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Spatial structures of plasma filamentsin the scrape-off layer on HL-2A
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Experimental results about plasma filament paraltdterence and three dimensional
characteristics on the HL-2A tokamak are reportetbrchange mode with near-zero parallel
wave number is found outside magnetic separatiixguke novel combination of a poloidal
Langmuir 10-probe and a radial Langmuir 8-probayatoroidally separated by 210 cm. The
ratio of poloidal to toroidal mode number is appnoately equal to local safety factor for
turbulent frequency below 100 kHz. Based on sigaift parallel coherence along a magnetic
field line, filament propagation process is cleadyserved in poloidal-radial plane. The
suppression of turbulence power and filament radedcity is studied during gas-puffing
phase. In addition, filament generation mechansaldo discussed.
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1. Introduction

Spatial structures of plasma filaments (blobs) wihative high pressure to the bulk
plasma locate in poloidal and radial plane and rektalong the magnetic field line. These
structures become significant sources for increasnoss-field transport in fusion devices.
Filament-induced convective transport can incrgaaeicle recycling, reduce the divertor
efficiency and lead to the high level erosion oé tlirst wall [1-2]. Thus, filament three
dimensional characteristics, parallel coherencegargeration mechanism in scrape-off layer
(SOL) are key issues in magnetically confined plkasiirheoretically, flaments were used as
an initial condition and their propagation in th®lSwas studied [3-5]. A self-consistent
generation of filaments has been reportedRingselet al [6], but detailed three dimensional
characteristics and generation mechanism haveeaet discussed yet. In toroidally confined
plasma, filament spatial structures have been widddserved using fast cameras and
Langmuir probe diagnostics [7-12]. More investigatiof filaments is aimed at their
statistical properties in radial or poloidal direat For example on JT-60U, the comparison of
fluctuation characteristics at low and high fieides indicated that filaments are easier to
form at the low field side [13]. On TCV, experimahtesult shows a good agreement between
filament characteristics measured with reciprocpatiprobes and simulation of two-
dimensional interchange turbulence code [14]. Thar® some experimental results for
identifying filament generation mechanism. On tl@RIPEX device with open magnetic field
lines, interchange mode dominates filament fornrmat[@5]. On the TJ-K, drift wave
turbulence is probably responsible for filamentegyation when magnetic field line transition
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from close to open [16]. Filaments had been alstelyiobserved in linear devices without
magnetic field curvature, such as VINETA. They egported forming from quasi-coherent
drift wave with m = 1 mode [17]. Up now, filamerarallel coherence, spatial birth zone and
generation mechanism have not been unambiguoushiiieéd on tokamaks, which are still
open issues. Understanding filament parallel cati@mt characteristics and generation
mechanism is critical to look effective methodsuadg edge cross-field transport. Therefore,
our focus is put on the simultaneous measuremefitaaient three-dimension characteristics
based on the significant parallel correlation alanmgagnetic field line.

In this paper, we study filament parallel coherermrel three dimensional spatial
characteristics with the novel combination of agmtdl 10-probe array and a radial 8-probe
array, which are toroidally separated by 210 cme Tdependence of filament parallel
coherence along a magnetic field line on diffeqgoibidal positions is obtained by changing
pitch angle. The ratio of poloidal to toriodal mauember is close to local safety factpfor
the turbulent frequency below 100 kHEwo isolated filaments continuously moving in
poloidal-radial plane is clearly observed accordiogsignificant parallel coherence. In
addition, radial electric field and filament radie¢locity are strongly suppressed during
gas-puffing.

2. Experimental setup

Plasma filament experiments were performed in obhyiheated deuterium discharges
on the HL-2A tokamak with major radifis= 1.65 m and minor radius= 0.4 m [18]. Typical
experimental parameters were plasma curentl68 kA, toroidal magnetic fielB;= 1.9 T,
line-averaged density, = 1.9x16° m®. The
Greenwald density limit wasgr3.3x103° m®,
Three dimensional characteristics of zor
flows and geodesic acoustic mode we
identified on the HL-2A tokamak with
Langmuir probe arrays [19-20]. The statistic **
characteristics of blob turbulence across 1
separatrix had been studied with 5-t
Langmuir probe array in HL-2A edge plasn
[21]. Recently, two novel Langmuir prob
arrays are combined to investigate thr
dimensional characteristics of plasma filamet 0
as shown in figure 1. One is a poloidal 10-1
array (labeled as ‘Array A) locating below th
midplane. The distance between the first prc
and midplane is [d= 2.1 cm, the separatiol
between the first tip and th® tip in array A is FIG. '1_ The combination of poloidal and
defined as\ds (i) = (i-1)Ad (I<i<10), whereAd  ragial probe arrays with toroidally spaced
=4 mm is the adjacent probe separation. 1 .y 60 degree. Adjacent separation of two
maximum radial distance between a tip and ! tips in array A and array B is 4 mm.

same magnetic flux is below 4.0 mm, which >
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comparable with the exposed probe length. Another iadial 8-tip array (labeled as ‘Array
B’), which is positioned at = 5.2 cm above the mid-plane. The toroidal sepamaietween
probe arrays is 210 cm, which is large enough dooidally spatial resolution. Langmuir
probes are used to measure the floating potentiai®n saturation current with negative
biased voltage .60 V. This probe array arrangement provides endieyibility to study
filament dynamics and propagation characterisgespecially, the parallel coherence along a
magnetic field line. Data are acquired with frequyefg= 1 MHz and accuracy of 12 bits.

3. Experimental results

3.1. Identification of near-zero parallel wave numbers

The measurement of parallel wave numbeyp) (ks important to distinguish the
interchange mode and drift wave based on theirugnlg The former with k= 0 propagates
across a field line, while the latter moves obligue a field line with small j0. Thus, the
k;, accurate measurement is critical for identifyimgtability mechanism. In principle, the
parallel wave number can be estimated with the @oBh#t between Langmuir probes, which
is measured in the SOL of HL-2A plasma. For suddkland }, a field line passing one tip of
the array B may intersect th8 iip in the array

A at the vertical positiongz (i-1) Ad+d;, which l
. : : ) = 24 (8 |
is defined as the distance between the mid-pli € | 190.8

: : . . £ 16 - 0.6
and the intersection. The needs satisfy this —= | Hoa
condition: ((+dl)lL) = 2x1071J@+AnB, I 8 3 0.2
where L, denotes the toroidal separatic ‘

. . 09 (p ~“©

between array A and array Byr is radial Z g'g O T
distance between a tip in array A and t é 0.7 o]
magnetic separatrix. Positiver means outside AO'G o ]
the separatrix. Figure 2 (a) shows the cont F"E 2 (c) ]
plot of the maximum correlation between tips ‘\u‘; 1 %] %]%}%
array A and array B. The peak of maximu <J 2%3%3{15#1@3[% T
correlation appears at thArl6 mm and X _5 ]

Ads16 mm, which is close to an ideal field lin 0O 8 16 24 32

intersection at the array A, locating atz3.7
cm (iCb) estimated with the discharg
parameters,£168 kA and B=1.9 T. This result
implies the &' tip in array A and the 5tip in
array B close to the same field line. Thus, t
maximum coherence and the wave numke
between any tip in array A and the™#fp in

Ade (mm)

FIG.2. The contour plot of maximum cross
correlation between arrays (a), the

maximum correlation (b) and averaged
parallel wave number (c) between each tip
in array A and a fixed tip in array B.

array B can be calculated. The average wave numkerand its width o have been
evaluated using two-point correlation spectr8(k, f)[22], i.e.,k =<k>z gi. Figure 2(b) and
2(c) show their maximum correlation and averagedenaumber versus poloidal distarise.
The error bars represent the full width at half magle (FWHM) of spectruns(k) The

maximum coherency 0.91 appears atAg=16 mm, where the parallel wave number change
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its sign, marked by the vertical dotted line. Toixservation is consistent with the interchange
mode characteristics with near-zero parallel wavalver.

3.2 Joint spectrum characteristicsin the SOL

Inside the separatrix about 2.0 cm, three-dimemsigpectral characteristics of zonal
flows and GAM had been studied in detail [23-25].this part, our focus is put on the
spectral characteristics of SOL plasma. The maxinsoherence between th® &p in array
A and the 15 tip in array B is over 0.9 and
the phase shift remains close zero below 1

kHz. Based on this significant paralle <~ 1 (a) gl
coherence, the joint spectrusfk, kg and g 0.5 | ]

s(k, ke are estimated for the frequenc “o 0 - o —————— 4105
below 100 kHz. The poloidal wave numbe .05 | —

keis calculated with the"tip in array A and = -1 0
the 1%" tip in array B, while the radial wave |

number k is estimated with the"5tip in 4 ‘ (b) | 02
array A and the 1B tip in array B. This F"E 2 '
choice is to remove small-scale structur < ol QWL 1401
with short parallel coherence length. Tht =~ | 0
the joint spectrum mainly shows th -2 B4

contribution of spatial structures witl 2 0 2 4 6
significant long-range correlation. In figur k (cm'l)

3(a), there is a noticeable peak appearinc
the nonzero poloidal wave number and clc FIG.3. The joint spectrum of poloidal-parallel
zero parallel wave number. The averag wave number (a) and the poloidal-radial
poloidal and parallel wave number a wave number (b) This estimation is based on
estimated to b&y = 1.2+ 0.7 cm?t and k= the significant parallel correlation between
1.9x10% 2.5x10° cm®, respectively. The tips lying in the same field line.

poloidal and parallel length are calculated to

be L[R.6 cm and L[116.5 m, respectively. This estimation shows thianfent extends at
least once around the torus during filament lifetiftypical lifetimet. = 20-30pus). The
measured parallel propagation velocity is aboyt=VL,/t. O (6.0-8.3x10° m/s, which is
between the ion sound spe@g- 4.3x10* m/s and electron thermal spaége~ 1.3<10° m/s.
This result is similar to that measured on the JE. Figure 3(b) shows the joint spectrum
sk, kg in wave number space. The power peak has theenonmadial and poloidal wave
numbers. The spectral asymmetry implies non-zergn®ds stress <vg>, which is
proportional to the weighted averagékd@?® The averaged radial wave number and its
FWHM are estimated as 1.3 ¢nand 1.4 crit, respectively. This observation suggests that
radial decay of spatial structure is the fastestragiradial, poloidal and parallel directions.

3.3. Parallel coherence dependent on poloidal position

The significant parallel coherence along a fiete lhas been observed under a fixed pitch
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angle. It is also scanned with different pitch @&sglBased on the significant parallel
coherence of two probes in the same field line]dbal safety factoq can be estimated using
g = a/(RE, where the pitch angl® is calculated by the probe geometric position with
maximum correlation. Array A is localized at ne®lS e.g.,Ar = 5 mm. Figure 4(a) shows
that plasma current continuously increases from K8&o 194 kA within 1050 ms in shot
13500, while the toroidal magneti

field is fixed at B =1.9 T. Figure @ : | 40] (@)

4(b) shows the dependence « 180 N ga0f

significant parallel coherence on th %160 | | 0p B

different poloidal positions in array 140 : : gl (d)

A. This result suggests that a fiel 39 54

line intersection point shifts from EMI : 0f°

the first tip to the 18 tip in the & |, L ¢l (@
array A when plasma current rising 'f: 3 : : Egn E MRS S
whose rising rate is estimated ¢ L.l g PR,
0.06 kA/ms. The scanned poloid: 400 600 800100012001400 -

distance passing by a field line i t (ms) E&HZ)
calculated as 0.33 cm within 100 rr
which is below the adjacent prob
separation of 0.4 cm. Therefore, tf
change of magnetic field pitch angl
can be neglected within 100 m:
Here, the chosen discharg
parameters arg,4168+2.5 kA and
Bi= 1.9 T from 950 to 1050 ms, indicated by two \eattidot lines in figure 4 (a) and figure 4
(b) for studying mode characteristics. During ttimse, local safety factoq is estimated as
5.5~5.7. The parallel, toroidal and poloidal wawenter should meet the vector rule, e.qg.,
ki=k,cosBtkesing. Then, the poloidal mode numbar and toroidal mode number are
estimated usingn = kfa+4r) andn = k R+a+4r), respectively. As shown in figure 4(c) and
figure 4(d), poloidal and toroidal mode numbersiakariant below 10 kHz. In 10-100 kHz,
they increase from 10 to 40 and 2 to 8, respegtigalt in this frequency range, the ratio of
the former to the latter remains constant 5.5, tvlécclose to local safety factqr see figure
4(e). Over 100 kHz, the poloidal and toroidal modembers become random. This
observation indicates the significant parallel cenee existence when two probes locating at
the same field line.

FIG.4. The temporal evolution of plasma current éagd

the contour plot of maximum correlation betweenheide

in array A and the 15 tip in array B (b). The poloidal
mode number m (c), torioidal mode number n (d) and
their ratio m/n (e) measured from 950ms to 1050ass,
indicated by two vertical dotted lines.

3.4. Filament propagation in SOL

Based on the significant parallel correlation déssat in the part 3.1, spatial structures in
poloidal-radial plane (2D) have been clearly obedrusing the novel combination of a
poloidal and a radial probe arrays. Cross-condii@verage [27] is used to extract spatial
structures from ambient turbulence based on a gamplitude threshold. There are two
isolated filaments appearing in 2D plane outsideddparatrix. The first filament (marked by
a circle) appears with poloidal and radial sizes lghan 10 mm, see figure 5 (a), and then its
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amplitude gradually grows, as shown in figure Xby figure 5(c). Meantime, the second
filament moves into our observation region (dendigd cross), see figure 5(d), which has a
separation of 25 mm from the first one, indicatihgt they are independent filaments. These
structures  probably  form
inside the separatrix and the
propagate across the separat
into the SOL. Figure 5(e)
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flament gradually moves intc ]
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our measurement region, an 0 10 20 0 10 20 0 10 20 0 10 20

the distance between ther
becomes smaller, indicatin
that the second filament move
faster than the first one. A«
shown in figure 5(f), the first :
filament almost disappears 5 % 0 1 2 0 1 0 0 1 2
which  suggests that the At (mm) At (mm) At (mm) At ()
filament lifetime is about
20-30 ps. From figure 5(f) to
figure 5(h), the poloidal
movement of the secont
filament is apparent, but its
radial movement is ambiguous, which implies thdefapoloidal movement than the radial
movement. According to results in W-7 AS stellard&8], it seems to be more reliable to
calculate filament velocity with 2D correlation igethan that with purely poloidal or radial
probe arrays. Therefore, in this observation regitament radial and poloidal velocities are
estimated to be about 0.5-0.9 km/s and 1.1-2.0 kregpectively, usiny = Ax/4t, whereAx

is the movement distance in 2D plane during thervwal At. The filament radial velocity is
about 2 % of ion sound spe€d In addition, the most obvious feature is filanseinmiclination

in the 2D plane, which may be correlation with tadial magnetic shear.
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FIG5. The 2D images of conditional average of tilog
potentials measured with poloidal 10-probe and ed-probe
arrays at 8 different delay times.

The adjacent interval is fs.

3.5. Filament radial movement suppressed by gas-puffing

Filament radial velocity is a key parameter forss-dield transport. Thus, in this part we
focus on the study of filament radial propagatiomd gurbulent spectrum characteristics
during gas-puffing. Figure 6(a) shows the tempaablutions of modulated gas-puffing
pulses with a width about 80 ms and an intervaluald®0 ms. The plasma horizontal
displacement is less than 4 mm during gas-puffingsp, which is comparable with probe
adjacent interval. The contour plot of radial electield shows that most power is localized
below 40 kHz, see figure 6(b). Figure 6(c) showsdbntour plot of turbulent spectrum width
Ok, Which is reverse proportional to correlation légngFilament radial velocity near the
separatrix is estimated with cross-conditional ager betweerEsB; and n,, as shown in
figure 6(d). The peak of cross-condition averagthattime deviated from maximum density
Ar = 0 means filament radial velocity [21]. It is dlsaseen that radial electric field is
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strongly suppressed during gas-puffin~
Meanwhile, turbulence correlation length
shortened. It is interesting to note th
filament radial velocities also reduce whe
gas-puffing switching on. This observatic
implies the filament generation or it
movement strongly influenced by plasn
edge parameters. In a recent theoreti @150 .
study [29], Bisai et al have found some == .,
edge parameters impacting on the grow
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rate of interchange mode, such ;_EBI

temperature and density gradients. T 5_28': 1&

former is proportional to mean radic -40 K0,k g { ,,, :
electric field and is more easily to trigge 200 400 600 800

interchange mode to grow than the latt tms)

Our experimental observation is rough FIG. 6. Temporal evolution of modulation gas
consistent with the theoretical predictioi Puffing (a), the contour plot of radial electric

Detail results will be presented in anoth field (b), spectrum width (c) and filament
paper. radial velocity (d).

Measured posion is near separatri

4. Summary

Significant parallel correlation and three-dimemsilocharacteristics of plasma filaments
in the SOL plasma of HL-2A tokamak are studied gsinnovel combination of a poloidal
Langmuir 10-probe and a radial 8-probe arrays tialty separated by 210 cm. Near-zero
parallel wave number is observed outside the separdhe ratio of poloidal to toriodal
mode numbers is close to local safety factor fa tiwbulent frequency below 100 kHz.
Based on significant parallel coherence, the prapag processes of two isolated filaments in
poloidal-radial plane are clearly observed. Thsuteimplies that flaments form inside the
separatrix. The filament lifetime is about 2043® Typical radial and poloidal velocities are
about 0.5-0.9 km/s and 1.1-2.0 km/s, respectivatigitionally, the radially electric field and
filament movement velocity can be strongly suppddsy gas puffing, which indicates that
there is a possible link between the interchangdarand filament generation mechanism.
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