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Cross-field particle transport in the scrape-off la§@®L) of Alcator C-Mod[Phys. Plasmas, 1511

(1994)] can be characterized by an effective particle diffusivib,£) that increases markedly with
distance from the separatrix. As a consequence, recycling onto the main-chamber walls is large
compared to plasma flows into the divertor volume. The SOL exhibits a two-layer structure: Steep
gradients and moderate fluctuation levels are typically found-banm region near the separatrix
(near SOL where parallel electron conduction typically dominates energy losses. Small gradients
and larger fluctuation levels with longer correlation times are found outside this réigio80L).

D¢ in the near SOL increases strongly with local plasma collisionality normalized to the magnetic
connection length. As the discharge density limit is approacbed,and associated fluctuation
levels become large across the entire SOL and cross-field heat convection everywhere exceeds
parallel conduction losses, impacting the power balance of the discharg00® American
Institute of Physics.[DOI: 10.1063/1.1352596

I. INTRODUCTION In this paper, we examine the behavior of cross-field
rparticle transport and resultant heat convection through the

the scrape-off layefSOL) directly influences the operation separatrix, across the SOL, and onto main-chamber surfaces

of a tokamak and needs to be understood in a way that can 68r a num-ber . Alcator C-Mod disc.harges. The Qischargeg
§nd the diagnostic tools used for this work are discussed in

Cross-field particle transport near the separatrix and i

scaled to reactor conditions. The effectiveness of the diverto LA techni £ inferri frecti field particl
in receiving plasma exhaust and controlling neutral pressure ec. 1. A technique of Inferring efiective cross-ield particie
in the main-chamber volume critically depends on patrticle iffusion coefficients Dey) from profile data described in

transport in the SOL. If cross-field plasma transport is suffi-Ref' 3 |s.summar|zed in Sec. Ill. This techmque gtlllzes the
ciently high, then plasma flows onto wall surfaces in theobservatlon that C-Mod operates predominantly in an MCR

main-chamber volume will become large compared to'egime such that cross-field plasma flux profiles can be in-

plasma flows along field lines into the divertor volume. Inferred d_irectly f“’T“ lonization p“’f”‘?s- Section IV ex_tends
Alcator C-Mod? this situation is routinely encounter regression analysis results reported in Ref. 3, correl®igg
and is termed é‘ “main-chamber recyclingMCR) regime with local plasma conditions in discharges with different

Impurity levels in the core plasma not only depend on theolgsma currents anc:hmagnetm Ilelds. I;g fqund tl?é*m a
level of plasma—wall interaction in the main chamber but mm zone near the separatear SOI) is well corre-

also depend on particle transport behavior near the separg‘-ted V‘.”th the local values of.electron—|o.n mean-free path
trix. For example, high confinement mode plasnias normallz_e1d7 o t'he magnetic - connection Iengtﬁ}eﬁ
modes which are free of edge localized mod@&_Ms) typi- ~(Ngi/L)~ ™. Section V describes plasma fluctuations and

cally end in a radiation-induced collapse caused by impurit he behawor_ of _flu_ct_uatlons and heat cor_lvectlon_ as the_d|s-
accumulation. In contrast, enhancegd B-modes in Alcator charge density limit is approached. Consistent with the find-

C-Mod (EDA)* avoid impurity accumulation; a quasicoher- ing thatD ¢ increases rapidly with distance from the separa-

ent edge fluctuation associated with EDA provides increasel] ™ the grpplléugf and ch_aractelr( Oglplzsf?] a ﬂlicﬁat'o?; mdthe
particle transport across the separatrixinally, as discussed near and far Zones 1s markedly difierent. INear the den-

in this paper, there is reason to believe that cross-field pars:ity limit, cross-field heat convection clearly dominates over

ticle transport at the separatrix and its dependence on Olig_arallel conduction losses over the entire SOL and becomes

charge conditions plays a key role in setting the maximunf’ important component in the power balance of the dis-

edge density that can be achieved in gas-fueled discharg&garge' Section VI draws connections between this work and

and impacting the discharge density limit. trans_port/ﬂuctuatlon_observano_ns_mad_e in other experiments.
Section VII summarizes the principal findings.

*Paper BI1 6, Bull. Am. Phys. Sod5, 18 (2000.
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reduced outer gap of 12 mm. Scrape-off layer flux surfaces

’ - which miss the limiters terminate on the divertor target or
[ baffle surfaces.

Mounted onto the side of one outboard limiter, 15 cm
above the midplanésee Fig. 1, is a cylindrical Langmuir

E‘;‘gﬁ;?,?;‘“"\umner-smaow probe which spans a 14 mm zone from the Ie_a(jing edge into
Particle Flux the shadow of the limiter. The signal of this “limiter shadow
Probe particle flux probe”(LSFP) corresponds to a spatial integral

of local ion saturation current density across the local
Horizontal shadow of the limiter. Magnetic field lines which terminate
Scanning on this probe extend only a short distande<1.1 m) and
Probe . . .

terminate on an adjacent limiter structure. As a result, the

o Tar'ige;ntiiwarﬂy 0| Ig(':'p'ane ratio of ionization rate to plasma loss rate out the ends of the
Viewing “flux tube” intercepted by the probeny(ov),,L/Cs, is
Lyo, Array typically much less than 1Here, n, is the local neutral

density (<~5x10""m™3, estimated from midplane pres-
sure measurements and neutral flux balangev);,, is the
ionization rate <10 *m3s 1), andC, is the local sound
speed 3x10°ms1).] Therefore, the ion current col-
lected by the probe arises primarily from plasma diffusing
across field lines into the local limiter shadow over a wide
range of plasma conditions. Using simple geometry, the
probe signal can be related to the cross-field ion flux arriving
i at the edge of the local limiter shadow. The edge of the local
limiter shadow is located 4 to 5 migtmapped to midplane
FIG. 1. Cross section of Alcator C-Mod showing divertor geometry, edgebeyond a magnetic flux surface which is tangent to the out-
plasma diagnpstics, and a typical plasma equilibrium us_ed for thes_e studiepoard limiters[See Fig. 1: The outermost flux surface shown
Each magnetic flux contour corresponds =2 mm radial separation at ;¢ tangent to the outboard limiter. At the poloidal location of
the midplane. In this paper, the separatrix is designated=&% and the - .
scrape-off layer ap=>0. the LSFP, the edge of the outer limit@nd the LSFPis
located 4 to 5 mm beyond this flux surfake.

Absolutely calibrated P brightnesses from radial chords
equilibrium, similar to that of Fig. 1. Only ohmically heated which span a vertical extent of 0.1 m about the plasma center
discharges are investigated in this paper, since their moderasge recorded by a photodiode array. For the present studies,
power densities enables the use of probe diagnostics to irthe chords are located 30 cm toroidally from an outboard
vestigate the SOL. More detailed information on the first-limiter and therefore may pick up a level of,mission that
wall geometry and the edge diagnostic set can be found iis somewhat higher than the toroidal average. However, D
Ref. 3. monitored at two other toroidal locations during previous run

Referring to Fig. 1, the following surface areas can becampaigns has yielded comparable sigai¢hin a factor of
defined based on line segments in the poloidal plane, re2) under the same discharge conditions. This indicates that
volved about the torus centerlind®ivertor throat spans either toroidal asymmetry contributions are small or that the
across the X-point region, from probe 8 on the outer divertordominant contribution to the Dsignal comes from recycling
to probe 4 on the inner divertoDivertor targetincludes at the inner-wall limiter surface. Profiles of | .yemission
segments that span from probe 1 to 8 on the outer and froracross the outer scrape-off layer are detected along 20 chords
probe 1 to 4 on the inner divertoMain-chamber surface which view tangentially to magnetic flux surfacesThe
includes all surfaces above thdivertor throat. Divertor chords become tangent to magnetic flux surfaces at a loca-
baffleincludes segments that span from probe 8 to 10 on th&on that is separated 30 cm toroidally from an outboard lim-
outer and from probe 4 to 6 on the inner divertor. iter, corresponding to the location of the, Bhords described

Primary limiter structures in the main chamber consist ofabove. Using a simple Abel inversion algorithm, the abso-
a toroidally continuous inner-wall limiter, and principally lutely calibrated brightnesses yield | .yemissivity profiles
two discrete outboard limiters spanningé deg toroidally — with 2 mm spatial resolution.
and separated by-180 deg toroidally. Secondary limiter High-resolution profiles of electron temperature and den-
structures exist~-5 mm (mapped to midplanebeyond the sity across the separatrix and into the SOL are obtained from
shadow of primary limiters at a number of toroidal locations.a combination of edge Thomson scattefimmnd two scan-
These are used to minimize plasma density at the surface ofing probe diagnostics. A vertical-scanning probe samples
ICRF (ion cyclotron radio frequengyantennas which are in plasma at a position “upstream” from the throat of the outer
turn displaced another~5 mm further into the SOL. divertor, and a horizontal-scanning probe records conditions
Separatrix-to-limiter gaps for most of the data reported herd0 cm above the midplane. Both probes employ four Lang-
were 18 to 20 mm(mapped to midplane with inner and  muir probe elements: Two elements are used to continuously
outer gaps similar. Density limit discharg@s Sec. ) had a  monitor floating potential profiles while the other two are

Vertical
Scanning
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operated in a voltage sweep mode to obtain densities and ® Main Chamber lonization

temperatures along the probe’s trajectory. The latter two el- 1023 HE Djon Target+Baffles [ ¢ %2 3
ements also record ion saturation current fluctuations and can =D on Bafffes B-o.

be used to form a “Mach probe pair.” The plasma flow @

parallel to the local magnetic field can be estimated from the é

ratio of ion saturation currenfsBy integrating the poloidal ;1022 | J
projection of parallel Mach ane X B flows along the trajec- e

tory of the vertical scanning probe, the particle flux directed s X D —armm Beyond
towards the outer divertor throat and baffle can be obtained. A Main Limiter Shadow
Plasma density, electron temperatures, and ion fluxes across I:-':r’;,f;’;'{’a{ﬁv'?i,‘;’;,me
the divertor target and baffles are obtained from an embed- 1021 —— ~ 20 25
ded array of Langmuir probes. Line-Averaged Density (1020 m-3)

Profile data from all diagnostics are mapped onto mag-
netic flux surfaces and labeled by the coordinatevhich is FIG. 2. Estimates of ion fluxes in C-Mod discharges. Vertical ai#)
defined as the distance in major radius outside the last-closégnization fluxes in the main chamber from midplang ;D(H) ion fluxes
nto divertor target plus baffles ai@®) ion fluxes onto divertor baffles only

flux surface at the outboard mldplane. The electron Stagr,]eﬁ_om divertor probes(A) ion fluxes crossing a magnetic flux surface, 4 to 5

tion pressure profiles measured by divertor probes, scanningm peyond the shadow of the main-chamber limiters, based on the limiter-
probes, and edge Thomson scattering system can be madestadow particle flux probésee Fig. 1, assuming toroidal/poloidal symme-
overlay by adjusting their relative flux surface mappings intry: @nd() ion fluxes directed towards the divertor thr_ofat_ and baffles from
p. The technique i_s emplqyed i_n this paper, to “align” the \slﬁgtlgslcziferlsnsggdl_iﬁgngslgrr‘/xSZh probe. Horizontal axis: line-averaged den-
data from these diagnostics with an estimated accuracy of
~2 mm. In any case, the principal results presented in this
paper are not sensitive to mapping corrections. For example,
D¢ estimates rely on the known locations of the horizontal-divertor leg(althoughE x B flows are likely to be pointing
scanning probe and L,ychords and not the identification of away from the divertor on this leg, possibly resulting in a
the flux surface that is the separatrix. lower value.
We assess the level of confidence in these estimates as
follows. Based on camera images of visible light in the main
1Il. PARTICLE BALANCE chamber and on comparisons of data from theadd Ly,
diagnostics, we find evidence of a higher level of recycling
(factor of 2 to 3 occurring on the smaller major radius edge
A simple analysis of particle balance in Alcator C-Mod of the plasmdinner limiter) than at the outer edge. This may
clearly shows that under a wide variety of discharge condibe real or an artifact of these diagnostics not “seeing” the
tions, recycling in the main-chamber scrape-off lag@®L)  full extent of the recycling from the outer limiters which
is predominately onto main-chamber surfaces. Particle fluxemight be highly localized. This observation, combined with
to main-chamber surfaces are clearly large compared to thie possibility of contributions of reflected light to the, D
particle flow between the main-chamber and divertor vol-measurement, suggest that thg &stimate may be system-
umes and can even exceed the particle flux onto the divertatically high by a factor of-2.
target?> We summarize here some of the observations which  The ion fluxes to the divertor targets and baffles are
support this picture. Further observations and details can beased on a direct measurement of the ion saturation current
found in Refs. 2, 3, 9, 10. density from probes and the assumption of toroidal symme-
Figure 2 displays ion fluxes inferred from a variety of try of plasma conditions. The expected accuracy of these flux
diagnostics versus line-averaged plasma density for a set ektimates is around:20%, reflecting the uncertainty in the
ohmic L-mode dischargdstudied in more detail in Sec. )V  local current density measurements.
The vertical axis recordq1) ionization source in the main The local cross-field ion flux density entering into the
chamber from midplane pPbrightness(a rough estimate of shadow cast by the main-chamber limiters at the same poloi-
the total neutral flux “attacking” the plasma in the main dal location has been measured at two different toroidal lo-
chambey based on 45 ionizations per,photort! and as-  cations by two different methodorizontal scanning probe
suming toroidal/poloidal symmetry2) ion flux onto the di- profiles in Ref. 3, LSFP data shown in Fig).. Zhese two
vertor target plus baffles(3) ion flux onto the divertor measurements agree quite wett20%). In addition, cross-
baffles;(4) ion flux crossing a magnetic flux surface which is field integration of the Ly-derived ionization profile(dis-
4 to 5 mm beyond the shadow cast by the main-chambecussed in the next sectipgields a separate estimate of the
limiters [from “limiter shadow particle flux probe’(LSFP local ion flux density crossing a flux surface tangent to the
assuming toroidal/poloidal transport symmeétrgind (5) an ~ main-chamber limiter edge. This value is systematically 0.5
estimate of the plasma flux heading toward the divertoitimes the flux density inferred from the LSFP over the full
throat and baffles based on vertical scanning probe data. Thrange of plasma conditions. These tests lend confidence that
latter quantity includes Mach anBXB flows evaluated the Ly,-derived local ionization profile estimates are indeed
along the trajectory of the vertical scanning probe, multipliedproportional to the local fluxes but that they may be system-
by a factor of 2 to estimate the contribution from the inneratically low by a factor of~2.

A. Main-chamber recycling in Alcator C-Mod
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If one accepts that recycling on the inner limiter is in- B. D¢ profiles from local particle balance
deed higher than on the outer limiters by a factor of 2 to 3, In the MCR regime, the outward, cross-field particle flux

t'he.n in order to get an estlmgte of thetal ion f!ux to all over the entire SOL is balanced primarily by ionization of
limiters, one may need to multiply the LSFP estimate shown,oyrals evolving from main-chamber limiter/wall surfaces.
in Fig. 2 by a fa(_:tor of 2 or more, pgrt|CU|ar|y in view of the A5 indicated in the previous section, parallel flows to distant
fact that the estimate shown here is based on the flux meggyertor throat and baffles do not greatly influence this par-
sured 4 to 5 mm beyond the shadow cast by the limitersiicie palance. Therefore, if one can obtain an estimate of the
Such an estimate of thetal ion flux to all limiterswould be  jonization profile across the SOL, then one can simply inte-
in rough agreement with the main-chamber ionization sourcgyate it to estimate the cross-field particle flux density pro-
estimated from midplane P reduced by a factor of-2t0  fjle. Dividing the local cross-field particle flux density by the
be consistent with the postulated in—out asymmetry. maghnitude of the local density gradient leads to an estimate
Recognizing that there may be a significant in—out lim-of an effective particle diffusion coefficienD .
iter recycling asymmetry, we use the LSFP estimate shown At present, we do not measure the ionization profile over
in Fig. 2 as a lower-bound estimate of tta¢al ion flux to all  the entire 2D domain of the SOL. However, we can compute
limiters in this paper. Further evidence that this quantity maythe cross-field ionization profile at the poloidal location of
under-represent the recycling fluxes on main-chamber limitethe Ly, diagnostic using Abel-inverted emissivity profiles,
surfaces comes from a comparison of the neutral pressutte density and temperature profiles measured by the
measurements separated poloiddiynd toroidally. A pres-  horizontal-scanning probe, and Johnson—Hinnov rate
sure gauge at the top of the vessel almost always measuresefficients:* Although we expect some degree of poloidal
pressures significantly aboye2—-10 that measured at the and/or toroidal asymmetry in the neutral densities surround-
midplane, suggesting a level of neutral pressieeycling  ing the core plasma, we also expect the shape of the “poloi-
surrounding the core plasma that may be minimum at thelally averaged” ionization profile, which is determined by
outer midplane. neutral charge exchange and ionization, to be similar to the
Estimates of the plasma flux heading toward the divertotocally inferred ionization profile. Therefore, in the MCR

throat and baffles rely on Mach probe theory and accuraté€gime we expect the cross-field particle flux profile to be
measurement of thExB flows. We expect the accuracy aPproximately proportional to the integral of the local cross-
here to be within about a factor of 2. It should be noted thafi€ld ionization source profile. The degree to which the ion-
the flux directed towards the divertor thrqabt shown here  1zation profile at the location of the Lydiagnostic is char-

is only a portion(less than~1/2) of the flux directed toward acteristic of the poloidally averaged ionization profile and
the divertor throat plus baffles. the influence of parallel flows to the divertor and baffle struc-

Even allowing for the expected uncertainties in the fluxture on the inferred cross-field flux profile can be assessed

estimates, Fig. 2 clearly illustrates the main-chamber recy‘-"’ith th.e help of 2D tranfspor.t simulatiops. .
cling behavior in Alcator C-Mod over a wide range of dis- Th|s.meth.od for estimating crpss-fleld.pa.rtlcl_e flux and
charge conditiong0.14<n,/ng<0.43, with ng being the D profiles directly from the Ly-inferred ionization pro-

Greenwald densi): The recycling onto main-chamber lim- files, including the effect of plgsma_flows toward the divertor
. . - . throat and baffles, was examined in Ref. 3. The method was
iters is at least comparablérom limiter-shadow flux esti-

mate or greatly exceedgfrom ionization source estimate found to systematically track cross-field fluxes dhg; pro-

. . . files within a factor of~2 of that obtained from full 2D
the ion flux arriving on the divertor target plus baffles. Flux . . :

) . : transport simulatiort§ using the transport code UEDG&E

directed towards the divertor throat is clearly much smaller

than the ion fl o the divertor t is. Th hil over a wide variation in plasma density, with a tendency
an thejon fiux arrlvmg' onthe 'Ve,r ortargets. ) us, Wl wards reporting lowebD o values. A sensitivity study was
a strong level of recycling occurs in both the divertor and

: i also reported in Ref. 3, varying the plasma flow toward the
main-chamber volumes, there appears to be a relatively Wegly o tor throat and baffles over the values of 0, 0.5, and 1.0
flux of particles communicating between them. times the flux arriving on the limiters/wall. In changing this
The physics underlying the magnitude of MCR in Alca- rametefa) from 0.5 to 1.0(the value estimated from mea-
tor C-Mod and the degree to which other tokamaks exhibi,rements isx~0.5), the cross-field fluxes anB . values
similar phenomena is an interesting and important t8pic. near the separatrix correspondingly increase by a factor of 2
Clearly, in order to predict when or if a similar regime will yhile these values at the limiter edge are unaffected, being
occur in a tokamak reactor, one needs to develop a fundaixed by the flux arriving at the limiters/walvhich, in turn,
mental understanding of cross-field particle transport. lfmust be consistent with midplane neutral pressures,
cross-field particle transport is sufficiently high, then thereLya-derived ionization profile, and limiter flux probe mea-
can exist a situation where MCR will persist for virtually any surements In the remainder of this paper, results are re-
divertor, baffle, and main-chamber wall geométrn this  ported using the parameter=0.5, which, as seen in the
paper, we do not explore MCR further than in Ref. 3. Rather JEDGE simulations, may lead to an underestimate of cross-
we use the observation that C-Mod operates in the MCRield fluxes andD . values near the separatrix.
regime to help extract some fundamental information about Figure 3 showsD 4 profiles extracted by this analysis
the relationship between cross-field particle transport, heaechnique for three 0.8 MA discharges with different line-
convection, and the plasma conditions that exist in the SOLaveraged densities(a) N,=1.1x107m3; (b) n,=1.6
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FIG. 3. Cross-field profiles of electron temperature, plasma defisjty

60 consequence of a rapid spatial increas®ijg. (Our use of
< 40F the term “Dg” here is not meant to imply that the transport
~ 20 is uniquely related to local conditions and the local density
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gradient. Rather, it is simply the diffusion coefficient that
would be required to yield the observed fluxes. For example,
it is possible that local transport could be dominated by
large-scale convection cells set by nonlocal conditipits.
should also be noted that theexponential density profile
decay is not evidence of, nor is it caused by, a preponderance
of particles streaming along field lines, exhausting into the
divertor volume, or onto divertor baffle surfaces.
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IV. PARTICLE AND HEAT TRANSPORT
DEPENDENCIES

:m 0.1} 36 |1 A. D¢ correlations
éo ofl / vid L An advantage of the above technique is that it can be
.5 0 5 10 15 {20 performed in many discharges, allowing correlation®gf
P (mm) gmggzv with local or global conditions to be identified. Recently, a

clear correlation between the local values f; and the
local values of density and electron temperature in the near

ionization source(S,,, inferred from Ly,), and cross-field particle flux SOL has been reported for a set of ohmic L-mode discharges
density (", ) inferred from the integral 08,,, using the method in Ref. 3.  with different core densitie%,suggesting the relationship:
Data from discharges with three different line-averaged densities are shoereﬁ~)\‘e—il-7’ where Nei is the electron—ion mean-free path.

(V) 1.1X10P°m™3; (W) 1.6x10°°m 3, and(A) 2.6x10°°m™2. Effective
cross-field particle diffusivity profilesQ{¢) are computed fronh’, andV,,.

Here, we apply the same analysis to a more recent set of
discharges which included differing plasma curremt3 @nd
toroidal magnetic fields Bt): 0.6<I,<1.0MA, 4<B:

X 10P°m~3; and (c) N,=2.6x10”°m~3. A number of im- <6 tesla, 0.&107°<n<2.5x 10?° m,E, yielding 64 time
portant characteristics can be seen in this sequence. slices with normalized density range, 0<1#./nz<0.47.

Figure 4 shows regression analyses results, correlating

(i) The density pro_file exhibits a two-layer structure: ap,. at p=2 mm with 3 different sets of regressofs) T,
steep exponential decay near the se_paratrlx and 8ndn atp=2 mm,1,, andBr; (b) T, and\/L atp=2 mm
much more gradual exponential decay in the far SOL.ere | 'is the local magnetic field line length connecting
As the plasma density is raised, density profiles flatteny oy inner to outer divertor target/baffle, divided by, and

_ everywhere. , () Nei/L at p=2 mm. Table | also presents analysispat4

(i)~ The ionization profile behaves as expected; as thenq g mm locations and includes partiatest statistics of
density is raised, it strongly increases in magnitudey,e regressorécolumns labeled “test) and the square of

_ and tends to peak further out into the SOL. the multiple correlation coefficientdRf).'* As seen in Table

(it} ~ The inferred cross-field plasma flux density is flat or| o rial F tests and multiple correlation coefficients using
slightly increasing across the SOL. It_s magnitude alsOy,t5 from the far SOL(p=6 mm) are low. The analysis

_ strongly increases with plasma density. ~ therefore does not offer reliable information about trends in

(iv)  The resultanD. profiles dramatically increase with i this zone. However, a number of important trends can
distance into the SOL. The primary reason for thispq inferred aboub ¢ in the near SOL.
inferred increase is the variation of the density gradi-
ent across the profile; the flux profile is mostly flat. (i) ~ The four-parameter regressidiie, n, I,, and By)

D increases nearly everywhere with increasmg suggests a rougiB/l, dependence oD.;. One

(v)  In the far SOL,D is clearly a poor characterization could consider this g (safety factor dependence or a
of the transport process; the density gradient becomes dependence on the parallel magnetic connection
nearly flat[case(c)] yet the cross-field flux remains length, L.
very large. (i)  The two-parameter regressio(,\.i/L) does just

as well statistically, implying that the dependence on
It is important to emphasize that this behavior of particle L (or g) is well represented in.;/L. Partial F-test
transport is radically different than the constant particle dif- values indicate that.;/L is more important thaii,.

fusion coefficient that is often assumed in 2D numerical(ii) The single-parameter regression (0.824,;/L

simulations of the SOL. With a constant particle diffusion <0.14) does almost as well as the multiparameter re-

coefficient, the density profile would need to gtteperas gressions with partiaF-test values forA.;/L being

the main-chamber wall is approached in order to drive an higher than any other parameter. This identifigs/L

increasing cross-field particle flux. Clearly, th@xponential as the most statistically relevant parameter. Apart

decay of density with distance into the C-Mod SOL is a from the newly found dependence on the parameter,
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(Qgiv) In order to support parallel electron conduction losses

1.0 (.a) «Te38 n1:1l 13 g1 8 to the divertor_target and baffles. Assumihg=T,, the con-
P vected power i .o~ ALces DTel | . The parallel heat flux
o R ‘e o 2 712 g
= /<>/ arising from electron conduction ig;=— $xV,T¢ ~ with
& ko~2.8x10° in units of watts m*eV "2 Assuming aT,
“é Ol o %‘f o profile along the field line that is symmetric with respect to
- 3 the divertor targets, an equivalent uniform volumetric heat
R2=0.80 loss along the length of the field line can be construcgd,
001 ° o ; =V,-q,~(477°R?*q?) ko(TH?—T!?), whereq is the safety
1.0 (b) «Te 15 Olei /L)'1'2 . “ factor (evaluated at 95% flux surfager is major radiusT,
- . ‘e is the peak electron temperature on the field lin€l . mea-
- /0/ sured by horizontal probeandT,y is the temperature at the
;” 0.1 <§3 divertor/baffle surface. An estimate of the cross-field power
g N <><> 4 necessary to support electron parallel conduction losses in
g 2 the SOL beyond the flux surface at locatiprcan therefore
0% R2=0.79 be obtained by integrating over the volume between that
Oioa G O ' flux surface and the one tangent to the limiter
e <(Qein)? -
Py o o 4 Ko Plimiter__2/- ,
- g Qdiv(P)*ALCFgﬂ_z—RzEz Todp’, 1)
P
o 0.1
£ Py <
- <, .
& whereA crs is the area of the last closed flux surface. Equa-
i & R2=0.75 tion (1) may be considered an upper estimate since it effec-
001 " ¢ . 3 tively setsT,, to be zero.
0.01 0.1 1.0 Figure 5 shows the density and electron temperature pro-
(m2 s-1) files from two dischargeslowest and highest density dis-

charges shown previously in Fig) 2long with the corre-

FIG. 4. Results of correlatin@®¢ at p=2 mm with 3 different sets of
regressors(a) T andn atp=2 mm, |, andBy; (b) T, and\;/L at p=2
mm; and(c) A¢;i/L at p=2 mm. The regressions include 64 data samples,
obtained in discharges with parameter range:<0,6<1.0 MA, 4<By (i)
<6 tesla, 0.& 107°°<n,<2.5x10?°m"3.

L, the implied relationship atp=2 mm, D
~(\ei/L) %7, is identical to that reported previously.

B. Cross-field heat convection

The regression analysis suggests thatasl. decreases,
cross-field particle transport in the near SOL increases. lon-
ization profiles(e.g., Fig. 3 indicate that cross-field particle
flux densities [';) remain roughly at the same level or (ii)
higher as they traverse the far SOL. It is interesting to com-
pare the resultant convected power crossing a given flux sur-
face Qcony) to the power that must cross that flux surface

sponding estimates 00, and Qg,. Some important
characteristics are made evident by this comparison.

In both discharge<Q .o exceed<;, in the far SOL
(p>7 mm); parallel electron conduction is not high
enough to handle the power entering this region.
Since these discharges exhibit MCR, we already
know that parallel heat convection to the divertor tar-
get and baffles is not significant relative to cross-field
heat convection. Therefore, cross-field heat convec-
tion combined with an undetermined amount of cross-
field conduction, charge exchange, and radiation to
the main-chamber walls must be dominating the heat
losses in this region.

In the lower density discharg&.,,, by itself cannot
account forQg,, in the near SOL(p<<7 mm). This
implies that a significant level of cross-field heat con-
duction must be active in this zone. Moreover, since

TABLE |. Regression analysis: Correlation Df; measured at three spatial locatigps.

p (mm) Dy @ 8 % 8 & Te-test n-test I -test B -test Nei/L-test R?
2 0.029 -3.8 1.1 -1.2 1.8 107 43 16 11 0.80
2 0.0014 -15 -1.2 10 48 0.79
2 0.000 52 -1.7 186 0.75
4 0.025 -4.3 0.9 -1.3 1.5 130 48 29 9.0 0.80
4 0.002 6 —2.4 -1.0 28 66 0.79
4 0.002 4 -1.4 144 0.70
6 0.17 -15 1.0 —-1.4 0.2 4.6 21 15 0.03 0.40
6 0.018 0.3 -1.0 0.12 28 0.36
6 0.016 -1.0 36 0.36

Den (M?s™ 1) =D 3(TJ/50 eV)* (/1077 m™3)A(1 /1 MA) Y(B/5 teslaf(Ng; /L)
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- ©)FE=0.19 << - - _ W
0.01 ng_ — > . | £ FIG. 6. Cross check of heat flux estimaté#) power flowing into SOL
1.0 A | Convection I based on input power minus core radiatidll) power conducted along field
’;“ =~ 4L - _ _ _ _ _ - lines to divertor based oﬁg/2 integration across SOL®) power convected
S0.1f | Y/ ConductionT 1 across a flux surface 4 to 5 mm beyond the shadow of main-chamber lim-
S e / | iters based on B, times the limiter-shadow particle flux probe measurement
(d) e 0.43\ shown in Fig. 2; and(*) power convected across separatrix based on
0.01L1 i 1 1 AcrSTo |, whereT', is estimated from local particle balance model
0 5 10 15 0 + 20 (Sec. Il B). Horizontal axis is line-averaged discharge density normalized to
imiter Greenwald density.
P (mm) Shadow

FIG. 5. Cross-field profiles from two dischargéss density andb) electron  the .main'Chamber |imi_ter$Plimv ba;eq on %, t.imes the
temperatureboth spline fits to probe datat low (¥) and moderate line- particle flux to the main-chamber limiters, estimated from
average densityA); (c) cross-field heat convectiorQ,,) and cross-field  the limiter flux probg. These quantities are plotted as a func-
heat flux Qgi) neces;ary 'to support parallel conduction losses to the d"tion of ne/nG in Fig. 6 for the same set of discharges shown
vertor for the low density discharge; afd) Q. andQg;, for the moderate . iq. 2
density discharge. in Fig. 2. _ _
We see that at low density, the estimate of power con-
ducted to the divertor approximately balances the power
Q.onyis small relative taQy, , it appears that the elec- crossing the LCFS. This gives us some assurance that the
tron temperature profile in this zone is primarily gov- conduction estimate is roughly right. As the density is raised,
erned by the cross-field heat diffusivity and parallel the power conducted to the divertor cannot account for the
conduction loss to the divertor. In this regime, onepower into the SOL. However, according to the limiter flux—
expects the temperature at the separaffixj to be  probe estimate, the power convected to the main-chamber
more or less fixed, satisfying the well-known limiters rises strongly with density. The sum@f;, andPjx,

relationship® with power into the SOL Py,), Teep a@Pproximately accounts for the power into the SOL. The
o p2t quantity Q.n(0), which is derived independently, also

sol * i .
(i) In the higher density discharg€..,, exceedsQy,  tracksPj, very well but it may be systematically lovor

over the entire SOL; cross-field heat transport to thePjim  Systematically high since one would expect
main-chamber walls is now dominating the heatQcondPimiter) t0 be lower tharQ,,(0) (as shown in Fig. b
losses over the entire SOL. andQconPiimiter) to be comparable or greater thRg, (and
remembering thaP,;,, is computed at a locatiorr4 mm in
The above observations suggest the following picturethe shadow of the main-chamber limiterk1 any case, these
As the plasma density is raisédr more generallyhi/L  data clearly support the conclusion that as the discharge den-
near the separatrix redugedross-field particle transport in- sity is raised the heat conducted to the divertor falls and the
creases and heat losses from cross-field transport becorheat convected to the main-chamber walls increases. Also,
more important than heat losses from parallel electron conthe heat flux estimates appear to be sufficiently accurate to
duction over an increasingly larger portion of the SOL, start-conclude that cross-field heat convection dominates over par-
ing with the far SOL. Apparently, for sufficiently low values allel conduction losses over the entire SOL fog/ng
of Nei/L near the separatrix, electron parallel conduction>~0.45. Possible additional heat losses from cross-field
losses no longer regulate the magnitude or shape of the eleheat conduction, charge exchange, and SOL radiation not
tron temperature profile anywhere in the SOL. seen by the core bolometer diagnostic are not considered
here.

C. SOL power balance
V. PLASMA FLUCTUATIONS AND BEHAVIOR NEAR

As a test of the confidence level in th@.,.(p) and DENSITY LIMIT
Quiv(p) estimates, we can evaluate these quantities at th
separatrix and compare them to independent estimates of t
total power flowing into the SOLP,, based on input The underlying physics of cross-field particle and heat
power minus core radiatiomnd the total power convected to transport involves plasma turbulence. Therefore, one expects

Character of fluctuations across the SOL
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FIG. 8. Time evolution of a discharge used to study SOL transport and

fluctuation behavior near the density limit. Top panel: plasma current and

line-averaged densityn{). Middle panel: input power, total radiated power,

and an estimate of heat convection onto main-chamber limiter surfaces

. o o based on limiter-shadow particle flux probe. Lower panginormalized to

0.5 1.0 1.5 Greenwald densityr(;) and electron—ion mean-free path normalized to 1/2

Time (ms) the magnetic connection length {; /L) at p=1 mm obtained from the three

times when the horizontal scanning probe is operated.

Isat/<lsat>
O = NO = NO = NO = NO = N

o
° -

FIG. 7. Top panel: Cross-field density profile from horizontal scanning
probe (spline fij. Bottom panels: time snapshots kaf,/(ls at different

locations(indicated byp value) as the probe traverses the SOL plasma. The B, Behavior as density limit is approached
breaks in the time series correspond to times when the probe is not biased in

ion saturation. Note: The time axis is relative; each snapshot is acquired ata  Up to this point, we have been focusing on SOL trans-
different ti_mg over the p_robe’s trajectory. Digital_sampling rate is 1 MHz. port and turbulence characteristics in discharges Wgtiess
SC:r?erzcatltraélsirt‘lgice;c;Ig.lng time) of the autocorrelation function for the time than Q.47 times the Gree_nwald Iimin(g)._lz An interesting
behavior unfolds as the discharge density approanhes
Figure 8 shows the time history of a typical discharge
used for this study: An ohmic L-mode discharge with a con-
tinuously ramping plasma density is established by gas puff-
some correspondence to exist between the character @fg. After a period of~0.7 s, the plasma current is ramped
plasma fluctuations and the observed transport. As discussedwn such that a density limit-induced disruption occurs.
here, a clear correspondence is indeed detected, consistdifte middle panel of Fig. 8 displays the total input power
with different particle and heat transport physics in the neafohmic), total radiated powef27 bolometey, and an esti-
and far SOL. mate of the power convected through a magnetic flux surface
The top panel in Fig. 7 shows a typical cross-fieldin the shadow of the main-chamber limiteiizased on 5,
plasma density profile from the horizontal scanning probe.t 13.6 €V times the particle flux to the main-chamber limit-
Subsequent panels show time snapshots of ion saturatigifS: estimated from the limiter flux probelhese traces dis-
current (,) normalized to the mean values recorded by thaPlay that the sum of radiation and limiter convection losses

probe as it traverses the SOL. In the near-SOL region, wher@ccounts for almost aII.the_in.pgt power as the densi_ty limitis
the gradients are large, the fluctuation amplitude is the |OW§1pproached. The density limit is reached near the time when

o hese losses exceed the input power. The horizontal scanning
nd th xhibi ream of rently ran ¥n ) . .
estand the data exhibit a steady stream of apparently ra doprobe is used to record SOL profiles at three times when

e oy St o~ 034 041, and 052 Th coresponding Vales o
change. From tﬁis location and outward into the SOL th )\e-i/L atp=1mm are indicated, showing arapid _red_uc_tio_n in

ge. , . i his parameter near the separatrix as the density limit is ap-
data exhibit lower-frequency, higher-amplitude fluctuations

L : . : N . proached.
with |nt§r'm|ttent, long-lived “bursts” of ion saturation cur- Cross-field profiles of densitinormalized tong), elec-
rent arriving at the probe.

tron temperature, and fluctuation characteristics obtained by
The lifetime of bursts in ion saturation current at a giventne horizontal probe are shown in Fig. 9. In general, the

location can be quantified by the autocorrelation time. At anydensity and temperature profiles show a familiar flattening as
location in the SOL the autocorrelation functigmt shown  the core density is raise@r \;/L near separatrix reduced
drops more or less exponentially with a characteristicHowever, forn,/ng~0.8, there no longer is a transition be-
e-folding time(7). However, the values of indicated in Fig.  tween a steep-gradient region in the near SOL and a shallow
7 show that the bursts in ion saturation current last systemgradient region in the far SOL. The “break point” in these
atically longer as the distance from the separatrix increasesegions appears to move toward the separatrix such that for
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0.4---|---|

—— V1. DISCUSSION
Density / ng ]

Evidence for increased cross-field particle transport in
the far SOL has been seen before in a number of other ex-
periments. A “shoulder” in the cross-field density and tem-
perature profiles have been seen in ASBExnd JT-60U
This feature is found to persist regardless of changes in the
divertor geometry®!® In ASDEX-UG, the profiles in the
shoulder region could be reproduced in simulations by as-
suming a large outward drift of 70 m$ or an effective
particle diffusion coefficient much larger than Bohm of
De~30 nPs 1.1 Also similar to Alcator C-Mod
results?>=?? neutral pressures in the main chamber of
ASDEX-UG were unaffected in changing to a more closed

0 b e e

Y
o
T

" Shot# 1000620010:597, 1000620010:799, 1000620010:1017

® e = divertor geometry? suggesting that rapid transport in the far
= 1 _ o Vf (I:(.)ll'r:ellgt.itl)l;\.ti.rple. B SOL and subsequent wall recycling sets the neutral pressures
i L S B B L R in the main chamber.
0.3l N A recent investigation of helium transport in the Alcator
o C-Mod SOL with an ion mass spectrometer also indicates
% o rapid cross-field transport in the far SBt.it was found that
RMS Isat/<lsat> in order to account for the relatively large ratio of singly- to
¢ (il BFEFEE BPEC TS BPEC A S B AT AU AR H i 1
0.1_2 0 2 2 s e 10 12 doubly chargedHe ions arriving at the wall, the cross-field

diffusive and/or convective transport of helium must increase
p (mm) with distance from the separatrix. Near the wall, the required
effective particle diffusion coefficient exceeded the Bohm

FIG. 9. SOL profiles at three times in the discharge shown in Fig. 8. Top : . .
two panels: densitynormalized to Greenwald densitand electron tem- level by more than two orders of magthde’ |mply|ng thatan

perature profilegspline fits to probe dataThird panel: profiles of charac- OUtward particle convection model may be a more appropri-
teristic autocorrelation time@) inferred from floating potential fluctuations ate description of the transport process.

over 2 ms ‘time intervals. Bolt_ton:j Eanﬁl: profiles cl)f ms flugt;ati%nglevel _of The overall characteristics of SOL plasma fluctuations
o setrton cutentrrmaliea by e e vlue ver 02 16 02 = WnEeen in the C-Modirequency rangek. p, range, autocorre-
are shown. lation times, “bursty” behavior are ubiquitous features of
turbulence in edge plasm&sSimilar to the results reported
in this paper, experiments on ASDEXfound that lifetimes
. and correlation length§oloidal and radial of H, fluctua-
the profile atn./nz~0.8 the break point isnsidethe sepa- tions increased with increasing line-averaged density at a
ratrix! Moreover, the normalized density at the separatrixfixed location in the SOL. In the Joint European Torus
does not increase with,/ng over this range but appears to (JET),?” a variation in the character of the turbulence with
saturate at a maximum value 6f0.2; large gradients in position in the SOL was seen; the frequency band over
density and temperature must exist further inside closed fluwhich turbulent transport fluxes occur varied from low fre-
surfaces in order to account for the core plasma densities argliencies in the SOL region to high frequencies inside the
temperatures in this discharge. last-closed flux surface. This work also reported turbulent
The fluctuation profiles tell a similar story. At low transport fluxes remaining approximately constant with dis-
ne/ng, the autocorrelation times and the normalized iontance into the SOL(within a factor of 2, despite almost an
saturation current fluctuation amplitudes show the usual besrder of magnitude variation in the gradient of the ion satu-
havior; they track with the density gradient, being lower in aration current(~density profile. These results implyD .
steep-gradient “near-SOL” region and higher in a shallow-values increasing by nearly an order of magnitude with dis-
gradient “far-SOL” region. For the density profile at tance into the SOL.
n./ng~0.8 there is no steep gradient region in the SOL;  Additional information on the character of the edge tur-
correspondingly, the autocorrelation times and the normalbulence in Alcator C-Mod is presently being compiled
ized ion saturation current fluctuation amplitudes are largehrough visible light emission measurements in the far SOL
across the entire SOL. using a set of fast time-response diddéS and a high-
Thus, it appears that the high cross-field transport zoneesolution 2D spatial imagirig of a localized gas puff. Vis-
(high D¢k, which is normally restricted to the far-SOL re- ible light emission from three spatial locations in the far SOL
gion for low n./ng), envelops the entire SOL for high separated by 3.4 mm indicate that bursts in visible light
Ne/ng. This may explain why the normalized separatrix emission have radial correlation lengths-e7 mm and an
density becomes saturated at the value-6f2 and no longer effective propagation velocity towards the wall in excess of a
increases witm,/ng . As shown in Fig. 8, the magnitude of few 100 ms*. Snapshots of 2D images of visible light emis-
the cross-field heat convection to the walls at higling is  sion with 2 us exposure show intermittent, spatially sepa-
large enough to impact the power balance of the dischargerated “blobs” of emission in the far SOL. Isolated blobs,
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which are viewed along magnetic field lines by optics, havefluctuation levels and longer correlation times are associated

a roughly circular form with a characteristic size of about 10with the smaller gradients in the far SOL. In discharges

mm in diameter. Blobs are often seen extending across thehich approach the density limik.;/L near the separatrix

far SOL, into the shadow of the main-chamber limiters. Thebecomes very smalD .+ becomes large, the plasma density

bursts seen in probe and fast-diode data combined with that the separatrix no longer increases, and fluctuations which

blobs seen in the 2D imaging data are consistent with thevere previously characteristic of the far SOL now occur

idea that large density and perhaps temperature perturbatioesen across the separatrix.

propagate across the far SOL, convecting particles and en- Above n./ng~0.5, cross-field heat convection clearly

ergy to the main-chamber limiters. dominates over parallel conduction losses over the entire
As outlined by Wessoft a density limit disruption is SOL. Thus, as the density limit is approached, the electron

believed to involve the onset of a thermal instability in which temperature near the separatrix is not regulated by parallel

the edge plasma cools and the current channel shrinks, beenduction to be an approximately fixed valuk,ds- Pig .

coming magneto-hydrodynamidMHD) unstable. Impurity Instead, the level of anomalous cross-field heat convection

radiation by itself can drive such a thermal instability whenimpacts the temperature at the separatrix and becomes an

the radiated power becomes equal to the input power. Howimportant component in the power losses of the discharge.

ever, as pointed out in Ref. 12, a thermal collapse could als®hese observations suggest that the particle and heat trans-

arise from cross-field transport in the plasma edge; if transport physics of the edge plasma may play a key role in de-

port increases rapidly in response to a cold plasma edge, theermining the maximum density that can be sustained in a

a thermal instability can ensue. In this scenario, radiatioriokamak discharge.

could act in concert with transport to establish a thermal

instability or radiation could act as an intermediary, carrying, cxNOWLEDGMENTS
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