GA-A23994

INTERMITTENT CONVECTION IN THE
BOUNDARY OF DIlI-D

by
J.A. BOEDO, D.L. RUDAKOV, R.J. COLCHIN, R.A. MOYER,
S. KRASHENINNIKOV, D.G. WHYTE, G.R. MCKEE, M.J. SCHAFFER,
P.C. STANGEBY, W.P. WEST, S.L. ALLEN, and A.W. LEONARD

JUNE 2002



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United

States Government or any agency thereof.




GA-A23994

INTERMITTENT CONVECTION IN THE
BOUNDARY OF DIlI-D

by
J.A. BOEDO,T D.L. RUDAKOV,T R.J. COLCHIN ¥ R.A. MOYER,!
S. KRASHENINNIKOV,T D.G. WHYTE,' G.R. MCKEE® M.J. SCHAFFER,
P.C. STANGEBY,A W.P. WEST, S.L. ALLEN.£ and A.W. LEONARD

TUniversity of California, San Diego
Toak Ridge National Laboratory
TUniversity of Wisconsin
TUniversity of Toronto Institute for Aerospace Studies
TLawrence Livermore National Laboratory

This is a preprint of a paper presented at the 15th International
Conference on Plasma Surface Interactions in Controlled Fusion

Devices, May 27-31, 2002, in Gifu, Japan, and to be published in
the Proceedings.

Work supported by
the U.S. Department of Energy
under Contracts DE-AC03-99ER54463, DE-AC05-000R22725,
W-7405-ENG-48, and Grants DE-FG03-95ER54294, DE-FG03-96ER54373

GA PROJECT 30033
JUNE 2002



J.A. BOEDO, et al. INTERMITTENT CONVECTION IN THE BOUNDARY OF DIHI-D

ABSTRACT

Intermittent plasma objects (1POs) featuring higher pressure than the surrounding plasma,
and responsible for ~50% of the ExBT radial transport, are observed in the scrape-off layer
(SOL) and edge of the DIII-D tokamak. The skewness of probe and BES intermittent data
suggest PO formation at or near the last closed flux surface (LCFS) and the existence of hole-
PO pairs. The particle content of the IPOs at the LCFS is linearly dependent on the discharge
density, however, when normalized to the local averaged density, it isfairly insensitive to density
variations. It is aso shown that the IPOs thermalize with the background plasma within 1 cm of
the LCFS. The IPOs appear in the SOL of both L and H mode discharges carrying ~50% of the
total SOL radial ExBT transport at al radii. However, the total flux and the PO contribution, are
highly reduced in H-mode conditions due to the increased confinement.
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1. INTRODUCTION

A magnetic divertor [1] in atokamak provides heat and particle exhaust and shields the main
plasma from impurity contamination. Heat and particles are transported from the plasma core to
the edge and scrape-off layer plasma, where they are, in turn, conducted and convected to the
divertor, which is optimized to reduce structural damage and impurity release. The balance
between parallel and perpendicular transport results in a SOL which is thin compared to its
length [1] and the observed SOL profiles are mostly exponential [2] with short (1-3 cm) decay
lengths. However, there is ample [3-5] evidence that the SOL profiles are sometimes wider than
usual and non-exponential and flat far away from the LCFS, suggesting that perpendicular
transport in these conditions can be larger than expected.

A candidate for the additional edge/SOL transport, intermittency in the fluctuations
corresponding to a significant number of events above the standard deviation, has been
documented extensively in linear devices[6,7] stellarators[8] and tokamaks[9-11] and its
statistical properties examined [12] via a probability distribution function (PDF) [13]. The
essential result is that the fluctuations depart from Gaussian behavior, featuring Skewness [13]
and Kurtosis[13] that correspond to the presence of a significant number of events above the
standard deviation. Furthermore, it has been proven in tokamaks (JET) and stellarators [14]
(ATF, W7-AYS) that the statistical properties of the fluctuations are similar and near-Gaussian in
the shear layer while deviating from Gaussian into the edge or the SOL [14]. The intermittent
events have been characterized using conditional averaging tools in both linear devices[6,7] and
tokamaks [15,16] with the result that structures propagating radially are responsible for much of
the radial transport. Recent work in the CASTOR tokamak [17], using conditional averaging
reported intermittent coherent structures propagating radially and poloidally in the SOL.
Comparative work at the devices T} and TJ-1U, concluded that intermittency bears a substantial
part of the transport and most importantly, that the various properties of the intermittency (power
spectra, PDF moments, etc.) are self-similar in tokamaks and torsatrons. Recent work in the JET
tokamak [18] focused on the power spectra of the fluctuations, demonstrating that decay as 1/f
was localized in the spectral region where intermittent (or bursty) transport is dominant and
interpreting the result as an indication of closeness to instability thresholds. Therefore, the
universality of intermittency and the concomitant fast convective transport has been long
established [6,8,19,20] and there is an extensive body of work imaging the edge of various
devices with fast cameras[21,22] with the result that moving plasma filaments exist in the
edge/SOL.
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This paper builds on recent work [16] demonstrating the existence of intermittency in the
DI11-D boundary and characterizing it. We now present results from various diagnostics strongly
indicating that the origin of the intermittency phenomenais at or near the LCFS. Furthermore we
present scaling of the magnitude of the density perturbations with density in L-mode and show
that the 1POs quickly thermalize with the background plasma. The role of the IPOs on radial
transport is a constant fraction of the total on all conditions and is quite significant at nearly 50%.
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INTERMITTENT CONVECTION IN THE BOUNDARY OF DIHI-D

2. EXPERIMENTAL SETUP

The experiments were carried out on the
DIl1-D tokamak [23] in avariety of discharges
with plasma current 1,= 1.0 MA and toroidal
field of By = 20T at R = 1.7m. For
completeness, a brief survey of discharges
with neutral beam heating power of up to
2 MW, featuring both low (L) and high (H)
confinement modes, with double- and single-
null divertor geometry (at the bottom of the
vacuum vessel) and with standard and reversed
B 1 directions were investigated. Otherwise
identical H— and L—mode discharges, shown in
Fig. 1, were analyzed in particular detail for
comparative studies. In some discharges, the
density was increased in a stepwise manner
from <ng>/ng\,=0.26 to 0.5, as shown in
Figs. 1 and 3, and the probe was inserted at
various times, illustrated by the vertical lines,
to assure coverage at various densities.

The principal measurements were made by
afast scanning probe array [24] featuring five
tips (Fig. 2 upper inset) that sense probe
current |, ion saturation current Iy, given by
the expression sz = 1/2 ApreneCs= 1/2 Aprene
[K(Te+Ti)/mi]Y2, (Te and T are the ion and
electron temperatures respectively, Apy isthe
tip area and ne is the electron density) and
floating potential, @+ . These measurements
were used to infer electron temperature, Te, by
using the harmonic method [25], the electron
density, ne, by using the equation above. The
probe scans horizontally from the outside wall
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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 power and Dy signals. The
transition to H—-mode occurs at 2.15s in one of the
discharges. The probeisinserted at the times marked by
the two thick vertical lines.
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@
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Vi3
Probe Head

Fast
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Fig. 2. Poloidal cut of DIII-D showing the magnetic
geometry and some relevant diagnostics. Two insets
show (top) the scanning probe tip geometry and
(bottom) the BES diagnostic geometry.
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in approximately 250 ms along the path indicated in Fig. 2. The Dg sensor array, aso shown in
Fig. 2, provided independent, radially-resolved intermittent signals. The beam emission
spectroscopy (BES) system, configured as a 5x6 fiber array as seen in Fig. 2, was located at the
edge of the plasma in the midplane to provide fast (1 us) 2-D imaging of the density. The
measurements can be are mapped onto the magnetic surfaces, displayed in Fig. 2, calculated by
the toroidal equilibrium fitting code EFIT [26].
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3. RESULTS: GENERAL DESCRIPTION OF THE INTERMITTENCY

Appreciable intermittency is evident in many edge diagnostics [16] and the intermittent
objects appear at a rate of 1-4x103 s'1 and, although correlation of the large excursions can be
observed by eye among all the traces, conditional averaging tools, introduced in the TEXT
tokamak by Filippas[15] and later in linear devices [6] and other tokamaks [8], were used to
guantify the observations. A 2.5xrms-level threshold was routinely used to discriminate the
intermittent events in ne, Te and Iz probe data, which are then clipped for 100 us about the
maximum of each event, accumulated and then averaged. The existence of an event in a signal
can be used as the condition to clip time slices in other signals at the same time slices to observe
correlations.

A convenient way of visualizing the
intermittency is show in Fig. 3, where data
from the radial Dy array (Fig. 2) is plotted in
2-D with the ordinate corresponding to the
radial direction (top is the core, bottom the

SOL) and the apscissato time. The data, Wh.iCh m.E 2 Density 107 405w
is not shown in the same scale for clarity, o 3 /_uf“
displays structures that appear intermittently, % % t1| t2| t3| t4

travel radially and poloidally and then 15:Dg 107405

1.0
dissipate. Notice that the structures are born in 0.5}
F.) . . . 001 ] ull
aregion (marked with a dashed line) slightly 0 1000 3000 4 000
inside the LCFS (marked with a solid line)
) 0.6 2.0
only and do not come from deeper in the = 05 15

plasma core. The intensity of the intermittent , 8;‘
Da signal increases linearly with density (note §§
scale). Data from the beam emission

spectroscopy (BES) diagnostic, which 59,3, The e evouton of e - mode dachrge
measures density in a 2-D array covering a 0.27 to 0.5. Inserted 2-D plots show the time evolution
6o x 5 cm region a he edge plaama (g 2) %00 218 e sgmein A el S
with 1 psresolution, was also used to visualize  density.

the data. Two frames taken at an arbitrary time tg and 6 ps later (tp + 6 ps) are shown in Fig. 4,
indicating the LCFS is indicated by a solid vertical line. The radial motion of a positive density
feature, marked by a dashed circle in both frames, is indicated by vertical dashed lines. Notice

that the object has a spatial extent of roughly 2 cm x 2 cm. From the two framesiit is clear that

1.0
0.5
0.0

!

5ms——
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the object is moving poloidally and radially LCFS
with speeds that can be easily estimated at
V=5 km/s and V,=1.5 km/s which compare

well to probe data.

The intermittency causes asymmetry on t0
statistics of the various signals introducing a
deviation from Gaussian behavior, in both
L— and H-mode, that is measured as skewness
(i.e., positive ne bursts appear as positive
skewness) [13] of ~1 in the Iy signal at the t0+6|JS
SOL, as shown in Fig. 5(a). Similar results are
obtained from BES[27,28] data, shown in
Fig. 5(b). It is crucial to notice that the
skewness changes sign at or near the LCFS,
within the error bars of EFIT, indicating that ;g's_“T'h;"éc}Sf;at'i"ni ;{f?eTeECEeSofgol‘l’g Bgth£n ﬂm
negative events are present, corresponding to A particular structure is marked with a dashed circle,

. . . . and shown in both frames, clearly highlighting poloidal
drops in the density signal from its average and radial motion.
level.
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Radial
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Fig. 5. The skewness of: (a) the Isat signal, and (b) the BESsignal is shown for L—mode (open circles) and H-mode
(solid circles) discharge conditions, showing marked deviation from Gaussian behavior. The skewnes reverses
roughly at the LCFS
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.y . 30 T T T T
Conditional averaging performed on the R-Reep=0.20 cm; MeNgy=0.50

probe’'s density data averaged over 5ms 25 1
(threshold at 2.5% rms level) near the LCFS,

and shown in Fig. 6 for discharges with

20 1 ]
]

Ne (><1018 m‘3)

|
<ng>hgw = 0.26 and 0.5, confirm the 15 \ l: \r]
presence of both positive and negative events. |1 RRsep=020 cm
It can be seen that the positive and negative 0y e A ray __\A
(hole) 1POs are comparable in size, suggesting 5 PR N, —Z 1
that a local relaxation in the density profile is 0 R"R‘se‘p:lo-‘74‘cm;lﬁ%ekl‘Ih‘GVlV:‘O-‘ZG‘ o
the source of the positive IPOs, and in 0 20 40 60 80 100

t (us)

. ) . Fig. 6. Conditional averaging of the probe density
Conditional averaging of probe signalsasa signals near the LCFS for <ng>/ngy=0.27 and 0.5

function of radius produces profiles of the indicate the existence of density holes concomitantly
) with IPOs in that region. This data supports the

typical 1PO, for L and H-mode. Theresultsfor  paradigm of the IPO creation near the LCFS.

density are shown in Fig. 7(a,b) for L— and H-mode discharges, in the same scale for ease of

comparison, by superimposing traces from various radii and indicating (arrow) the direction of

increasing radius. Three properties of the data are apparent: 1) the density excursion is 2—3 times

the background density, 2) the amplitude of the pulses for similar radius is much larger for

agreement with the Dy array shown in Fig. 3.

L—mode conditions than for H-mode conditions, and 3) the amplitude of the pulses decays
rapidly with radius.

Since the interaction of the plasma with the far wall has been reported to increase with
density [29], and the IPOs can provide a mechanism for fast convection of particles, it is
interesting to explore the scaling of the amplitude of the density IPOs with core density. Radial
profiles of the IPO peak density/temperature, and the averaged density/temperature profiles, are
shown in Fig. 8(a,b) for L—mode discharges with <ng>/ngw=0.26 and 0.5. It can be noted in
Fig. 8(a) that the peak PO density is about 70% of the background density and both decay
quickly with radius with a decay length, Ln, of 2.7 cm. Quite different behavior is seen on the
temperature, obtained from a fast Te diagnostic [30], where the IPO peak temperature decays to
that of the background profile within 1cm. Therefore, the 1POs quickly thermalize with the
background.

The relative importance of the IPO density can be evaluated as a function of <ng>/ngw by

calculating (ngeak - <nff§"e|r >/<ng"er >) for various radii in the SOL, shown in Fig. 9. The outcome

IS quite surprising, despite the fact that the particle content (or density excursion) of the IPOs
increases with density [as seen in Fig. 3 and Fig. 8(a)], it is clear that the IPOs relative
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Fig. 7. Conditional averaging results showing the
density pulses for L—and H—mode conditions. Data from
different radii are superimposed, those from the LCFS
at the top and those from the far SOL at the bottom, as
the arrows and labels indicate. Density pulses in
L—mode are larger than in H-mode. Profiles are shown
inFig. 8.
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Fig. 8. Radial profiles of (a) the IPO peak density (from
conditional averaging) and the average profile and (b)
the IPO peak temperature and the average profile for
low and high density cases (<ng>/ngw = 0.27 and 0.5).
The peak IPO density decays with the same scale length
as the background profile while the peak temperature
decays much faster.

contribution to the density is fairly constant with radius and density at about 50%—70%. This
results suggest a scaling of the IPO intensity with transport or vice versa.
Evaluation of the total particle flux convected by these events is of utmost importance to

assess their relevance to the radial transport. The flux can be calculated as it = ne (Eg*xB/B?)
and the result can be seen in Fig. 10 for L— and H—-mode conditions and in the same scale. Three
properties are again quite apparent, 1) the flux excursion is four times the background, 2) the flux
for similar radius is much larger for L—mode conditions than for H—mode conditions, and 3) the

flux decays rapidly with radius. As reported earlier [16], it is found that
Fint/Ttotal = (! satE0 ) yermittent /(| st E0)orq » OPEINEd in L—and H-mode, is roughly 50% at all
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Fig. 10. Conditional averaging results showing the intermittent particle flux for L— and H-mode conditions. Data
from different radii are superimposed, those 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 L-mode islarger than in H-mode.

radii. Although the relative relevance of intermittency is unchanged with radius, its absolute
amplitude decays rapidly with radius.
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However, the quick reduction in the amplitude 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 shown. The decay of the IPO, considered as elongated structures along the magnetic
field, density and temperature has been analytically predicted in recent work [31,32] to be:

n(r,t) = n(r)/(1+ /1) 9T and T(t) =Ty /(1 +t/17)? (1)

where a1 =aSg; T = 2/ (cx TT(])J 2), o measures the net parallel current to the divertor plates, Sg
is the sheath energy transmission factor and Tg is the temperature of the IPO as it detaches from
the LCFS. Since 2a/aT1 = 2/Sg << 1 and thus much smaller than the temperature exponent, the
temperature decays much more rapidly then the density, just as observed in the experiment
[Fig. 8(a) and (b)].
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4. CONCLUSIONS

Intermittency in the boundary of the DII1-D tokamak during L— and H-mode discharges is
present, as indicated by data from various diagnostics. The data shows that structures featuring
higher density and temperature than the surrounding plasma seem to originate at or near the
LCFS and travel radialy in the SOL, transporting particle and energy. Although the amplitude of
the IPOs in L—mode increases with density at the LCFS, they represent a fairly constant fraction
(50%—70%) of the local density at all radii and densities measured, Furthermore, the IPOs
feature higher temperature than the background at the LCFS, but they become thermalized within
a short distance of the LCFS, in agreement with analytical predictions.
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