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Edge plasma physicsisimportant for fusion research

« What isthe “edge”?
— just inside the separatrix (~cm’s) to the wall

— some tokamak specific, much generic to
magnetically confined plasmas

* Programmatic: [Loarte, ITER Physics Basis 1999]
— edge parameterscritical for performance,

— power handling: “wall” damage by impact from
plasma; SOL width

— wall content (tritium inventory)

— scrape-off-layer (SOL) environment for RF
antennnas
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Classical picture of the edge: plasma flowsto divertor

classical picture

 turbulence diffuses plasmaflux across
separatrix (anomalous)

« plasmaflowsaong field linesto divertor
classical assumptions
o paralel losses (rl = cS/L”) dominate in the
scrape-off-layer JSOL)
« weak diffusive process set SOL width, A
A= (D)t 2
but early observations in edge revealed
o very large amplitude, intermittent fluctuations

e coherent structures
— Goodall 1982
— Zweben 1985
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Fall of the classical picture:
main chamber recycling and blobs

e Alcator C-Mod experiments. large fraction of plasma
flowsto wallsinstead of divertor [Umansky 1998]
o SOL trangport not diffusive (<< DVn) but convective

(> NVeony)
— far SOL profiles can be flat

-V VS. Cg

conv

convective

r

e plasmas convects across SOL in thin field-aligned blob-
filaments

[Krasheninnikov 2001; D’Ippolito et al. 2002]

— main ingredients of blob physics known previously

— blob now emerges as fundamental, individual, coherent
obj ect
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EXPERIMENTAL

Fluctuation PDFs show skewed non-Gaussian tails,
and have a universal char acter

o) Antar, Counsell, Yu, LaBombard, Devynck
8} (a) - MAST Phys. Plasmas 10, 419 (2003)
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‘T . e PDF = probability

distribution function (for
fluctuating quantities)
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PDF of | Is skewed towards rare positive
events (non-Gaussian)

large events propagate radially outwards ...
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Probe signals show intermittent transport

D. Rudakov, J. Boedo, R. Moyer et al., PPCF 44, 717 (2002) [DIlI-D]

I d H mode EL.M ELLM
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2D imaging techniques show coherent structuresin the edge
and scrape-off-layer

« Gas Puff Imaging on C-Mod, J.L. Terry et al., 2003 [C-Mod]

NSTX and other experiments prajection of
separalrix outboard limiter
— Zweben, Terry ’

]

e Beam Emission Spectroscopy >
(BES) on DIII-D ©
— McKee

» |arge (cm) scale objects emerge
from near the separatrix and
propagate radially outwards

(<-- down) Vertical Direction (up --> )

(<-- in) Radial Direction (out --> )
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Characteristic time and space scales

 gpatia correlation length L B (*blob” radius): a,=0.5-3cm
* radia size of edgeregion: 5- 20 cm

 correlationtime: 7. = 10'sof us

e structure (“blob”) velocity: v, ~ay/ T, ~ 10° cmi/s = 1 km/s

« paralle correlation (connection) length: L= 100's of cm

o pardld loss (flow) time T~ 100’s of us

o tokamak edge/SOL plasma characteristics
— Ng= 1012 101 cm3
— To=5-50eV
- p< L, &
— Mg <L, = collisional = try resistive, fluid modeling
— ch T. >> 1 = gyro-averaged (low frequency) theory

Lodestar/Myra/MIT-2008 10



Outline
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e current closures
e physical mechanismsof blob dynamics —— « €electrostatic blob
regimes
 modeling of NSTX/GPI

e turbulence saturation mechanisms and flows
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Curvaturedrifts & charge separation
drivesinterchange modes

e unstable interchange mode
e crestsbreak off = blobs
 troughs penetrate in = holes

VExB Q V-JJ_ +V”J”=O
d ([ nm;c? C
V. I VJ_(I) =V|J”+—b-V><F
dt| B2 B

mic _ dn

~ e Iy
Rosenbluth Longmire 1957
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Blob structuresresult from the saturation of edge turbulence;
many drive mechanisms

curvature g, = 2¢2/R

Krasheninnikov 2001
D'lIppolito 2002

e neutral wind Onw = VnVin
Krasheninnikov 2003
e centrifuga Jeent = V¢ /2
— ° I 2
DI ate tilt gtp = 2CS coto/L I

Cohen, Ryutov 2006

—
vy
°

poloidal
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Charge separation drives currents which must close

Lodestar/Myra/MIT-2008

o parale plasmaresistivity
o cross-field resistivity
e sheath resistivity

plasma blob |« EM effects

The size of the various effective resistances controls
the distribution of currents, as well as the total
potential and therefore the blob speed vg, g ~ ®/a,.

Speed ratio v | /cg controls “ SOL width”, divertor footprint,
midplane wall

14



2D physics and closure relations
Sheath limited blobs (Nedospasov instability)

o parale resistance is small; perpendicular resistance large = current loop
closes in the sheath

2 ol 2ne2c b-P |
V”J” N neCS(l— e e((l) CI)f )/T ~ S( f ) olasma blob 5

2
L
b
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Inertia limited blobs (resistive ballooning mode)

o parale resistanceislarge; current flows locally acrossfield lines

V”J” —0 y
12, {
b = L1 Z

plasma blob

e gheath and inertial limits introduce some characteristic scales

1/5

1/5
2 2
a l Vi =C (a*jllz—c Pt
— _— %k — —_—
x+ = Ps oR S| R S R3

- /
'

scale where sheath resistance, curvature drive, and inertial term balance
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X-point limited blobs (resistive X-pt mode)

o paraléd current flowsto X-pt where shear (flux tube squeezing) enhances
perpendicular conduction and enables closure of the current path

magnetic
flux tubes

magnetic
NMux surfaces

. separatrix
X-point P

Krasheninnikov, Ryutov and Yu, 2004
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plasma blob

1/2
(0)01)

Vi =

-

1/3 ion polarization

2/3/

a

dsp /' Myra & D’Ippolito 2005
Vb o< <

dp/ap electrono

Krasheninnikov, Ryutov and
Yu, 2004 =
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Theory and simulations show the scaling of blob velocity vs.
size (a) and collisionality regime (A)
 |inear theory with correspondence rules give arather good description of

Y 1 1 . : :
blob speed y—>a—x, Ky >—, Ln = ap, K| 2T CT invariant scaling
b Ap |
A5
2_

0.27
0.1¢
0.05;

0.02

0.01 L : ' ' — A
0.1 1 10 100 1000

* blobs speed up with collisionality A
o for low A, small blobs move fastest
o for large A, large blobs movefastest 18

x (radial) —

Myra, Russell, D'Ippolito 2006



Electrostatic regime diagram char acterizes blob speeds
o gpecific scaling predicted in each

regime
Vel N
A=l ézﬂ V=V/v, A
Qeps A >
» expected range of blob velocitiesis 'c—;:s
bounded 1 v O
—2<—r<éll/2 2
a Vi o 1
&)
2,
1.5
g=Jr 1 /e,
0.5 blob size
07.
0 1 2 3 4
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NST X and C-Mod exploredifferent regions of edge/SOL
parameter space

A 101 disconnected

(resistive- * Bratio 20, n,ratio 30 ...
"? 1 e Observed Vb| ob smilar
e « Characteristicv, issimilar
k= v, ~2 km/s
v
= 01 connected
8 (sheath-
interchange)
1 2 3 5 7 10 _
a dimensionless blob size Theoretical bounds on blob
radial velocity
L a.  a.RY5 2. B4/5RY5
A=l _g75qpt el 3= _ % —001820° ™ 1 Vg .1/2
Qupe X Tez a. Lﬁ/5pg/5 Lﬁ/STeZ/S > < <a
a Vi
o L2 | 1/577/10 A \
Vi = CS(—*j = 5.1><106”—e sheath resistive bal.
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Experimentson TCV showed collisionality scaling

Garcia et al. PPCF 2007

3.0 ; ; ; ! 1500 : .
©
2.0 o @ 1< 1
— <A £ ) /é/-
., ¢ Llowly, high A— 3™
29 v ".. .‘4 A, “ . l;{::
E MRS Vv. o9 .. ’ d r/\\] 500 F
EOS v .’v"?“ ’ -/li/
high I, low A=+ | = of
: »
0.2 : - - i ] - - :
0.00 0.25 0.50 0.75 1.00 1.25 -50 -25 0 25 50
P T [us]
SOL n,, profile broadens at low radial blob velocity (cross-

|IO — high collisionality (~ L||/7“ei correlated with n, fluctuations)

o< A)
also seen on C-Mod [e.g. LaBombard PoP 2008]

* blobs speed up and SOL broadens with collisionality A

Lodestar/Myra/MIT-2008
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Heat transport and dengity limit implications of blob theory

collisionality dependence of blob mode!:

Ip (MA): 0.53 0.8 1.0 Vy inincreases with vy
Psol --¥ @ A

Qdiv -V € A

(b) | Qeony ~¥ & A For the physically-observable high-T
0al Y AA _ root (sql i_d) ,_ Q, excge_ds Q, Just before
¢ ”, the equilibrium limit is reached.
0.4 .
0
0.0 0.8
<4—collisionality :
LaBombard NF 2005 005 01 015 02 025 03 035
C
Greenwald PPCF 2002 CO”iSiOﬂLa”ty —
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Outline

e motivation and background

e background

e comparison with

e modeling of NSTX/GPI analytic estimates

e comparison with
turbulence code

« physical mechanisms of blob dynamics

e turbulence saturation mechanisms and flows
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Background — GPI

e Gas Puff Imaging (GPI)
— Zweben 2004; Magueda 2003; Terry 2003

— look for visua emission pattern from puffed gas
In presence of plasma

— 2D movies of edge turbulence blob motion

* GPI measureslight intensity, not n, T
Hel 5876 lineintensity is | = n ane, To)
Ny = neutral He density
F(ne Tg) = atomic physics
o testtheory of blob v,
« difficult to do with probe data alone
— 1D time-dlice through blob
— unknown impact parameter (noy info)
« NSTX and C-Mod GPI diagnostic well matched
to blob dynamics
— gpatially and temporally

Lodestar/Myra/MIT-2008

S
A———

N

separatrix

gl
=
-
o

sample GPI frame

NSTX shot 112825

L mode 4.5 kG, 800 kA
0.8 MW NBI

He puff (Hel filter)
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v, (observed) (m/s)

NST X: Observed blob velocity is bounded by theoretical
minimum and maximum

database of blobs with size, speed, intensity ...
bounds, but noscaing 1

1400¢
1200}
1000}
800}
600}
4001
200}
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>X<

Vv, (GPI) vs. v
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Myra, D'lppolito, Stotler, Zweben et al. PoP 2006
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Blobsliein expected regime of parameter space

«——— Inertial (RB)

\

1 v "
<P g2

a2 V.

/

sheath limited

0.5+

« another way of looking at the same data

« possible evidence for aindependent upper limit, consistent (large
error bars) with Alfvén-wave high-3 closure

<~ ¢ hidden parameter is A = try controlled collisionality experiment
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Generally, more satisfactory theory/experiment comparisons

require: analytic scalings — turbulence code

statistical variation of v, Is large:

* Initial conditions for blob (vorticity)
« parallel properties
* blobs not isolated, round ...

o Can weunderstand the dynamics of an individual blob with known
properties?

— given Ne T @, COMpare observed Vy well in hand

 What propertiesare blobs created with and why?
— rate & dtatistics of blob generation, scale size a), N, Tg
* fluxI"~v,n,f,
- Vy shear, nonlinear coupling effects on blob generation

IN progress

Lodestar/Myra/MIT-2008
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TheSOLT [Scrape-off-Layer Turbulence] code

o 2D fluid, strong turbulence, on/n~ 1 D. Russell

. simulated GPI diagnostic Lodestar

vorticity

advection parallel response sheath current curvature
density
(@t +VE-V)n= ocDWT3/2{¢—TIn(n)}—ocshnﬁ ehe—0/T +Sph + DV ?n
sources and
dissipation
tem perature

(@t +VE -V)T = —ocmSETBIZeAB_q’/T +St + DV?T

zonal momentum
8t<nvy>+

I§/

passive convection momentum loss to

+ Reynolds stress sheaths
Lodestar/Myra/MIT-2008

~ +=3/2

oo Th-ee /T ) 12 (v, ) ~vpy (v, )+,
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NSTX

SOLT

Qualitative blob behavior in GPl moviesissimilar in
simulation and experiment

8I/ <1 >in Ar—vy plane

overbar = y-avg <...>=t-avg
d=I-<1>

. :
1t =3883s

 turbulenceisintermittent,
and blobs are emitted in
random bursts

 blobs have similar shape,

30 -'LT '
t =4075Us

D’lppolito, IAEA 2008
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L

propagate in both x and y,
and elongateiny

Ar

v

level of agreement between
experiment and simulated turbulence
IS sensitive to parameters that control
how close the system is to marginal
stability, e.g. dissipation.
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Simulations provide a reasonable match to I (r) profilesand
fluctuations levels

<| >& Median | (red) e Simulated and exp. data processed in

-l same way and normalized to 1.
1.0
NSTX * |ocation of peak intensity agrees
0.5} A Tel | _ _ .
. SR s O simulated intensity too small for Ar >
-5 s L Tho 5 cm (radial region where field lines
-0.5} ay connect to sheath)

« = sheath lossestoo largein the
simulation for Ar > 5 cm

-0.5¢

Lodestar/MyramiT-2008 AT > _ 30
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PDFsof blob size are in reasonable agreement

probability distribution

.I.{:]" J-:/SOLT
0.8 NSTX/ 7\

0.61

0.4}

0.2F

0.0HLl o tem

| 2 3
a, (cm)

blob poloidal half-width

Lodestar/Myra/MIT-2008

apply blob selection criteria
(filtering, smoothing) to create a
blob database

analysis covers a spatial range

0 < Ar <10 cmand atime slice of
1200 ms

same procedure used for both
simulation and experimental data

most probable a, ~1.5-2.0cmin
both cases

width of PDF also agrees
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PDFs of blob velocity show discrepancy

Pv,)  NSTX | |
Y e here, exp. and ssimulation are NOT

154 R\ 4shots processed in same way:

12? red: shot #1. ZRes — v, (NSTX) is the kinematic
075! velocity of the intensity blob;
05 — Vv, (SOLT) isthe E x B velocity
025 ; S e ualitative agreement in shape, but
Y ‘ _ SfOL'ZI' vy saclelislarger by factor
of ~

e possible explanation: turbulence
too strong in simulation (too far
from marginal stability)

e work in progress: kinematicv,
(data& SOLT) using Tobin
Munsat’ s optical tracking
algorithm

-1 1 2 3 4 5
v, (km/s)
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SOL T code reproduces generic features of boundary
tur bulence observed in many experiments

PDF of
fluctuations

non Gaussian

Skewness
vS. radius

+ events in SOL

Freq.
spectrum
power law

Lodestar/Myra/MIT-2008
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Outline

e motivation and background

« physical mechanisms of blob dynamics

 modeling of NSTX/GPI

e turbulence saturation mechanisms and flows —

role of ZF damping
profile modification

sheared flow
saturation

momentum transport
and spin-up
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Strong zonal flow damping enhances turbulence
and blob transport

e

1{_}5_ flux
) 1

'[]'8' I'u l
= 06 1/

L t1

0.4 T

0l 8-, flow shear

0.0L, . . . . —r W
0 005 01 015 02 20

Vpy

SOLT turbulence code simulations
[Russell et al. 2008; D’Ippolito IAEA 2008]

Lodestar/Myra/MIT-2008

—d(vy)/dx

. \;Py = zonal flow damping
rate

e largedamping =

no zonal flows

saturation by wave-breaking
and plateau formation

radial streamers & quasi-
periodic oscillations

e gmall damping =

saturation by zonal flows
convecting objects are blob-
like

Intermittent bursts (in turb.
flux)
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Density profile modification saturation occurswhen

flows are damped

e forv,, —

py
[~ DV,n

D ~y/ky?

within afactor of 2

Lodestar/Myra/MIT-2008

e givesT independent of Vpy

Viy =
Py

Nonlinear Regime
Blobs Move Out
Holes Move In

<n> is Flattened

« Kadomtsev estimate worksto

36



The small Vpy regime satur ates by sheared flows

Y~V ~V, /L, ;(—“’}’
0.8 l
~ O]
* balance Reynolds stress with flow dissipation =od y
~ 0.2} LY
Vy = (ky Iky)*(ky [9°) /vy e

 toget

—d(TH)/dx

[=< Wy >~ (ky /Ky)*(MVpy Ly)(Ky L) o< vy

 agrees qualitatively up to the knee of the curve

e forverysmalv

pr <<

— very bursty transport

Lodestar/Myra/MIT-2008

nL

X

need better understanding of SOL
dissipation: neutrals?, measurements

Dy’ passive |oss dominates at<nvy> = —Vpy <nvy> —dy (<vy><nvx>)+

(nvy)

<=
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Edge turbulence carries momentum acr oss the separ atrix

e back reaction spins up plasma
— Coppi [EPS 2006 paper P4.017 & NF 2002] spontaneous toroidal rotation

 here examine transport of v, only (2D problem)

2 e net plasma momentum buildup
15/ (balanced by sheath momentum |oss)
> 1L e initial transient blob “kick”

e intermittency
e |nward momentum diffusion
momentum <nv,,>

007 VA
0.06 F SOL
005 t/1000
“F core 20
A 004F 15
> F 10
2 00 .

25

5 10 15 0]
Myra, POP 2008 t/lOOO T L »~\ ........ 3 38




Residual from Reynolds and passive momentum flux
provides edge source

<nvxvy> ~ <vy><nvx )+ <n><vxvy>

><1O'3

passive
— total

/ quasilinear
Reynolds
/

- Reynolds —
0 <n><VXVy> passive + edge source
15 16 17 18 19 20 edge | SOL
/1000 S pp

* Reynoldsterm generates flows
e passive momentum losses carry flowsto SOL (blobs)
e residua = edge source

Lodestar/Myra/MIT-2008 39



Dynamics of blob formation and momentum transport

snapshots: density palette, momentum arrows

=0

t = 20000

150 | 190

100 100

[¥] ¥ -l oma [ %] - e - el - ma - (™ B TRy
Il 1 1 1 Il

.
o

* early nonlinear development of seeded m = 4 mode

— downward gjection of blobs (streamers); upward momentum “kick”

— upward moving wave crests twisted around and down in €jection process
o |ater quasi-steady intermittency

— sheared flows pinch off streamers = blobs

a

note flow reversal across separatrix
Lodestar/Myra/MIT-2008

similar to C-Mod observations by Cziegler & Terry
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SOLT simulation movie of strongly driven case

Russell 2008

e rainbow palette
— redlarge>0
— bluelarge<0
— white clipped

e counter-streaming
flows

* intermittent blob <~
gjection correlated
with flows

N7y, vpy = 0.t = 5010 ps

w430 (km/s)

—EU —lﬂ | IUI - Ilﬂl B IE[]I - :3[1. - -:-1[1
Ar (cm)

v

< core SOL
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Conclusions

» dynamics of individual blobswell in hand theoretically
— velocity scalings known and regimes established
— some, but not much, experimental confirmation
o predictive modeling of blob formation and the resulting SOL widthisin
progress
— some encouraging agreement of NSTX GPI with 2D fluid turbulence
simulations
— discrepancies remain to be resolved
— edge dissipation mechanisms need to be better understood

 turbulence saturation by profile modification and by sheared flowsis being
studied

— may play arolein bulk plasmarotation as well as sheared bipolar flows

Coherent structure formation and convective transport in edge
plasmasisa very rich and challenging area of research.
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Alfvén wave closure and high-beta blobs’fELMs

o parale current islimited by EM effects. magnetic field is perturbed
causing excitation of Alfvéen waves [Parks 2000 ; Krasheninnikov 2004]

2 2
L I 4TCVAO

V”J” —> — VJZ_(I)
Vb =< 0sp  independent of a,

NSTX

1.5F

0.5+

Lodestar/Myra/MIT-2008



ELM filaments can also carry net current

* introduces additional magneto-static forces

— enhance coherency of filamentsin 2D plane
(current pinch)

— asointroduces kink and rippling instabilities

o filament is accelerated away from the plasma
near the edge (hole repulsion) b)

o decelerated close to the wall (image current

repulsion)
3, \\
\ Ti—>
+— ..

edge wall
plasma

Myra, PoP 2007 B
hole ELM ELM | image
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Electromagnetic instability and blob regimes

resistive fluid analysis

QC mode ?! |
T~ Ideal MHD (ELMs?)
1
\/
T Y ——
MHD Resistive dp
Ballooning
curvature
drive
2
LORE:
ap R Resistive X-pt
Sheath Connected (RX-ES)
0.01 L
0.01 0.1 1 10
2
collisionality and blob size > n||L|| C
2
v, ~2.9x1010 dTe
X . 2 2 . . c .
a;B each regime has a characteristic magnitude

Lodestar/Myra/MIT-2008

and scaling of blob radial velocity
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TheSOLT Modd

04, = losses of particles and charge

to sheath
04, = €electron adiabaticity (i.e. drift
wave physics) e Threeradial regions:
e momentum conserving zonal flows — edge (insideLCS)
(non-Boussinesq)  Sources of particles and heat

» electron drift waves
* curvature-driven modes (blob birth zone)
* closedfieldlines

— near SOL (just outside LCS)

» field lines open but disconnected (= large
L), eg. by X-point effects

— far SOL

o figld lines connect to sheaths

» sheath absorption of charge, particles,
momentum

e curvature-driven modesin both SOLs

target profiles

Lodestar/Myra/MIT-2008 47



Blobstransport energy and can spin

* intheSOL, 1 and || transport compete

 particlesflow out at ¢ = Tp = L"/cS (ambipolarity)

e energy isconducted by X)) OF flows out faster than cg = TIE << T||p
* onsnort timescales, T < 7, blobs can carry excess Tg

 such sheath-connected blobs will spin

« charge mixing of +/- dipole = spinning blobs slow down radially and
move poloidally

40

/’ 20
(I)(r) - 3Te Yy o

E. xB

- 40
- 40 - 20 0 20 40 i1l
X

Myra, D’Ippolito, Krasheninnikov
Lodestar/Myra/MIT-2008 & Yu, Phys. Plasmas 2004 48




