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Abstract

Gas puff imaging (GPI) experiments on the National Sphericd Torus Experiment
(NTSX) have shown that filamentary turbulent “blobs’ exists in the vicinity of the
separatrix. Whileit is expeded that comprehensive modeling of the GPI datawill require
the use of three dimensional turbulence ®@des such as BOUT, it is siown here that a
linea analysis of the instabiliti es in the separatrix region using the BAL code is cgpable
of recvering the qualitative feaures of the observations to date, such as the scde size
and charaderistic frequency width of the turbulent spedrum. Predictions for the scding
of these quantities with safety fador g, magnetic field B and ion spedes (fueling gas) are
made. In additionit is hown that the SOL is expeded to be more quiescent in inner wall
limited discharges relative to the doulde null configuration. Finaly, it is geaulated that
edge turbulence may be suppressed in a high performance regime with high edge beta and
stegp pedestals. The relationship of the BAL code predictions to a recently developed

convedive transport (“blob™) theory is discussed.



I. Introduction

It is commonly believed that the separatrix region d toroidal confinement devices
can control bath the global transport and confinement (e.g. the L-H transition), and the
properties of the scrape-off-layer (SOL) which are aiticd to successul power handling,
impurity control and dasma exhaust. These @nsiderations, developed largely from
experience with tokamaks, are nolesscritica for the successul operation d sphericd tori
(ST) such as the National Spherica Torus Experiment (NTSX).1.2 In fad, becaise of the
larger surfaceto vdume ratio in an ST, edge physics effeds are aguably even more
important than in high asped ratio tokamaks. Transport generated by turbulent processes
is expeded to set the SOL width and is therefore important for hea exhaust. Handling of
the hea exhaust is expeded to be asignificant issue when NSTX operation at full power
commences. Furthermore, charaderization of plasma @ndtionsin the SOL is necessary
for optimizing high harmonic fast wave (HHFW) couging and surfaceinteradions on rf

launching structures.

Recett experiments using gas puff imaging (GPI)3 are very promising as a
diagnostic of fluctuations in the separatrix region d NSTX. In the GPI experiments on
NSTX,4> a small amourt of neutral gas is puffed through a 30 cm manifold and the
resulting visible light emisson is viewed by a fast camera (gate time ~ 10 ps, with 1 ms
between frames) either along a magnetic field line (radial — pdoidal plane) or aaossthe
field lines. The observations $how strong filamentation d the visible light emisson
which is aligned along the magnetic field lines. In the radia-pooidal plane, these
filaments appea as emisson “blobs’ or “wavy eddies’ which are interpreted as primarily
density fluctuations in the separatrix region. [The light emisson is propationa to
NeNof(Ne Te) Where f and ny are typicdly slowly varying in space adtime.] The typicd

scde size of these fluctuations in 5 cm radially and 5— 10 cm podoidaly. High time



resolution (500 KHz) time series analysis datais also taken for a small spatial sample and
indicaes autocorrelation times on the order of 30 pus, and kroadband frequency spedra

with a charaderistic width onthe order of 100 kHz.

On the theoreticd front, a number of tods and conceptua developments are
bewming available to model and interpret the GPI data. There is a growing optimism
that ultimately these todls, described in the following, will be instrumental in puting
together baoth conceptual and predictive models of turbulence and transport in the edge

and SOL regions.

A very sophisticaed modeling tod for turbulence of the edge aad SOL regionis
the BOUT codef developed at LLNL. BOUT is atwo-fluid, threedimensional turbulence
code which solves the Braginskii equations in X-point geometry, including both open and
closed surfaces that span the separatrix region. Initial comparison d BOUT results with
the NSTX experiment have yielded quditative, and in some caes, quantitative
agreament; viz. the frequency spedra, filamentary structure and eddy scde sizes are
smilar.” A definitive quantitative comparison awaits the availability of better

charaderization d the NSTX edge plasma, to use a input to the BOUT code.

The BAL linea stability code8 developed at Lodestar, as well as analyticd theory,
have been important in understanding the unstable modes in X-point geometry and the
correspondng turbulence seen in the BOUT code. BAL is a linea eigenvalue ade,
implemented within the ekona balloonng formalism, that can tred both the dosed and
open flux surfaceregions in X-point geometry, including the physics of presaure driven
modes, drift and resistive physics and dvertor plate sheahs. The BAL code employs the
same magnetic geometry model andinpu files that are used by BOUT.

Whileit is expeded that comprehensive modeling of the GPI data will require the
use of threedimensional turbulence @des such as BOUT, it is hown here that a linea

analysis of the instabiliti es in the separatrix region wing the BAL code is also capable of



recvering the qualitative feaures of the observations to date, such as the scde size and
charaderistic frequency width o the turbulent spedrum. It is of considerable interest to
determine whether the observed GPI blob scdes are essentialy controlled by the
parameters of linea theory, or whether there ae fundamentally nonlinea scdes.
Motivated by this, we present here aBAL analysis of the predicted scding of the feaures
of the edge turbulence with safety fador g, magnetic field B and ion spedes (fueling gas).

Correspondng scding experiments are planned for NSTX in the nea future.®

In addition, comparisons of NSTX magnetic configurations have been made. It is
shown that the SOL is expeded to be more quiescent in inner wall limited discharges
relative to the doulde null configuration. Finaly, it is geallated that edge turbulence

may be suppres=d in ahigh performanceregime with high edge beta and steg pedestals.

These types of anayses, while possble in principle with BOUT, are
comparatively very time @nsuming becaise of the massve CPU requirements for 3D
edge turbulence simulations. The BAL code, onthe other hand, is relatively well suited
to scding studies and to accessng the underlying physica nature of unstable edge modes.
As in previous qudies8 BAL and BOUT complement ead ather well for the NSTX

work.

The question d how edge density fluctuations relate to transport in the SOL has
recaved considerable dtention. A review of the relevant literature is not passble here.
However, recant developments in the theory of convedive transport in the SOL may be of
particular interest in interpreting the GPl data. It was initialy proposed by
Krasheninnikov10 that nondiffusive transport in the SOL, as observed at least in some
situations on many devices, could be mediated by density “blobs’. These blobs, or locd
enhanced regions of density in the radial-poloidal plane (with extended structure dong
B), could detach from the main plasma and propagate acossthe SOL to the outer wall s of

the device due the aurvature-induced charge poarization and resulting E x B radia drift.



This convedive transport model isin contrast to the usual picture where the SOL width is
set by the balancing of radia diffusion by paralle flow into the divertor region. Further
analysisl! has begun to explore the properties of blobs in a Braginskii mode! including
the role of vorticity and ionization. It has been shown that the SOL scde length depends
on the blob dstribution and detailed analysis gives rise to criticd exponrents for power

law distributions of the blob size.11

The plan of our paper is as follows. In Secll we present the results of the BAL
code analysis for parameters typicd of the NSTX boundry plasma. In Sec lll a
discusson d the significance of these results and pcsshiliti es for future analysis of the

NSTX GPI datais given. Finaly, our conclusions are summarized in Sec 1V.

II. BAL code analysis of NSTX edge plasmas

A. Basic physics, typical frequencies and scale lengths

The reduced Braginskii model employed for the studies reported on here is given
in Ref. 8. The model suppatsided (MHD), resistive (RMHD) magnetohydrodynamic
instabiliti es, drift instabiliti es and sheah-driven instabiliti es (in the SOL). We anploy an
EFIT representation d the magnetic geometry, using an NSTX doulde null configuration

asour base cae.

A complete daraderization d the NSTX edge and SOL plasmas by dired
experimental measurements has not yet been passble. For these preliminary studies, we
asume ahyperbadlic tangent shape for the density and temperature profiles, speafying
values for the pedestal width, and the density and temperature & the top and bdtom of the
pedestal. Unlessotherwise noted, we run BAL on aflux surfacejust inside the separatrix

(either 0.3 a 1 cm as measured at the outboard midplane) where the foll owing best-guess



plasma parameters have been employed: n, = 3.5x 1012¢m3, T, =T, =40eV, andL, =

LTe: LTi =2.5cm.

A typicd unstable spedrum is siown in Fig. 1 where the growth rate and red
frequency of the fastest growing mode ae plotted against toroidal mode number n. It is
seen that the edge instabiliti es are in the frequency range |w| < 700 kad/s correspondng
to [f] < 100 KHz. Thisis predsely the range of the turbulent spedrum seen in the time
series analysis GPI data. Furthermore, the BAL code pe& growth occurs at n = 172with
f = 46 kHz and yields crossfield scae lengths of order L gy = 217kgg = 4.4 cm where kg
varies aong the field line in X-point geometry, and kygis referenced to the outboard

midplane. This sdelength isalso typicd of the GPI data.

While alinea code caana diredly predict a saturated turbulent spedrum, we
envision that the spedrum of Fig. 1 isfilled by norinea mode cougding and turbulent
broadening processes driven by the energy of the fastest growing mode. Thus we exped
that the norlinea spedrum will qualitatively display the scdings and charaderistics
dictated by the underlying physics of the modes, here dominated by drift and curvature
physics. The predictions of this ansatz are given in the subsedions that follow, and their

validity will be testable by future GPI data.
B. Scaling with safety factor q

The unstable modes in the NSTX edge plasma ae driven by a combination d
resistive (RMHD) and dift-wave physics. Some intuition regarding the scding of the
unstable spedrum with resped to variations in g and B may be obtained by considering
the pure resistive limit, first negleding drift (wq, we, andkpg) effeds. For a arcular
flux surface modd, the modes in this RMHD limit are the Carreras-Diamond (CD)
modes!2 which scde like y~qg*/3n2/3. In X-point geometry, the CD modes are

modified because for the parameters given (indeed for amost al interesting edge



parameters) the so cdled “two-scde gproximation” bresks downl3 viz. the
eigenfunctions are strongly modified as they pass nea the X-point and do no remain
nealy interchange-like & in the original CD theory. This behavior, seen in the BOUT
and BAL codes, is that of a mode whose physics is drongly influenced by X-point
physics: the resistive X-paint class of modes.6:8 Furthermore, RMHD is not a good
model for NSTX becaise the relatively small outboard magnetic field makes for large

Larmor radii and correspondngly increases the importance of drift physics.

Nevertheless certain fedures extraded from the CD theory turn ou to apply in
the present situation. At sufficiently low mode numbers, where drift effeds are relatively
unimportant the growth rate y increases with q. Because drift physics tends to favor
instabiliti es at fixed kgpg U nq, hgher q shifts the peek growth rate to lower n. These
fedures are evident in Fig. 2 which shows the unstable spedrum for the base cae, and
for a cae with qincreased by afador of two. The results show that the most unstable n
scdes more strongly that 1/q implying that the fastest growing kg O nq is osmewhat
reduced for the high g case. The magnetic geometry for the cae with increased g was
obtained employing the base cae flux surface shape ad toroida magnetic field, bu
reducing the plasma airrent by a fador of two before wnstructing the field lines and

curvature comporents required for the BAL analysis.

Thus linea theory predicts that the poloidal scde size of the turbulence will get
somewhat larger a high g. From the red frequency spedrum (nat shown) it is also

deduced that the daraderistic frequencies will be lower at high q.
C. Scaling with magnetic field B

The scding of the unstable spedrum with magnetic field B is siown in Fig. 3.
The safety fador g, as well as the flux surface shape were held constant in the

comparison. It can be shown that the CD modes have y ~1/ B2/3and the figure shows



that this scding persists, at least qualitatively, in X-point geometry for sufficiently low n.
As in the q scding study, drift physics beaomes dominant at larger n, and controls the
physics of the pe& of the y(n) curve. The cae with reduced B is ®en to have aspedrum
that shifts to lower n, consistent with kgpg O n/B. It will aso be noted that the value of
the growth rate & the pe&k is reduced, probably due to the competition d stabili zing FLR
(at high n) and resitivity (necessary for mode growth, bu small at low n). Additionaly
there is increased finite 3 drift wave stabili zation in the reduced B case. Note that the
reduction in y acammpanying the shift to lower n is in contrast with the q scding where
there is compensation in the incressed conredion lengths at high q — physics which
deaeases the stabilizing line bending energy and therefore ads to enhance the growth

rate.

Thus linea theory predicts that the scde size of the turbulence will get larger at
low B. From the red frequency spedrum (not shown) it is also deduced that the
charaderistic frequencies will be similar (perhaps very dlightly lower) at low B. From the
value of the ped&k y, we speaulate that the fluctuation levels may be more reduced in
scding to low B than in scding to high g, havever this prediction d linea theory is
subjed to more uncertainty becaise the norlinea physics of saturation may be diff erent

in the two cases.

Whil e the scdings with B and qare of interest from atheoreticd perspedive, it is
eaier experimentally to vary the toroidal field B; hading the plasma aurrent lp and hence
the poloidal field Bg constant. We have dso performed this sding comparison
numericdly, The results are shown in Fig. 4. Since kg U nBg, and the pe&k n is
esentidly constant, the cae with reduced B, yields instabiliti es at smaller kg. Thus,
smaller B; implies snaller growth rates and larger poloidal scae lengths (provided the

plasma parameters are indeed constant in the two cases, which presents a separate



experimental difficulty). Not shown, is the cde prediction that the frequency will

incresse in the lower B, case.
D. Scaling with ion species. Z and u

As afina scding study, we consider the dfed of the ion charge Z and atomic
mass number t. Results for three plasma @mpasitions are shown in Fig. 5. In these
studies, the dedron density n, is held fixed as Z varies. It is e that the peek growth
rates and correspondng mode numbers increase in the sequence D, 4He, 3He with 4He
and 3He being similar. An examination d the theory shows that the main dependences
on Z and p enter through the Alfvén velocity v, ~ (Z/W)Y2, pg ~ p/2/Z, and vy ~ Z.
Again, the n correspondng to the pek y is consistent with constant kgpg [ nuY/2/Z. The

value of the pe&k y qualitatively has the scding of the wllisional drift-Alfvén mode, y ~

Thus linea theory predicts that the scde size of the turbulencewill get smaller in
He relative to D. From the red frequency spedrum (nat shown) it is also deduced that

the dharaderistic frequencies will be slightly higher in He plasmas.
E. Speculation on high performance discharges

Whil e there ae anumber of challengesto be faced in the future, the initial success
of NSTX in establishing and heaing well-confined pasmas suggests an ogtimism that
high performance regimes may be dtainable in NSTX and in STsin general. Motivated
by this, we mnsidered a cae anploying high edge 3 and a very steep high presaure elge
pedestal. In this stuation, large pi/L, stabili zes the resistive aurvature driven modes by
finite Larmor radius (FLR) physics, whil e high edge 3 stabili zes the drift-Alfvén modes.

The former condtion has been discussed by Rogers et a. in the drcular flux

surface cael4 andleads to the mndtion oy > 1 where
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and yrznhO| = 20§/RLp. Here, in X-point geometry, the proper definition d oy is not
obvious sncethe dfed of the X-paint is to make resistive dfeds much more important
than in the drcular case.8 Nevertheless the essential physicsis clea: FLR stabili zes the
high-n modes that would atherwise be subjed to RMHD instability. The latter condtion,
finite B stabili zation d the drift-Alfvén modes, requires that

p>e @
m;
or equivalently that
Ps > Oe (©)

where 8, = duy,e isthe dedron skin depth.15

For this high-performance plasma study, we employed the ill ustrative base cae
parameters ng = 3.6 x 1012 cm3, T, =T; = 120V, and L, = L1o = Ly = 0.8 cm.
Because of the steg edge gradient, the locd elkonal theory implemented in the BAL code
is questionable in this regime; however, as will be gparent, the results are sufficiently

interesting to justify their inclusion here.

In a sequence of runs where the presaure was g/stematicdly increased from the
high-performance base cae parameters just given, we foundthat there was atransition to
a stable edge. Results are shown in Fig. 6. The base cae has pdd, = 1.9, and the
subsequent cases correspondto an increase in the presaure by an additional fador of 3

(P48 = 3.2) and 6(pd/S. = 4.6).

The prediction d linea theory from these runs is that edge dcharaderistics (i.e.
turbulent fluctuation levels) may improve & high B steg edge pedestal regimes are

accessd. If so, this would further promote the self-consistent maintenance of the stegp
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pedestal, transport barrier region. We note that the regime of high edge 3 and large p; on

the outboard side of the torusiswell suited to the ST concept.
F. Comparison of double null and inner wall limited configurations

To illustrate the role of the edge magnetic geometry on the instabiliti es, we
compare the stability of the SOL for the doulde null (DN) base cae with an inner wall
limited case. For sample NSTX SOL parameters (ng=1.1x 1012¢m3, T,=T; = 38eV,
and L, = Lte = Ltj = 3 cm), the modes tend to have an interchange structure that all ows
them to contad the divertor plates or inner wall on which the field lines terminate. At
higher values of plasma resistivity (e.g. when the density is increased) the X-point can
effedively isolate the modes from the sheah boundry conditions that apply on the open
field lines.813 In the present runs, this isolation was not complete, and the boundry

condtions were foundto pay an important role in determining the SOL stability.

The results ill ustrated in Fig. 7 show that that inner wall limit ed (main ouboard)
SOL is more stable that the main ouboard SOL in the DN configuration. The
explanation is smply that the modes e good curvature on the inside of the torus in the

inner wall limit ed case, and this leads to small er growth rates.

Thus linea theory predicts a more quiescent SOL in the inner wall limited

configuration, relative to the DN case.

lll. Discussion and significance for GPI data analysis

The BAL code analysis and scding arguments presented in the precealding sedion
provide an important experimenta test of edge turbulence models and, when combined
with recently developed blob theory,10.11 could lead to the development of significant
insights on the physics of the SOL width and SOL transport. A working hypothesis,

subjed to future experimenta verificaion onNSTX, is that SOL blobs originate from

11



unstable modes in the pedestal/ separatrix region which produce saturated eddies and then
bre&k away into the SOL as blobs. The tendency of blobs to bre&k away arises as a
natural consequence of the blob's outward radial velocity discussed subsequently.

In blob theory,10.11 the size of the blobsis a aucia parameter. The density blobs
experience darge polarization die to the oppasite aurvature drift of eledrons and ions.
This produces a locd poloidal eledric field in the blob that causes the blob to move
radialy outward dwe to the E x B drift. Thus, blob theory gives the result that the radial
blob speed aaoss the SOL is determined by the blob size, which in turn, in ou
hypothesis, is determined by the turbulent eddy size scding discussd in Sec Il. These
predictions of eddy size scdings can be tested experimentally by measuring the size
and/or speeal of blobs from GPI or probe data.

Furthermore, in blob theory, the blob spead and decay rate determine the SOL
scde length. The decay rate is determined by the parallel lossof particles to the sheahs
less compensation from the particle source implied by ionization d neutrals. An
independent measure of the SOL scde length would alow the blob theory of non
diffusive SOL transport to be tested. Successin correlating the eddy size with the SOL
scde length would be asignificant step in understanding and controlling the SOL to

optimi ze performance and exhaust handling

IV. Conclusions

The BAL code studies described in this report give predictions for the scding of
the fluctuation frequency spedrum and scde size of the edge turbulence (eddies or blobs)
with the variation d q, B, and ion spedes. In summary we find that the poloidal scde
size of the eldies (approx 4 cm for the base cae) will i ncrease & high gandlow B. The
charaderistic frequency of the turbulent spedrum (100 KHz for the base cae) will be

reduced at high g bu will stay similar (perhaps be very dlightly reduced) at low B when g

12



is fixed. If Bg is varied at fixed s the frequency will increase at lower B;. There is
some evidencethat the fluctuation levels may be reduced in the low B case relative to the
high g case. It is predicted that fluctuations will be similar in 4He and 3He, and that the
scde size of the turbulence will be smaller in He plasmas relative to D. Also, the
frequencies are expeded to be dightly higher in He than in D. These scdings may be
qualitatively understoodfrom a caeful consideration d both RMHD physics (spedficdly
the Carreras-Diamond modes) and, more importantly, the scding of kgpg which embodes

the drift wave physicsthat is  important in the NSTX edge plasma.

We have shown that the SOL is expeded to be more quiescent in the inner wall
limited configuration, relative to the DN case. We have dso made some speaulations on
the favorable stabili zation effeds that may arise & high 3 stegp edge pedestal regimes are

accesxd.

The cdculations agree quadlitatively with available GPI data taken to date on the
base cae aldy scde size and charaderistic frequency of the turbulent spedrum.
Experiments planned for the nea future will determine whether the predicted scdings are
in fad observed, and by implication, whether the existing models and uncerstanding of
the ealge instabilities and turbulence ae on a solid foating. Tests of the scdings
presented here will help to answer the important question d whether the blob space ad
time scdes are esentialy controlled by the parameters of linea theory, or whether there
are fundamentally norlinea scdes. Thiswill shed insight on the physics that credes the
blobs, and hav they, and the resulting transport, can be wntrolled in an operational sense.
Some ideas for extending the analysis and interpretation o GPI data to understand the
effed of blob sizes (and correspondng radial velocities) on the SOL width have been

presented.
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Figure captions

1. Typicd growth rate y (103/s) and frequency w (103/s) vs. nfor the NSTX doule null
(DN) base cae onaflux surface &x = -1 cm. Ped& growth ocaursat n = 172with w
=-292 kad/s (f = 46 kHz), implying kggps = 0.52(k gg = L.4cm L and L g = 217k g
=4.4cm).

2. Scding of the unstable spedrum with . Shown is the growth rate y (103/s) vs. nfor
the base cae and for a cae with pasma aurrent 1, reduced by a fador of 2 (i.e. q
increased by 2). The flux surfaceis at x = -0.3 cm for this and subsequent scding
runs.

3. Scding of the unstable spedrum with B. Shown is the growth rate y (10%/s) vs. nfor
the base cae and for a cae with toroidal magnetic field B reduced by a fador of 2.
Here g is held constant.

4. Scding of the unstable spedrum with B; at fixed - Shown is the growth rate y
(103s) vs. nfor the base cae and for a cae with toroidal magnetic field B; reduced
by afador of 2.

5. Scding of the unstable spedrum with Z and 4. Shown is the growth rate y (103/s) vs.
n for various ion spedes. The base cae (D) and cases for pure 4He and 3He plasmas
are shown. Here ng is held constant.

6. Growth rate y (103/s) vs. n for a sequence of runs with increasing pressure (edge B),
starting from the high-performance (high 3, steg pedestal) parameters given in Sec
IHE.

7. Dependence of the unstable spedrum on magnetic configuration. Shown is the
growth rate y (103/s) vs. nfor the DN base cae, and for an inner wall limit ed case on

atypicd flux surface(x = 1 cm) in the SOL.

17



120
100 o

\/ 80 °

60
krad/s 40 °

20 .o‘

W -100
krad/s 2% °°
-300
-400 °

-500 °
-600

-700

Fig. 1

Typicd growth rate y (103/s) and frequency w (103/s) vs. n for the NSTX doulde null
(DN) base cae on aflux surface &ax =-1 cm. Pe& growth occursat n = 172 with w =
-292 kad/s (f = 46 kHz), implying kgops = 0.52(k gg = 1.4cmland L g = 21Tk gg = 4.4

cm).
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Fig. 2

Scding of the unstable spedrum with . Shown is the growth rate y (103/s) vs. n for the
base cae and for a cae with plasma aurrent Iy reduced by afador of 2 (i.e. gincreased
by 2). Theflux surfaceisat x =-0.3cm for this and subsequent scding runs.
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Fig. 3

Scding of the unstable spedrum with B. Shown is the growth rate y (103/s) vs. nfor the
base cae andfor a cae with toroidal magnetic field B reduced by afador of 2. Hereqis
held constant.
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Fig. 4

Scding of the unstable spedrum with By at fixed lp: Shown is the growth rate y (103/s)
vs. nfor the base cae and for a cae with toroidal magnetic field B; reduced by afador
of 2.
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Fig. 5

Scding of the unstable spedrum with Z and . Shown is the growth rate y (103/s) vs. n
for various ion spedes. The base cae (D) and cases for pure 4He and 3He plasmas are
shown. Here ng is held constant.



5 10 15 20 25 30 35 40
N

Fig. 6

Growth rate y (103/s) vs. n for a sequence of runs with increasing pressure (edge B),
starting from the high-performance (high 3, steg pedestal) parameters givenin Sec IIE.
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Fig. 7

Dependence of the unstable spedrum on magnetic configuration. Shown is the growth

rate y (103/s) vs. n for the DN base cae, and for an inner wall limit ed case on a typicd
flux surface(x = 1 cm) in the SOL.



