edge in toroidal
plasma”. The same time the crap of screening was introduced (Boozer, B e-
coulet).

The outstanding damage being made by the core transport theory to magnetic
fusion was specified and spelled out.
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3

The plasma edge is the end of the confinement zone 8/20
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(here, T is the particle flux, I'9%*! is the gas influx to the plasma surface)
Recycling R;. # 0 amplifies particle fluxes from the plasma and the gas puff
In conventional plasma In LIWF regime
d l T NBI 4 1gasl d l
I\Zege—wwa — l_R_:cycl > FNBI FgaSI < I\NBI, Ffege—rwa ~ I‘NBI
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Tedge is the boundary condition for the core transport 9/20

From the edge the energy fluxes are transported to the wall by t he particle flux:

5% 2 1 — R,
_Iwzdge—'wallTeedge — / PedV, T:dge — ~ I/ Pedv’
2 v 5I‘core—e ge _|_ I‘gas vV
heat source
for electrons
3.1
5 edge—wall edge edge 2 ( )
i % = [ Pdv, T9° =  Pav.
v 5I‘core edge _|_ I‘gasI
heat
for ions
These Krasheninnikov’s boundary conditions determine T;‘de

Four effects, determining the edge temperature, are reveale  d here explicitly:

1. Recycling 1 — R (i.e., wall conditions) is the most critical

2. Total heating power [ PdV

3. Core confinement I'¢ore—edge

4. Outgasing of the walls T'9251

Edge temperature does not depend on transport coefficients n ear the edge.

This property of T°¢%¢ allows to determine the position of the plasma edge experimen tally
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Energy confinement zone 10/20

RMP experiments on DIII-D have determined the size of the confin ~ ement zone

Confinement zone, Te |

For the first time the confinement zone for electron energy was
specified at RMP Modeling Workshop, August 25-26, 2008

T, (keV)

\ 1. The pedestal Té’edesml is found insensitive to RMP  —
8,35 . os w Téoedestal is the Teedge N

Normalized flux ()

The tip of the T, pedestal is the boundary of the confine-
sl ment zone for electrons.

2. RMP do penetrate into the confinement zone:
The gradients

T; (keV)

n'(xz), T, (z)

Jin the core are reduced by RMP - no indication of “screen-
ing”.

0.85I — ,0.5‘30‘ — ‘0.65‘ — ‘1.00
Normalized flux (y4) 3. Different positions of the “edge” for 1., T;, n. are possible

The pedestal is situated outside the energy confinement zone

o

E

= There is no electron energy confinement in the pedestal re-

< ) gion.

0 kA, 2 KA, IrnP—coil

T.Evans at al., Nature physics 2, p.419, (2006)
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4 Basic mistake in the core-transport based logic

11/20

The unconditional application of diffusive
transport model
tion of experiments had never been justified.

g = —x VT for interpreta-

There is no minimal theory or experimental
reason for assumption that the confinement
zone with perfect magnetic surfaces at the
plasma periphery.

A.l.Braginskii in Reviews of Plasma Physics
v.1, 1961 explains the basics of the diffusive
transport.

226 S. I, BRAGINSKIL
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Let us first consider diffusion. Diffusion occurs in a specified medium
which we will assume to be fixed and not affected by the particles that dif-
fuse through it.

Assurne that the particle density isn(x) (Fig, 4) and that each particle
is displaced through a distance Ax, with equal probability for motion to
the right or to the left, in the time 7 between two successive collisions,
In unit time, the plane x = x, is traversed in the positive direction (from
the left) by half of the particles which experience collisions in the layer
between x, — Ax and xg; the other half of the particles move to the left
as a result of collisions. Assuming that n(x) does not change greatly over
a distance Ax so that

an
n(x) =n(x)+ gz

P (x — Xo)s

we find that the unidirectional flux from the left is

Xo

an Ax]dx
"

N & B :
Ty “:7,‘ ?n(x)d.\‘:'z—[”(xn)_ﬁ_f

xp—Ax
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4.1 Unidirectional fluxes and diffusive transport

12/20

Diffusive transport q=nxVT is a result of cancellation of opposit unidirectional
fluxes
Te
pe. = 0.75 1072k
B
pl =0.32%——
T
Ae N
ve=1.38-10°-==%. 32/02,
v=2> P > Thev (4.1)
A T T A@N/i Nn2o
- > v; = 2580 - . ,
3/2
17Vﬁg Ikev
A n
VE s =103 = _
’ 15 BrTiev
: A T20
to =831 —. ———
Hm/s 17 BrTev
e ~ Vz ~ 10 120 (4 2)
Lm/s = “Lm/s T T BT ey .
Diffusive transport is a result of mutual compensation of un idirectional fluxes
5% 5%
Q= [(NTV )a—p — (RNTV,)atp] ~ —EpV (nTV)) (4.3)
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4.2 Unidirectional fluxes and parallel losses 13/20

erted into parallel flux

After crossing the separatrix the unidirectional flux is conv
Perfect magnetic surfaces are assumed

VI
~ 1.32-10"\/Tkev,

Parallel velocities

Ve =
Ve (4.4)
. VT s
V' = ~ 3.1-10 Ikeva
VA LL

Free flow case, connection length is shorter than the

mean free paths L < A.
15 . Tk?eV 17\/ﬁTk?eV (4.5)

Aé =93. — Al =125
" Ae Mg " AiV/2 mnag

5 5 Ly,
—nT*¥°V, Ly,2nR = 5frf_redgev” A27R z’ (4.6)

The thickness A of plasma layer with open field lines sufficient to destroy the d iffusive
transport is determined simply by
=P 4.7
THEORY
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4.3 Criterion of destruction of diffusive transport

14/20

The part of the core with destroyed magnetic surfaces has para

over diffusive one if the width of the perturbed region A

llel transport dominant

I 20

C

L < A

(4.8)

> .
™= 12.5.108 BrTY2

The connection lengths of the order of 12 km (!) are able to dest

roy the diffusive transport

The replacement of free flow by the parallel thermal conducti
afactor L/(3.2).) leading to a complementary estimate

on x| = 3.2V A, introduces

S 2 TLag L, 2
Acm 2 .103)\e 3/2 — .103
12.5-103x  g,732 — \3.7-10

2
LD

L >\,
BTTI:e/‘zf,

(4.9)

Still the connection lengths of the order of 3.7 km (!) within a r
destroy the diffusive transport.

In the SoL the dominant role of the parallel transport is well
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4.4 Criterion explains the edge pedestal

15/20

With kms long connection lengths the same criterion is applic

able for the plasma edge

ped > Lm

cm = L1083 3/2°
12.5-10 BrT;!

n
20 .L'< Ae,
keV
e (4.10)
7/2° L> )\e
BTTk:eV

The density and temperature dependence of
vations of pedestal regions.

A are consistent with experimental obser-
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5 LIWF pedestal theory is consistent with experiments 16/20

RMP experiments on DIII-D have determined the size of the confin ~ ement zone

Confinement zone, Te | 1. The magnet_ic field in the_ T, p_edestal is already highly per-
o _ ‘ turbed, making pedestal insensitive to RMP.

‘e I
s
b

2. The edge T, pedestal is right behind the confinement zone
for electrons.

T, (keV)

There is no electron energy confinement in the

pedestal region.

1 1 1 | I 1 1 I 1 ! L 1 s
085 0.90 0.95 1.00
Normalized i (i) 3. T, T;, n. have different extents of the confinement zone.

4| 4. As the boundary condition for the core transport Ted9¢ i
- JUSHT] unshakable by RMP.

5. The screening of RMP is a fantasy of TTF. RMP do penetrate
into the confinement zone. The gradients

n'(xz), T, (z)

T; (keV)

0w 0% 1w _
Normalized flux () in the core are clearly reduced by RMP.
6. The edge density drops due to enhanced transport in the
core resulting from RMP penetration.

=
£ 7. = =
= Reduced m°™¢ and elevated T ¢ (as well as re-
o duced SoL currents) result in shrinking the edge

" o pedestal.
0 kA, 2 kA, IRMP—coil
T.Evans at al., Nature physics 2, p.419, (2006)
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6 Scrape Off Layer Currents as a primary player at edge

17/20

plasma edge.

SOLCs exist even in the most quiet plasma. They are the key to t

he understanding of the

SOL current and MHD activity in DIII-D

B (T)=-1.998 40
(MA)=-1.297
#114906

#114906 | #114906

20

-20

ITLF12A295 (&)

SOLC
Interrupted

-40 L L L L L
40 '
2 - | #114906
ITLF12A340 (A) SOLC
20F Interrupted -

-1, (MA)

(qg5)/6 &

T

Py (20MW) | 1 -20
0 : I : I , fq\\\
0 2000 4000 BDOQ
time (ms) _40 \
0 1000

Figure 3. Pictorial discharge summary: the left-hand panel shows I,
in units of megaamperes, P, in units of 20 MW, gqs divided by 6,
B, and the nominal no-wall limit (here, 4 li). The right-hand panel
shows the plasma boundary and four exterior flux surfaces in the

2000 3000 4000

t (ms)

5000 6000

Figure 4. Signals from tile current sensors in tile ring #12 A in the
discharge shown in the previous figure. It has a period of QHM over

Todd Evans, Hiro Takahashi and Eric Fredrickson (NF,2004) h
activity on DIII-D. SOLCs are the first candidate for intrins
the temperature pedestal.

ave found a link between SOLCs and MHD

ic perturbations, which determine the width of

COUNLCr-INb 1.

Leonid E. Zakharov, Experimental Seminar, May 14, 2013, PPPL, Princeton, NJ

PRINCETON

PLASMA PHYSICS
LABORATORY

MPPPL

THEORY



6.1 Physics of thermoelectric SoL currents 18/20

Any asymmetry in distribution function along field lines in S oL drives the SoL currents

Basic theory: P.J.Hartour. “Current flow parallel to the field in a scrape off layer” , Contrib. Plasma Phys.
18 4/5 p. 417-419 (1988)

Theory and measurements on JET: P.J. Harbour, D.D.R. Summer s, S. Clement, et al. “The X-point Scrape-
Off Plasma in JET with L- and H-modes” , Journal of Nuclear Materials 162-164 236-244, (1989)

Refined theory: G.M. Staebler, F.L. Hinton.  “Currents in the scrape-off layer of diverted tokamaks”, Nu cl.
Fusion 29 1820 (1989)

J|| o J,-Sat'y(ATjOL) x en’S°L TEOLATEOL. (6.1)
-0.95¢ 0.35
-1.00}
0.30
-1.05}
o =10 029
’é’ N -1.158 1020 =
- a0 : 2
-1.25}
1301 0.10
-1 -35 | . ~ ‘ | ':.-:,_I.. ...:..“.. g.gEL
1.0 1.1 1.2 1.3 1.4
R (m)
A. Wingen, T. E. Evans, and K. H. Spatschek.  “Ef- M. Rack, A. Wingen, Y. Liang, K.H. Spatschek,
fect of thermoelectric current splitting on the mag- D.M. Harting, S. Devaux and JET-EFDA contributors.
netic topology in DIII-D” Phys. Plasmas 18, 042501 “Thermoelectric currents and their role during ELM
(2011) formation in JET” , Nucl. Fusion 52 074012 (2012)

Nothing like this is coming from PPPL
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6.2 Edge “transport barrier”. a fantasy or a reality

19/20

In figure, the normal person see the same sudden drop of ion and

electron temperature

at the plasma edge. The certified experts of TTF see a remarkable “transport” bar rier

— QDB

(1037403.3s) |4 Figure 4 Kinetic profiles from a QDB (103740) and ITBwithan L-  mode

E 10k 4 (ngrgggeffgg) | edge (99849). (a) lon and (b) electron temperatures, (c) ele  ctron den-

= t+ s, ‘ sity, (d) radial electric field, and (e) E x B shearing rate. The picture of an

i trae M T H-mode below was taken arbitrarily from paper “The quiescent double barrier regime in

(b) g """" =% DI|I-D’ by C. M. Greenfield, K. H. Burrell, E. J. Doyle et al. Plasma Phys. Control. Fusion

with suppressed radial transport.

has no electron confinement.
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44 (2002) A123-A135. There are many similar pictures from different regimes on DIII-D

% 4 :"H"*L““t and from other machines.
< 0 S What GK theory sees on these plots is a sharp gradient of elect ron
_ temperature in the pedestal region, which is located inside the sepa-
ratrix ( p = 1). For GK this automatically means the presence of two
zones of confinement: a core and the “edge transport barrier” (ETB)

At the same time, a normal physicist would notice a similar sh arp
gradient on the ion temperature. In this example it is clearl y located
outside the separatrix. Nobody would suggest a transport ba rrier in
the open field line region where there is no confinement. A norm al
physicist would reasonably suggest that the sharp electron temper-
ature gradient has the same reason - open field lines, rather t han
mythical “edge transport barrier”. Accordingly the pedest al region

DIII-D experiments with QHM and especially with RMP have con  firmed

common sense and the interpretation of a normal physicist: f or elec-
trons the confinement zone extends from the magnetic axis to t he top
of the temperature pedestal. In the pedestal region not only there is

not any transport “barrier”, there is no confinement at all.
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/7 Summary 20/20

e The kinetic effect of cancellation of diffusive transport is revealed and the corre-
sponding criteria (4.8,4.9) are identified.

e Destruction of magnetic structure and strong parallel transp ort exceeding unidirec-
tional plasma energy/particle fluxes leads to the steepenin g of temperature profiles.

e The dependencies of A on n, T are consistent with experimental observations.

e This property of the parallel transport explains the edge te mperature pedestal and
basic phenomena observable in tokamak experiments.

e The core confinement zone does NOT extend to the pedestal regi on.

e Applied to the plasma core, the same effect may explain forma tion of internal tem-
perature pedestals in the zones with strong magnetic perturb ations and destroyed
confinement.

Regarding the question in the title
“Are "transport barriers" a zone of good confinement or of its ¢ ollapse”

the answer is obvious: "collapse".

As the recycling coefficient in the present, irrelevant to fu sion, plasma regimes in toka-
maks is close to 100 %, the fraction of fake papers from TTF fac tory on transport barriers
IS similarly close to 100 %.
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