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Density Limits: Some Basic Aspects

* Not a review!

* Greenwald density limit:

32’2 Z hao
e Line averaged limit = QIVJ

R=ng~— 3 @mple dep@
Plasma Current Limit a ot BegS Orlgln Of I SCa lng’?' "% t
1 /
t

Stellarators?

* Most fueling via edge > edge

* Manifested on other devices

— See espemally RFP (n~I scallng) —1_ éfb
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» Often (but not always!) linked to:

< —@radiative condensation instability) <—> Impurity influx

, _ Pacdislwd —p condens<Vio) = coofiqg
— MHD disruption - DT 1; -5 Tu-f‘fv - IOc‘Nu,o f‘(«\

- (:Eillirtor detachment &— ﬁ%
P —

€ H=>L Back-transition
MB. [ ADLL. (H-medg Densvy Lwil) = 1)
e 7/ hadk Fraasctoa,

Y —_ _
W — <

P —_



riody || Lesmod proker o ben )
froSue || C‘Seoﬁ b5 BEAS ETE ]
¥




et TR

e zi:‘fem j ; -s(-E—.,@ﬁ S fec i\-

s Prtuloned (weck) kot




Y




= I\/\,-SOL_

— Jots =€ TR = Leywmus Arehq
T (soaee Zetr —DRok Uason

5

s tt"\aLeVG ‘,—*—- L'Z(d/lﬁ‘ Q¢ Me a@u ‘\Q“M.C'V\j

de P — LR VAN
) I =55y a7 5
l’, L\@f\{g{fa ' “C VoS® ,0));156
p— cwm‘b‘é-&gl\)) ‘Q\e}c@J\‘H\, Ssee k
7PNV Y (he¥ w44
Lt - ey
L poradihetr




— Cad BTl = ( seo :ii,_=]
/"‘\-—-’
DT }L’-’\, R8M -D'O Bl
™ SL W< 211 ¢
_ o Qwé" L "l\u.aq&> kﬁno
7 YT
' ‘OJ\‘;"_ WaueQ~ ) L X'&’Q‘\A/Ed ‘o | |
‘\«) eArs d} nae—ele v, Mgy cie L3
clees ot Mt E , | el
| Now, -c’.cde,lfa hetic ‘Qe\r\@'uu‘\h ';\S' net

JeS

What doe

57

.

Ohgecurd,

Exns i

T kulé«\& Cenre], —®

‘{Mk@d

@ap (R 2:77?3 D

A

‘;u\z?c"‘}) —F D"/‘H(O:"LI‘L{C)U eead cd ‘:-{—e

= ﬁ,‘e\(‘ ;P —_— $)\E_,d_; I LQ> e\
/5o, i EE R

W&q o lKaw =\ Q&Q’%& RTG{O)\J‘F @
Stel)atetod | |

ij&:/:t@:: -lwﬂ

Ryetr TEAT = wd
PR
Q_Q-Q-ed@ o\ QM’SD'Q"H\Z'

gt

1=




VOLUME 65, NUMBER 20 PH

IYSICAL REVIEW LETTERS

12 NOVEMBE

Evidence for Confinement I

The electrostatic fluctuatior
shear close to the outermost ¢
local steepening of the density

similar characteristics and co
confinement.

PACS numbers: 52.55.Fa, 52.25.

Quantitative comparisons on the

TEXT tokamak

demonﬂtrate that electrostatic fluctuations are a major
cause of the anomalous particle and energy transport' in
Ohmic |discharges as suggested previously by other ex-
periments. 23 In addition, a radial ele¢tric field E, has
been shown to modify the global confingment* as well as
the edge turbulence and electrostatic-fluctuation-induced

transport.>> Most recently a series of
been conducted on the Constant C
(CCT)|using a highly biased emissive

experiments has
urrent Tokamak
electrode.® The

biasing| triggered a transition to a regime with the

charact
regime
most successful paths to improve the pl

ristics of the high-confinement

mode (H-mode

first reported on ASDEX 7), which is one of the

sma confinement

in tokawnaks. Associated with the transition on CCT was
a measured increase in E,, and thus in the rotation veloc-
ity ve=Vg xp. Such changes in E, haye also been ob-

served

on DIII-D, a large tokamak, at|the transition to

the H mode.® Since the physics of H modes is not well
understk)od, this is a motivation for further experimental

studies.

ovement by Velocity-Shear Suppression of Edge Turbulenc

Lin, T. L. Rhodes, and A. J. Wootton

er, The University of Texas, Austin, Texas 78712
(Received 10| April 1990)

1s are decorrelated in the region of a naturally occurring E,xB velocity
tlosed flux surface of regular Ohmic TEXT discharges. The concomitant

profile and suppression of the fluctuations are consistent with theoretical
predictions. The high-confinement mode (H mode) [found in other tokamaks shows in exaggerated form
uld thus be related to the same mechanism leading to a locally improved

The
mechan
edge el

rotatior

above experiments suggest that one possible
lism for improved confinement i§ a change in the
ectric field, and concomitant change in the ExXB
| velocity vg and the fluctuation [levels. Theoreti-

cal work®~'* shows that, if changes in r
result in an angular-velocity shear, the
be reduced leading to a decreased outws
this paper we examine the theoretical p
bulence suppression by sheared plasma
on results from TEXT we demonstrate
tion between velocity shear, reduction o
and local improvement of the confinemel
A vellocity shear due to a peaking
close tt the outermost closed flux s
characterized on TEXT'* and other ¢
mean velocity of the fluctuations per
measured with a two-point correlation
laboratory frame of reference,

o= % lo/ko(@)]sk0)/ %

dial electric field
n turbulence can
ard transport. In
redictions of tur-
rotation. Based
a clear correla-
f the turbulence,
nt.

plasma potential
irface has been
levices.'S!'” The
pendicular to B
technique in the

Sk,w),

© 1990 The American Physical Society

is dominated by veg =E,/B effects,'® as shown

1(a), where vy is the diamagnetic drift velocity
contribution to vz from Vp is thus small and only
varying with radius.) The density and floating pq

:R 1990

(¢

n Fig.

(The
slowly
tential

fluctuations, 7 and &, are reduced in a region shifted to

larger r/a from the shear region by roughly half
dial shear width, as shown in Fig. 1(b). The mean
ty is slightly steepened in the region of maximal sh

T T T T

E ion dir.

g
(3]
=
=
0 1 ] 1 k el 0
© 38
”."E 2 3 :w
2 | B
—_— F 3 =
cu E c 3 0 % c
=
0 1 1 l 1
0.95 1 1.05

the ra-
densi-

FIG. 1. Radial profiles for a discharge with B, =2 T| plasma

current of 200 kA, and chord-averaged density
=2x10'3 cm 3. (a) Phase velocity of the fluctuat]

f Nchord
ions vph

(closed circles), v, xp plasma rotation (open circles), and drift
velocity vs. (b) Density and floating potential fluctuations.

(c) Density and velocity shear. The statistical error fo
dual shots is of order the symbol size and shot-to-shot

r indivi-
reprodu-

cibility is given by the individual symbols. The systematic er-

ror in the plasma position is 0.5 cm or r/a==0.02.
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shown in Fig. 1(c). The steepening is
but conFistently found on reproducible d

The (one-point) correlation time 7
tions measured in the laboratory fram
obtained from the e-folding time 7 of th

functio$ R@,r)=(x,r)x(t +1,1)).

quantity x(z,r) is the ion saturation cur
al to density) and the angular brackets 1
ing oveT a temporal interval large comps
semble [averaging over several realizatio
we find 7}®=10+1.5 us behind the
(r/a=1), 2+0.4 us at the location of
and 531 us on the bulk plasma side o
(r/a=0.95).

Similarly we compute the normalized
function between two points r and r+6r

y(z,1,61)=C(z,1,6r)/[R(z=0,r)R(z=

where tj\e cross-correlation function is

C(z,r,6r)=(x(t,0)y(t +7,r+61)).

\
By var?ing the Langmuir-probe separat

the co

toroidali

not pronounced,
scharges.

P of the fluctua-
e of reference is
e autocorrelation
The fluctuation
rent (proportion-
represent averag-
ared to 7 and en-
ns. From Fig. 2
: velocity shear
maximal shear,
f the shear layer

cross-correlation

0,r+5r)11/2

on or we obtain

relation lengths in the radial, poloidal, and
directions from the separations for which the

peak values of y(z,r,8r) decrease to 1/¢ of the values at

or=0. | The resulting correlation leng
plasma | side of the velocity shear

0,=0.5 cm, 0y=1 cm, and ,==100
study tl"e dependence of the correlation

hs on the bulk
r/a=0.95) are
200 cm.'® To
ength on the ve-

locity shear we measured the fluctuations simultaneously

with an

array of four probes separated poloidally and

toroidally by a fixed distance of 6 =3 mm. As shown in
Fig. 3 [the peak values of the normalized cross-cor-
relation|function decrease in the shear ldyer with respect
to the yvalues on either side for both radially and po-

loidally | separated probes.
since the probe spacing is within a cor

(The decrease is not large

relation length.)

Furthermore, the t dependences of y(z/r,dr) in the po-
loidal aTd radial directions are similar in the shear layer.
|

b " t/a=0.96 | " 1/a=098 a1 |
8 lab ab, TP=10us
< 0.8 = 5usi | 2= 218 < 1
Sl NN
Eoar . N GE N _GE :
~ t ] ]

0.0 = LU ‘J] Ve

Of 1 10100 1 10 100 1 10 100
T [us]

FIG. 2. Normalized one-point correlation

function for two

positions| on either side of the shear layer and in the velocity
shear. Dotted curve is the absolute value. Arrow indicates e-

folding time 7/2°.

2544

The turbulence is thus isotropic perpendicular

to the

magnetic-field direction, in contrast to the turbulence on
either side of the shear layer where the decorrelation is

faster in the radial direction than in the poloida

direc-

tion, consistent with the correlation-length measure-

ments.

Relating the experimental observations to theoretical
models, we can form three groups of questions: (i) What

causes the peaking plasma potential leading

to the

strongly nonuniform electric field? (ii) Can the free en-

ergy in the velocity shear drive instabilities? (iii

the velocity shear suppress turbulence and thus i
the confinement? The first two questions are only
addressed for completeness.

On TEXT the width of the plasma potenti
which is connected with the velocity shear is typi
cm and thus approximately of the width of a poloi
Larmor radius (banana orbit width) for the hot-
with v*(v) < 1. The positive peak of the plasma
tial causing the nonuniform radial electric field
possibly due to a differential orbit loss mechanism

briefly

| peak
ally 2
al ion
on tail
poten-
is thus
at the

outermost closed flux surface.'’?®2! Mechanisms caus-
ing a nonambipolar transport may also generate such

effects.

For the strong velocity shear measured her
Kelvin-Helmholtz (KH) instabilities?> must be
ined. The radial extent over which significant fluc
levels are observed experimentally is much large

e, the
exam-
uation
r than

the velocity-shear region. Further the fluctuation level is

reduced and not enhanced in the velocity-shear
Based on these experimental results, the KH inst
is not expected to dominate the edge turbulen

region.
ability
ce. A

theoretical study also comes to the conclusion that the

edge plasma of TEXT is KH stable because of the
izing role of the magnetic shear.’

Before the velocity shear is sufficient to destabili
instabilities it is already capable of reducing the a
turbulence level due to the fissuring of fluid el
subject to a velocity shear:'? A nonuniform radia

stabil-

ze KH
mbient
ements
1l elec-

tric field (E/=9E,/dr=0) causes in a slab a velocity dif-
iy
08 o o A
_ e o] ]
E \_f'-—t
£ 06 -
T 1F ; ‘
2 of L
5‘ 02 F \S=—""1" @ radial |
- V///////% \ © poloidal 7
O 1 1
0.95 0.975 1 1.025
r/a

FIG. 3. Peak values of the normalized two-point cor
function for poloidally and radially separated probes wi
separations of 6r =3 mm.

relation
h fixed

o9
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» Argue: Edge Particle Transport is crucial

— ‘Disruptive’ scenarios secondary outcome, largely consequence of edge

cooling, following fueling vs. increased particle transport

— n, reflects fundamental limit imposed by particle transport

A Classic Experiment (Greenwald, et. al.)

— Density decays without disruption after

F-==\ipl 2204

shallow pellet injection
P

_kylasymptote scales wit W, &G

[QE——— ] —) Density limit enforced by transport-

ne .
% o3 0.3( o — induced relaxation
Time (s)
E (Alcator C) — Relaxation rate not studied Cf)
B0 |




* More Evidence for Role of Edge Transport

= k.
— Post-pellet density decay time vs J /7.
ﬂ’

— Increase in relaxation time near (usual)

limit: [/ 7 ~ 1+

C— V=4, (F Tucteations Z,I/ )

~ — PelletinDIll-Dbeatn, A
—

— Peaked profiles <= enhanced core

particle confinement (ITG turbulence

&Em 1 ":.;.c.»t;:»‘_’;;::"w':.;,‘;:4:,.,{*:":'-‘?;.' A re duce d ,?)
0 L N I . ........,l“";
9 i .
Input Power (MW) — Reduced.particle transport M,
Ny LA e A S
== PR
o Radiative Power (MW) w
1400 16‘00‘ 18‘00 2000 2200 24’00 26]00 2800 Ptb‘ld-'
Time {ms)

N.B. Deeper deposition
: : L?Q-&%LHL L R~
=4 F=made (GVessy =
[ Q#H —



Density limit €-> Fluctuation Structure

Deep' Probe-Scan Proflle Reng A |
. . { -—0.74 5 .
SO Ty T I e SR "|zes| | »  Average plasma density increases as a/
it . ] e— S == 0,34 i .
“ap ey ] U‘_.__...__.IDWJ“—"?I : kﬁt_\-_:‘“_ result-of edge fueting = edge
0%} Mgy Densily | - S PO O, i itv limi
7 s e ] transport crucial to density limit.
Zqp19 15— a0l = ‘1\ Temperature |
J e o \‘L“‘“-—'\%.,
E it eretrein] | *  Asnincreases, high 1 transport
- Awo-Coreraion. | 1, & T : e
§ g 10Times v, dal) P r=ter region extends an
g 2 roL 7 ":' —p -y .
§ ol ;iu" Ctuation activity increases.
i e o~
=3
: ; * Turbulence levels increase and
M 5T 15 erpendicularparticle transport
P (mm) e Separatrix ! Distance into SOL (mm) —
Increases as n/ng - 1.

C-Mod profiles, ’ L ~

Greenwald et al, 2002, PoP \VV ky z

M. 8. ,Zvv\,ol\e&e/ e D.L r-uLc't‘e\fQ)'
N-b. c&\v\f\)l)u,&/’\«>
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(Y. Xu et al., NF, 2011)

wne=1.5x10"%m F
T

<
<n>=2.0x1 i,ﬁl!:"x"" LRC vS nh

5 B o
T T

N
}( 4

* Decrease in iImum correlation value of LRC

)

i .-ff"'\, }
Eroe ;\\/f

o o oo O o

B

1INCTe at the edge (1/a=0.95) in both
TEXTOR and TJ-II.
“oo0 —1om 0 o0 200 - = v
(a) lag {us) * Athigh density ((n.) > 2 x 10'° m=3), the
L - ' | ] LRC (also associated with GAMs) drops
rapidly with increasing density.

‘\ /«:’"::\ \: /1] (i.e. ZF strength)jas Tinie averaged density

m ok A D

o3 (=) (-]

|

he reduction in LRC due to increasing density
is also accompanied by a reduction in edge
mean radial electric field (Relation to ZFs).
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3 35 4 4.5 5
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DL nmfweegoderaiy 10 m Is density timit related to edge shear decay?
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Recent Experiments - 2

(,Mf o GQ&V\SL“'j /:"‘\,I

F (b

(Schmid, Mans et al., PRL, 2017) - gellaxator experiment.
e T exp.)

Experimental verification of the importance of
collisionality for large-scale structure formation in TJ-K.

Analysis of the Reynolds stress shows a decrease in
coupling between density and potential for increasing
collisionality — hinders zonal flow drive (Bispectral

study) coll t‘\eia«\sh""-:)/ - "{'e"\gsh

.01

Decrease of the zonal flow contribution to the total
turbulent spectrum with collisionality C.

a) Increase in decoupling between density (red) and potential (blue) coupling with collisionality C.
b) Increase in ZF contribution to the spectrum in the adiabatic limit (C—0)

C @) adiabaticity k2V2 /) ’




Basic Results *  Fluctuation Properties

 OH, I, ~150kA, By =1.3T,q =35 - 4
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t. al. (NF 2018)

Recent Studies, Hong, e

T, S R L i, fng == (L6 fi, { e = (L8

* Joint pdf of V., V, for 3 densities, 7 - n,

T —Tsp =—1lcm
* Note:

— Tilt lost, symmetry restored as 71

— Consistent with drop in Pg,

= Mgl =»Weakened shear flow

production by Reynolds stress
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Key Parameter: Electron Adiabaticity

3 4 ' ‘ : Z2p2
: s o kijvin A ;
@ 1 * Electron adiabaticity a = Ial)llv emerges as interesting
‘l . ei
¥ i
9 L

local parameter. a~3 — 0.5 during 71 scan!
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* Particle flux 1 and Reynolds power Pg, =
— (V)0,{V;Vg) | as a drops below unity.
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N.B. Plasma beta remained very low / —& brolds R.BM,
T coxay

o ) 0 C



Svnthesis of the Exberiment

ence and [) (particle transport) rise as ﬁl - 1.
—— L’ ¢

[|Vth

» ZF collapse as a = drops froma > 1toa <1. (o© via Z¥F

o\,eMgOcQB
(Eect ongrodyction
mn‘ ANANS e .
+ Degradation in particle confinement at density limit in L-mode is due to breakdown

*of self-regulation by zonal flow
JE— ‘—

*\ Note that £ in these experiments is too small for conventional Resistive Ballooning
es (RBM) explanation.
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The Key Questions

« What physics governs shear layer collapse (or

maintanance) at high density?

< ‘Inverse process’ of familar L>H transition !?

ie L>H: {shear layer = barrier
e ] turbulence

Density Limit: strong é{ shear layer,

turbulence turbulence

=> In particular, what is the fate of shear flow for

Mot @eﬂeﬁa“}/ - Trony Ca”t‘“—’\ﬂl«\#f .
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Step Back: Zonal Flows Ubiquitous! Why?

* Direct proportionality of wave group velocity and wave energy density flux
to Reynolds stress €-> spectral correlation (kxky)

Causality <-> Eddy Tilting A A A A A A

O ro |

ety =Pk fle} {Rossby) o N AR XX

2> y=2B kxky/(kJZ_)2 ] l l l
SToMe

> (@Vx) =—2k kxky|¢k|2

So:I(q>0(,8>0)(--)kxky>0-)(l7yl7x)<0 ; e

<= 1

+Outgoing waves generate a flow convergence! = Shear layer spin-up

——
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— But NOT for hydro convective cells:

__|ahda

1/2
r == 2] — for convective cell of H-W
2k1ps

© Vo= _ Zrps w, €?7 (UVy) = —(k,kg); directlink broken!

kipd
- Energy flux NOT simply proportional to Momentum flux =
~ Eddy tilting ((k,kg)) does not arise as direct consequence of causality
=> ZF generation not ‘natural’ outcome in hydro regime! ' L—

=> Physical picture of shear flow collapse emerges

T

L



~ Dispersion Relation fora <land a > 1

&1+ k2 p

k2 p2

) i "41.4,(1 a(1 + k2 p2)
\ Alf—’s ( i‘_:_p:_ ))

i X ) 1
Dispersion relation:  w = - ( 3
2
v
Vei
212
kiiV the
veilwl
Adiabatic Limit:
(> 1land @ > |w|)
Wadiabatic = i ! 5 -|- g -
‘{_ llp v

Wave + inverse dispersion

Hydro Limit:
(a<K1land @ < |w|)

)
{ -*
]

Whydrodynamic == \(" )}, p (1 + E]
Y1Hs

Convective Cell

(Classic Drift Wave)

key: a« < 1 — drift wave converts to convective cell
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ZF Collapse €-> PV Conservation and PV Mixing?

- Bads to

+o the Stert How reconcile?
8 Rossby waves:

el 7& * PV =V2¢ + By is conserved from 6 to 6,.

/
/ / o
{ Al
! 1 S8 L\

Quantitatively

Total PV flux T, = (#,h) — p2(B,V2¢b)

———=———+Total vorticity 26+ @ frozemin= Change
" 7 in mean vorticity  leads to change in local NP )
\\\_,__,,,/ vorticity w — Flow generation (Taylor’s ID) Adlal?atlc limit @ >> 1'. . :
+Particle flux and vorticity flux are tightly
coupled (both prop. to 1/a)
Drift waves:

s WHW,q=Inn—-V23¢p =Innyg+h+¢ —
V2¢ conserved along the line of density
gradient.

Bleeially * Change in density from position 1 to position
2-> change in vorticity = Flow generation
(Taylor ID)

Hydrodynamic limit ¢ < 1 :
- Particle flux proportional to 1/v/a.
- Residual vorticity flux proportional to

Va.

PV mixing still possible without ZF
formation - Particles carry PV flux

.
Radius

Branching ratio changes with a!
)

d
Flw, Fludts
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