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Intermittent plasma objectdPOg featuring higher pressure than the surrounding plasma, and
responsible for~-50% of theE X Bt radial transport, are observed in the scrape off 14$€L) and

edge of the DIII-D tokamakJ. Watkinset al,, Rev. Sci. Instrum63, 4728 (1992]. Conditional
averaging reveals that the IPOs, produced at a rate®% 10°s %, are positively charged and also
polarized, featuring poloidal electric fields of up to 4000 V/m. The IPOs move poloidally at speeds
of up to 5000 m/s and radially witEx B;/B? velocities of~2600 m/s near the last closed flux
surface(LCFS), and~330 m/s near the wall. The IPOs slow down as they shrink in radial size from
4 cm at the LCFS to 0.5 cm near the wall. The IPOs appear in the SOL of both L and H mode
discharges and are responsible for nearly 50% of the SOL r&diaB transport at all radii;
however, they are highly reduced in absolute amplitude in H-mode condition200@ American
Institute of Physics.[DOI: 10.1063/1.1406940

I. INTRODUCTION conditional averaging tools in both linear devitsand

o _ _ tokamaks'® with the result that structures propagating radi-
A magnetic d|verto]r_ in a tokamak provides heat and )y are responsible for much of the radial transport. Recent

particle exhaust and shields the main plasma from impurity, ok in the CASTOR tokamal® using conditional averag-

contamination. Heat and particles are transported from thfﬁg, reported intermittent coherent structures propagating ra-
plasma core to the edge and scrape-off [AB0L) plasma,  giay and poloidally in the SOL. Comparative work at the

where thﬁy r?r.e, n t.ur.n, (c:jonduc(tjed and convelc;ed to the dijeyices TI-1 and TI-IU concluded that intermittency bears a
vertor, which Is optimized to reduce structural damage ang, ,qanii| part of the transport and, most importantly, that

impurity release. The balance between parallel and PETPeRRG various properties of the intermittenéyower spectra,
dicular transport results in a SOL which is thin compared 'O5DE moments eteare self-similar in tokamaks and torsa-

its lengttf and the observed SOL profiles are mostly yons. Recent work in the JET tokanf&kocused on the

exponential with short (1-3 cm decay lengths. However, power spectra of the fluctuations, demonstrating that decay

. _5 . . _
there is ampf&™ evidence that the SOL profiles are some as 1f was localized in the spectral region where intermittent

times wider than usual and nonexponential and fl_at far aW‘"‘Yor bursty transport is dominant and interpreting the result
from the last closed flux surfacd.CFS), suggesting that

as an indication of closeness to instability thresholds. There-

E%%i?gécmar transport in these conditions can be larger thaf%re, the universality of intermittency and the concomitant

A candidate for the additional edge/SOL transport, inter-faSt convective transport has b(_aen estabh%ﬁ%%?'s_for Io_ng.
mittency in the fluctuations corresponding to a si nificantAddltlona”y’ there is an extensive body of work imaging the
y P 9 g edge of various devices with fast caméPgs which show

numbe_r of events above_ the standa_lrd deviation, has be%ﬁat moving plasma filaments exist in the edge/SOL. Thus,
extensively documented in linear deviédsstellarator$ and ) ;
work over the years has accumulated overwhelming evi-

tokamaks!! and its statistical properties examiniédia the s .

e : . dence that moving, intermittent coherent structures are con-
probability distribution functiot? (PDP). The essential result . X .
: ; ; .~ vected in the edge/SOL of magnetically confined plasmas
is that the fluctuations depart from a Gaussian distribution .

. . tarrying a large amount of the total transport.

featuring skewness and kurtosi$® that correspond to the ; . . . .
presence of a significant number of events above the stan- Th'S. artlcle. presents results .from varlous Q|agnqst|cs,
dard deviation. Furthermore, it has been proven in tokamakgrObeS in_particular, demonstrating that fast, intermittent,

(JET) and stellaratoré (ATF. W7-AS) that the statistical convective transport perpendicularBocan be present in the

. . : - DIII-D tokamak, accompanied by the usual non-Gaussian
properties of the fluctuations are alike and near-Gaussian in S : . .

: - L characteristics in the fluctuations. It is also shown that this
the shear layer while deviating from Gaussian into the edge

14 . . . . YIntermittent transport is responsible for nearly 50% of the
or the SOL.” The intermittency has been characterized usmg[ransport in both L- and H-mode conditions. Although the

source of the intermittency is not addressed in this article, the

ZZEIectronic mail: jpoedo@ucsd.edu point made is that the intermittent transport can change the
JAlso at University of Wisconsin, Madison, W1 53706. particle and heat load distribution, and consequently the re-
Also at General Atomics, San Diego, CA. . )

9Also at University of Toronto, Toronto, Canada. cycling, at the walls. Eurthermore, ttiar SQL proﬂles are
®Also at Lawrence Livermore National Laboratory, Livermore, CA. found to be flat, questioning the role of diffusion and sup-
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FIG. 1. Time evolution of two discharges in DIII-D showing, from top to bottom, density, plasma current, injected power, radiated powesigndl® The
transition to H-mode occurs at 2.15 s in one of the discharges. The probe is inserted at the times marked by the two thick vertical lines.

porting convection as the alternative transport mechanismarea andn, is the electron densityand floating potential,
These findings have multiple consequences for future fusio®;. The measurements were utilized to infer the electron
reactor design and thus provide a strong motivation to furthetemperatureT,, by using the harmonic methdthe elec-
investigate the conditions under which large cross-field contron density,n,, by using the equation abovassumingT .
vective transport exists in the SOL and its relation to inter-=T;) and the poloidal electric fields ;= (Vi1 — Vs,)/ 6, for

mittency. probe tips separated a distanéeall with time resolution
down to 1.0us. The calculation oE, assumes that the tem-
Il. EXPERIMENTAL SETUP perature and sheath drop are identical in both tips and that

the intermittent objects are larger than the separation be-

The experiments were carried out on the DIII-D tween the tips; the last assumption is justified later using
tokamal%z for a Variety of discharges with plasma current peam emission Spectrosco@ES) data. The p|asma poten-
lp=1.0MA and toroidal field oBr=2.0T at major radius, tial V,, was calculated a¥,~®+3.0kT,. The probe scans
R=1.7m. For completeness, a brief survey of dischargesorizontally from the outside wall in approximately 250 ms
with neutral beam heating power up to 2 MW, featuring bothalong the path indicated in Fig. 2. The Thomson scattering
low (L) and high(H) confinement modes, with double and system, also shown in Fig. 2, provided independentaind
single-null divertor geometryat the bottom of the vacuum n_ measurements at 12 locations separated by 2—3 cm every
vessel and with standard and revers&q directions were 12 ms. ThgBES) system, configured as & fiber array as
investigated. Otherwise identical H- and L-mode dischargesseen in Fig. 2 and inset, was located at the edge of the
shown in Fig. 1, were analyzed in particular detail for com-plasma in the midplane to provide fa4tus) 2-D imaging of
parative studies. The density was increased in a stepwisge density. The measurements, taken along the path of the
manner, as shown in Fig. 1, and the probe was inserted @frobe insertion, are mapped onto the magnetic surfaces, dis-
various times, illustrated by two thick vertical lines, to assureplayed in Fig. 2, calculated by the toroidal equilibrium fitting

coverage at several densities. code EFIT2®
The principal measurements were made by a fast scan-
ning probe arras featuring five tipgFig. 2, upper insetthat  !ll. RESULTS: GENERAL CHARACTERIZATION OF
sense probe currentl, ion saturation currentlgy THE INTERMITTENCY
=1/2ApeneCs=1/2Apeng[K(Te+ T)/m]Y? (T, andT; are The probe signals forgy, Vi, Ey andlg,E» are shown

the ion and electron temperatures, respectivgly,is the tip  in Fig. 3 for an interval 1 ms long for standaBj, L-mode
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can be observed by eye among all the traces, conditional
Ve ® s averaging tools, introduced in the TEXT tokamak by
©© - Filippast® and later in linear devicésand other tokamalk,
CJ e were used to quantify the observations. A 2rns-level
Te threshold was used to discriminate the intermittent events in
1 Vg, © Probe Head

| sat» Which were then binned for 10@s about the maximum
of each event, accumulated and then averaged. The existence
of an event inl ;;;can be used as the condition to select time
slices in theE, and Vs signals at the same time slice.

The results of the conditional average on thg, E, and
| saE ¢ Signals for three spatial locations in the SOL, namely,
(a) near the separatrixb) 5 cm into the SOL andc) 10 cm
into the SOL, are shown in Fig. 4. Excellent correlation is
found between events in the three signals and it can be no-
ticed that(1) the | ¢, pulses arealways positive, (2) the E,
pulses aralways positive and(3) the amplitudes of thég,,
andE, events are quickly reducdtly a factor of~7) away
from the separatrix. Conditional averaging using various
thresholds and utilizings,;or E4 as the primary signal yield
equivalent results.

It is worth commenting that the conditional averaging
technique with a window of 10Qus is applied to 20—40
events, or a time series 2—5 ms long. The selected windows

Z (m)

Fast result on averaging over frequencies higher than those asso-
L7 Probe . . L .
ciated to the time scale of the binning windder corre-
0 1 2 spondingly, to structures that are smaller than the selected
R (m) scale, which is in this case 2 cm). Simultaneously, lower

_ . _ frequencies or larger spatial scales will appear as a dc offset
FIG. 2. Poloidal cut of DIII-D showing the magnetic geometry and some;, 4o ayeraged data. The time window used in the calcula-
relevant diagnostics. Two insets sh@wp) the scanning probe tip geometry

and (bottom the BES diagnostic geometry. The Thomson scattering chorddiONs presented in this article has been determined through
are indicated at the top. trial and error.

The sign asymmetry that the intermittency conveys to

the various signalsi.e., bursts are always positive In,)

discharges. The intermittent objects appear at a rate of 1—4dffects their statistical characteristics and introduces a devia-
X 10°s™*. The product of ., , is used because it is straight- tion from the Gaussian distribution that translates into a
forwardly calculated from raw probe data and is a quantityskewnes? of ~1 in thel g, signal, as shown in Fig. 5. No-
between radial particlengV,=n.E,/B,) and convective tice that the statistics for both the L- and H-mode show sig-
heat 1V, Te=nTcE,/B) flux. Appreciable intermittency nificant skewness whereas a Gaussian distribution would fea-
is evident and, although correlation of the large excursionsure a skewness of zero.

FIG. 3. Traces ofig,, V¢, E4, and
lsaX E4 are shown for a time interval
of 1 ms. Intermittency showing good
cross-correlation is clearly visible in
all the signals.
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The data obtained insofar indicate that discrete, intermitabout 330 m/s at the walllO cm farthey and their size starts
tent plasma objectdPOg are traveling past the probe tips. as roughly 3—4 cm, shrinking to 0.5 cm near the wall.
The IPO’s radial convection velocityz=E X B/B?, can be The poloidal velocity of the IPOs can be calculated us-
easily calculated from the measurggland the local value of ing two techniques, namely time-lag correlation and time-
B; at the measurement locatigr-15 kG). The validity of  delay of conditionally averaged signals from the two poloi-
this measurement depends Bnbeing similar at both poloi- dally separated probe tips. A comparison of the
dally separated tips, which is equivalent to stating that theaforementioned techniques to tkeX B velocity, is shown
gradient scale length of the IPO’s internal field is greaterin Fig. 6. All techniques show a fast decay of the IPO’s
than the distance between tips. As we will show later andoloidal velocity away from the LCFS into the SOL; how-
support with BES measurements, the IPOs-a8x 3 cn? in ever, the velocity inferred from the time-delay technique,
size and thus much larger than the 3 mm distance betweew,, is much higher than those inferred from the correlation
the tips. The assumption here is that the various quantitieechnique,V.,,, and theg, X B velocity. Furthermore, the
associated with the objectm this case density and tempera- IPO’s poloidal velocity inferred from the BES diagnostic
ture) are of similar spatial scale. Once their radial velocity is(marked as a large open circle in Fig. &grees with the
estimated, their radial extent can be calculated frém time-delay technique. Although the issue is still being de-
=V, At whereAt is the duration of the bursts. The calcula- bated, the data seem to indicate that the IPOs move faster
tions, shown in Table I, show that the IPOs begin with athan the background plasma, which is the velocity tBat
velocity of ~2600 m/s at the separatrix and slow down to X B and time-lag correlation tend to represent. The data are
consistent with a poloidal object size of abou8 cm.

More can be learned about the IPOs by studying their
temperature distribution. A fadt, diagnostié®?*with band-

1-0 T T I I -
0.8 L o ° o L-Mode || width of 200 kHz, and thus able to resolve the temperature
06 | o [_° H-Mode inside the structures, is used. The results from conditional
§ 0.4 | ] | averaging of thel, trace, shown in Fig. 7, indicate that the
S 02 o J
; “ °
£ o0 .
0 02| °] TABLE I. Summary of IPO parameters as a function of the distance from
0.4 the separatrix Rpope— Rsep - The IPOs durationAt, and internal poloidal
0‘6 [ ) field, E,, allow the calculation of their radial velocity/,, and sizeA,.
-l L | 1 L | 1 |
"0 1 2 3 4 5 6 7 8
R-R (cm) Rprobef Rsep At (s) Ey (V/m) V, (m/s) Ar (cm)
sep
LCFS 0.5 1.5%10°° 4000 2660 3.9
FIG. 5. The skewness of thHg, signal is shown for L-modéopen circleg 5 2.0x10°° 1500 1000 2.0
and H-mode(solid circles discharge conditions. Both show marked devia- Wall 10 1.5x10°° 500 330 0.5

tion from Gaussian behavior.
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FIG. 6. Intermittency’s poloidal velocity estimates by using time-delay tech-
niques(solid circles and time-lag correlatiofiopen squargs The data are
compared to th&, X B velocity and one point from BE8arge open circlg

temperature in the IPOd=ig. 7(a)] is 150 eV, nearly three
times that of the backgrountb0 eV), and their potential
[Fig. 7(d)], calculated a8/,~V;+3kT, [V shown in Fig.
7(c)], is 400 V and positive with respect to the surrounding

plasma(120 V), suggesting that a predominant electron loss
occurs at the IPO boundaries. Furthermore, the burst ir

plasma potential in Fig. (@) indicates that the IPOg&with
dimensions of roughly & 3 cn? in the poloidal plangcon-
tain a radial electric fields, = — VV, that can be estimated
askE,~AV,/ér=300/1.5 (V/cm) and results in internal ro-
tation at aV, =E,, /B, speed of 1.%10* m/s. In the above

Boedo et al.

measurements, the only assumption is that we can resolv

the temperature in these objects fast enough and that th

plasma potential can be calculated\gs=V+ 3kT,.

IV. RESULTS: EVIDENCE FROM OTHER DIAGNOSTICS

The data from the probes indicates that events greate

than two times the rms level of tHg,, or T, signals are not

uncommon in these discharges, and therefore should be aj

parent in the signals from other diagnostics such Thomso
scattering and BES?®
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FIG. 7. Conditional average results f@ T, (b) E4, (¢) V¢, and(d) V,
showing thata) the plasma structures are charged positiv@ycontain and
convect substantial amounts of energy &cjda positive radial electric field
exists inside them.
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FIG. 8. (a) and (b) T, andn, from Thomson scattering data accumulated
every 12 ms for 500 ms and compared to the average showing that fluctua-
tions are high, reflecting the intermittencfc) Plot of T, and n, from
Thomson scattering data accumulated for 500 ms in L-mode indicating that
there are points featuringpth with high density and temperature in support
for probe data. These points are beyond the dashed line.

The Thomson scattering diagnostic at DIIF¥Dprobes
the plasma for 25 ns every 12 ms, clearly insufficient to
properly sample the intermittency but sufficient to provide a
rough comparison to the probe data. Thomson scattering
density and temperature data accumulated for 500 ms in an
L-mode dischargéto avoid the complication of ELMSand
superimposed over the average are shown in Figs.ahd
8(b), featuring large temperaturé~80% and density
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FIG. 9. Two frames from BES showing 2-D density plots. There is a time
difference of 6us between frames. A particular structure is marked with a
dashed circle, and shown in both frames, clearly highlighting poloidal and
radial motion.

(~40%) fluctuation levels. Notice that the relative fluctua-
tion levels increase with radius. The excursions in tempera-
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ture and dens|ty are correlated in t|me, as shown in R‘@ 8 FIG. 10. Conditional averaging results showing the density pulses for L-

for a Thomson channel 1 cm into the SOL, supporting th

and H-mode conditions. Data from different radii are superimposed, those
q‘rom the LCFS at the top and those from the far SOL at the bottom, as the

paradigm of high density and temperature IPOs buffeting th@rows indicate. The corresponding radii are indicated. Density pulses in

probe tips.
Further support is obtained from the BES diagnostic,
which consists of a fiber array that covers &% cn? region

L-mode are larger than in H-mode.

at the edge plasma as previously shown in Fig. 2. Twdi-mode conditions and in the same scale. Three properties
frames, where the LCFS is indicated by a vertical solid line,are again quite appareritt) The flux excursion is large and

taken at an arbitrary timg, and 6 us later ¢,+6 us) are

nearly five times the background?) the flux for similar

shown in Fig. 9. A positive density feature is marked by aradius is much larger for L-mode conditions than for H-mode
dashed circle in both frames and followed through the sixconditions, and3) the flux decays rapidly with radius.

frames. The center of the feature is indicated by vertical
dashed lines. Notice that the object has a spatial extent of
roughly 2x 2 cn?. From the two frames it is clear that the
object is moving poloidally and radially with speeds that can
be easily estimated &t,=5 km/s andv,= 1500 m/s, values
which compare well to probe data.

V. RESULTS: L-H MODE COMPARISON

Intermittency data from discharges in L- and H-mode
that are otherwise identical, as seen in Fig. 1, were analyzed
with conditional averaging. The results for density, showing
the CFOs, are shown in Fig. 10 by superimposing traces
from various radii and indicatingarrow) the direction of
increasing radius. Three properties of the data are immedi-
ately apparent(1) The density excursion is two to three
times the background densit) the amplitude of the pulses
for similar radius is much larger for L-mode conditions than
for H-mode conditions, an@3) the amplitude of the pulses
decays rapidly with radius.
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Evaluation of the total particle flux convected by the FIG. 11. Conditional averaging results showing the intermittent particle flux

IPOs is of utmost importance to assess their relevance to tr{%(')

radial transport. The flux can be calculatedIgs=n.(E,

L- and H-mode conditions. Data from different radii are superimposed,
se from the LCFS at the top and those from the far SOL at the bottom, as
the arrows indicate. The corresponding radii are indicated. Particle flux in

XB/B?) and the result is shown in Fig. 11 for L- and L-mode is larger than in H-mode.
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FIG. 12. Ratio of the intermittent particle flux to the tofak B flux as a H-Mode
function of event size normalized to rms levels. Events greater thax 2.5 0.0 !
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rms carry 50% of the transport.
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p
The relevance of IPOs to radial transport in the SOL isFIG. 14. Thomson density profiles for L- and H-mode discharges. After a

obtained in L- and H-mode at various radii by calculating @St drop at the LCFS, the profiles flatten up to the wall,

1_‘Int/ll_‘TotaI: <| saE(9>|ntermittent/<| saE&)Total ver_su; event-

amplitude thresholds expressed as a multiplier of the rms

level. That is, each point shows the fraction of transport ar-. ,
rived by eventsabovethe rms multiplier shown in the ab- tinuum of event sizes. The results strongly suggest that the
scissa. The result, shown in Fig. 12, indicates taainter- intermittency is part of the turbulence. It can therefore be

mittent events above the 2Gms level are responsible for stated that the intermittency, and its response to sheared elec-
~50% of the transporat all r.adii (b) there is a continuum tric fields that decorrelate turbulent transport resulting in re-

of event sizes, andc) although'the relative relevance of duced transport and enhanced confinement conditions, has
intermittency is unchanged with radius, its absolute ampli->€€n indirectly ?E:Iharacterigzegs eXte”Si‘;f'y in many devices
tude decays rapidly with radius due to the decay of the strucSUc as CCT)* PBX-M,**% DIII-D,* TEXT,** and

37,38
tures themselves. TEXTOR.‘ fles f h ina in th
It is important to notice that the intermittency under Density profiles from Thomson scattering in the SOL,

study here, residing in the 1-200 kHz band, is part of théwrmalize(_j to the va_lue _at the LCFS} are shown f‘?r L- and
. . ~ H-mode discharges in Fig. 14, showing that there is a clear
usualEX B electrostatic turbulent particle fluk, , that de- difference in the profile decay length near the LB cm
pends on the rms value of the densif§Z)*2, poloidal field, H-mode to 1.3 in L-mode but that in the far SOL both
=2\1/2 ; AT N Ei :
(E%)"'“and their cross-correlatioli, is plotted in Fig. 13for  hfiles are quite flat and the particle density is significant. It
the same L- and H-mode conditions, indicating a large rejs proplematic to invoke diffusion as the radial transport
duction of the totaEX B transport during H-mode and itis nechanism in the far SOL if the density gradient is zero and
important to consider these data in the framework of Fig. 13,5 convection needs to be called upon, possibly in the form
showing that the intermittent structures fraction of the totalyt jntermittent events. However. the quick reduction in the
transport is constant with radius and that there is a CONzmplitude of the bursts and concomitant fast decay of the
density profiles is not in contradiction with a strong particle

sink in the divertor for the conditions considered.
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FIG. 13. Profiles of the radial broadbarktx B flux for L- and H-mode FIG. 15. Plasma filament polarization and associated drift result in outward
conditions. Flux in L-mode is four to five times greater than in H-mode. motion of plasma structure in the tokamak boundary. The drift velocity of
ThusE X B transport, including intermittency, is suppressed. the object isV,=Vg~CcE/B.
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