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Abstract. This paper presents turbulence investigations in the scrape off layer (SOL) of ASDEX Upgrade in
Ohmic, L-mode and H-mode discharges using electrostatic and electromagnetic probes. Detailed studies are
performed on small scale turbulence and on ELM filaments. Simultaneous measurements of floating and plasma
potential fluctuations revealed significant differences between these quantities. Large errors can occur when the
electric field is extracted from floating potential measurements, even in Ohmic discharges. Turbulence studies in
Ohmic plasmas show the existence of density holes inside the separatrix and blobs outside. Close to the
separatrix a reversal of the poloidal blob propagation velocity occurs. Investigations on the Reynolds stress in the
scrape-off layer show its importance for the momentum transport in L-mode while its impact for momentum
transport during ELMs in H-mode is rather small. In the far SOL the electron density and temperature were
measured during type-I ELMy H-mode at ASDEX Upgrade resolving ELM filaments. Strong density peaks and
temperatures of several 10 eV were detected during the ELM events. Additional investigations on the ions in the
filaments by a retarding field analyzer indicate ion temperatures of 50-80 eV. ELMs expel also current
concentrated in filaments into the scrape off layer. Furthermore discharges with small ELMs were studied. In N,
seeded discharges the type-I ELM frequency rises and the ELM duration decreases. For discharges with small
type-1I ELMs the mean turbulent radial particle flux is increased over the mean particle flux in type-I ELM
discharges at otherwise similar plasma parameters.

PACS: 52.25.Xz, 52.35.Ra, 52.55.Fa
1. Introduction

Turbulence is a key player in the plasma edge. Turbulence causes particle, energy and
momentum transport in the edge and the scrape-off layer (SOL). Small scale turbulence is
also expected to generate large scale flows like zonal flows via the Reynolds stress [1]. These
zonal flows are thought to cause a velocity shearing of the turbulent eddies and therefore to
increase the Reynolds stress transferring more energy from the small scale to the large scale
turbulence ([2] and references therein). This altogether leads to a complex interplay of small
and large scale turbulent structures which is also related to the formation of transport barriers
[3] and strong radial electric fields E; [4]. A related topic is the rotation of plasmas, which also
affects the stability e.g. [5][6]. Since the external momentum input in future fusion devices
will be limited the role of the intrinsic rotation will become more important. Although the
mechanisms creating the intrinsic momentum and the related momentum transport are not
well identified and understood, the processes in the SOL might be important. There are strong
parallel flows in the SOL, e.g. [7][8] which are expected to couple to the confined plasma
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rotation [9]. SOL turbulence is also a candidate to transport momentum from the SOL to the
confined plasma and vice versa. Beside the small scale turbulence and zonal flows
intermittent transport is in the focus of interest. In L-mode turbulent structures called blobs or
filaments can carry a significant fraction of the particle and energy transport, and in H-mode
discharges large ELM filaments might even endanger the
e 24925 @2s first wall of future devices due to high local heat loads [10].
Although there is large interest in turbulence occurring at the
edge and in the SOL of tokamaks, many questions remained
unanswered so far. This paper presents the latest progress in
turbulence studies performed in the SOL of ASDEX
Upgrade using  electrostatic and  electromagnetic
reciprocating probes. The latest results of turbulence
investigations with Doppler reflectometry on ASDEX
Upgrade are presented in reference [3].

1.0

The paper is organized as follows: in section 2 the main
features of the experimental setup are described. In the third
section the experimental findings on small scale turbulence

T00 160 200 250

R [m] and the related electric fields in Ohmic and L-mode
Figure 1: Poloidal cross discharges are presented. Section 4 is devoted to new
section of ASDEX Upgrade  electron and ion temperature measurements in the SOL of
showing a typical plasma ASDEX Upgrade. In section 5 we report about current
shape and the poloidal filaments associated with ELMs. Turbulent transport

positions of different Langmuir properties in discharges with type-Il ELMs are presented in
probe measurement locations. section 6. The influence of nitrogen (N;) seeding onto type-I

ELMs will be discussed in section 7. The paper ends with a
summary.

2. Experimental setup

ASDEX Upgrade [11] is a mid-size tokamak with a major radius of R=1.65m and a minor
radius of a=0.5m. If not stated otherwise the discharges presented in this paper were

performed in single null configuration
with the ion diamagnetic drift towards
the active lower divertor (see also
figure 1). For Langmuir probe
measurements two reciprocating probes
and fixed probes in the lower divertor
- b were used. The poloidal probe
ERRRpEE ; locations are shown in figure 1. The

) b filament probe [12][13] rests in the
Figure 2: Filament probe in ASDEX Upgrade. The  limiter shadow about 40 cm above the
Langmuir probe pins are visible as black dots - one is €quatorial plane (see figure 2). An
highlighted by a red arrow. electromagnetic drive pushes the probe
carrying 9 Langmuir tips and a coil for

measuring radial magnetic B; fluctuations about 1 cm in front of the limiter for measurements.
The pins are made of carbon and about 2 mm long and 2.4 mm thick. A fast reciprocating
probe (FRP) [14] is located 31cm above the equatorial plane. The FRP is equipped with a
pneumatic drive allowing for a 100 mm stroke in 100 ms. It can be equipped with different
probe heads. For the investigations presented here several probe heads (see figure 3) were
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Figure 3: Probe heads for the FRP. From left to right, the probe for combined electrostatic
and electromagnetic measurements (P6M1), the multi pin probe (MP), the high heat flux
probe (HHF) with in-plane pins and the ball pen probe (BPP) with ball pen and Langmuir
tips. The red arrow indicates roughly the direction of the magnetic field with respect to the
probe pins.

exposed. For small scale turbulence measurements a multi pin probe head (MP) [15], a probe
head which allows for combined electrostatic and electromagnetic measurements (P6M1)
[16], and a ball pen probe (BPP) were used [17][18]. To measure ion energies, a retarding
field analyzer (RFA) [19] was operated in ELMy H-mode. For investigations where high heat
loads have to be expected a Mach type probe head with ten in-plane Langmuir probes (HHF)
[20] similar to flush mounted probes was exposed to the plasma. Five pins were poloidally
staggered at each side of the probe. The pin size is 4.2 mm in toroidal and 2 mm in poloidal
direction. The pin surface is tilted by 14 degrees with respect to the toroidal direction. So, the
active area perpendicular to the magnetic field is about 2 mm?. The multi-pin probe MP
carries 14 protruding carbon pins distributed in three radially staggered planes, while the
P6M1 has six protruding pins of which one is protruding by 3 mm compared to the others,
and a triple coil (area about 50 mm?) measuring the time derivative of all three components of
the magnetic field is located 20 mm behind the probe’s front. All protruding pins have a
length of 2 mm and a diameter of 0.9 mm. The ball pen probe BPP was exposed to the SOL of
a mid size tokamak for the first time. It consists
of four protruding pins and four retracted ball
pen pins which allow for a direct measurement
of the plasma potential Vy,; [17]. The protruding
pins are also 2 mm long with a diameter of 0.9
mm, while the ball pen pins have a diameter of 4
mm. It was the first time that a RFA was
operated at ASDEX Upgrade. The RFA measures
ion temperatures T; and ion energy distributions.

Figure 4: Langmuir probe tips in the outer 1he probe can be operated as Mach probe to
lower divertor. They are flush mounted in sample ions from both directions parallel to the

the target tiles and made of tungsten. magnetic field B [19]. The data acquisition

frequency of all electrostatic and electromagnetic
measurements at the FRP and the filament probe is 2 MHz with exception of the RFA
collectors which data were sampled at 33 kHz. The 2 MHz data acquisition system is
equipped with a low pass filter of 700 kHz band width. The sensors of the electromagnetic
measurements presented in this paper have a bandwidth of 1 MHz. At high frequencies
additional shielding by the carbon case of the probe head has to be expected. To diminish this
effect there are slits in the carbon housing of the probe head (see figure 3).
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For ELM investigations data from the Langmuir probes in the divertor were used. These
probes are flush mounted in the divertor tiles and operated in triple probe configuration [21].
A typical probe size is about 20 mm in toroidal direction and Smm perpendicular in poloidal
direction. A typical multi pin setup is shown in figure 4. The data acquisition rate of this
diagnostic is 33 kHz.

3. Turbulence, potentials and electric field in Ohmic and L-mode discharges

0.0 ; T oo [n a series of Ohmic discharges the basic
oot Isat [A] & 1 properties of small scale turbulence were

. °o§ investigated in ASDEX Upgrade. The multi-pin
-0.4F g {1 probe was applied in Ohmic discharges [15]. The
0.6k ¢s‘>’ ] plasma current wasl,=0.8MA , the toroidal

magnetic field B, =-2T, and the line averaged

1 {g electron density n,; =4-4.2x10""m~. The ion
0 @) % """"""""""""""""""""""" saturation current fluctuations lg g are expected to
% be dominated by electron density fluctuations N g

-1f j ®%9 o 1 and therefore, lyq is used as a measure of Neg.
)3 2 @ 8{' The PDFs of lg s clearly indicate that density
skewness ! o1 Dblobs and holes are born close to the separatrix.

.0.02 0.00 0.02 While the blpbs move o'utwards, the hqles gxist in
a few mm wide area inside the separatrix. Figure 5

dSEP [m] shows the radial distribution of hole and blob

Figure 3: Profiles of the ion saturation ~dominated areas. The data are taken while the
current and the skewness of its Teciprocating probe was moving inward.
fluctuations with respect to the distance  Ensembles of 2048 data points, which corresponds
to the separatrix (dsgp) for #24111 at to a time interval of about 1ms while the probe is
P moving about Imm, were used to perform the

statistical analysis. The boxcar window was
shifted by 1024 data point in each step. In the
range of -Imm to +3mm with respect to the separatrix were no data available since the

3.2s. The profiles are mapped onto the
outer mid plane.

applied voltage for the Ij, measurements was periodically switched to opposite sign. This is
a standard procedure to terminate
10FA0G . T arcs which might occur on the

b ' T 2L stroka
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-5 E Vdia ®B ik temperature gradient in the plasma
-10 e ' edge. The profiles have been

-10 -5 0 5 10 15 20 shifted Smm inward with respect
RRgep [mm] to the equilibrium reconstruction

probe tips. The steep Ig,¢ gradient
starting a few mm outside the
separatrix reflects the density and

e

Vperp [km/s]

Figure 4: Radial profile of the perpendicular fluctuation  ,per comparing the n. and T
propagation velocity mapped to the outer midplane. In the profiles of several diagnostics
plot the direction of the magnetic field B, the radial electricri57  The skewness profile s
f'%!g E. (in red) and the diamagnetic electron drift directionear1y negative in the SOL (as the
v are indicated. The shaded area represents the

uncertainty of the separatrix position. Isat signal is) indicating the blobs

are dominating. The blobs carry in



Turbulence and filaments in the SOL

the SOL of L-mode discharges an outward radial particle flux. Just inside the separatrix there
is a 10mm wide region where the holes dominate indicated by the positive skewness. Since it
is expected that blobs and holes are generated together in one process the place of birth has to
be located close to the separatrix. At the separatrix or a few mm outside there is a strong shear
layer as shown in figure 6. The first 10mm outside the separatrix are also the region of
maximum normalized electron pressure indicating the area of maximum linear growth rate for
instabilities which are driven by the pressure gradient [15]. The propagation velocity of the
fluctuations in the poloidal plane perpendicular to B, shown in figure 6 for two Ohmic

discharges at ne,1=2.6><1019 m™, is determined by cross correlation of two poloidally

separated probe pins, both measuring I [22] [23]. A velocity shear is visible in the SOL
accompanied by an abrupt flow reversal just outside the separatrix. The measurements do not
indicate a smooth transition but a sudden jump between the two directions of motion which
was well reproduced for four strokes. The profiles of the perpendicular velocity from probe
cross correlation agree well with the velocity profile measured using the Doppler
reflectometry technique [15], where the movement of turbulent density fluctuations is
detected using the Doppler radar principle [3]. The frequency of the back scattered signal is
Doppler shifted by w=k u,, whereu; =vg,p+Vyis the fluctuation propagation velocity

composed out of the ExB drift and the fluctuation phase velocity Vyn. The main difference is
the smooth transition of the propagation direction seen by the Doppler reflectometry. This
might be attributed to the different diagnostic techniques applied. The observation of the
existence of blobs outside the separatrix and holes inside the separatrix and the shear layer
corresponds well with the measurements at JET in Ohmic plasmas where the last closed flux
surface touched the high field side limiter [24]. A difference occurs in the width of the shear
layer. If the JET data are not mapped onto the mid plane, which is not stated in the reference,
this can be (partly) attributed to a flux tube widening from the outer mid plane to the top of
the machine. Also DIII-D reported that holes are dominating inside the separatrix and blobs
outside with the transition close to the separatrix [25].

Doppler reflectometry is able to measure the radial electric field E,=u;B when the

turbulence phase velocity Vp, is small compared to the Vegg — which is generally the case in the
edge. A common technique to derive E; from Langmuir probe diagnostics are floating
potential (Vq) measurements at radially staggered Langmuir pins. The mean radial electric
field (E,), where (...) denotes a time average, is then calculated by E, = (Vy, | —Vy,)/d, with

the radial tip distance d, between the two pins.
Plasma potential V,; and floating potential Vi
are related via the electron temperature Te:
Vi =V, —a /e T, with the elementary charge

L-mode $24349 @ 2.65

e and « ~2.8 [14]. This offers a possibility to
determine (E,) by measuring the (Vj)and

E{k\Vim)
[=]

Ball-pen probe (-VV,) electron temperature profile (T,) (e.g. taking
the data from Thomson scattering or swept
single probes) simultaneously and calculating

: ' (E;)=-V, (V) +a/e (T.)). Both methods,

T Doppler refl. (-u, 8)

1D 700 702 1.04 1.08 1.08
] | Radius ppai ] with and without T, term, were applied for
Figure 5: Comparison of E; profile deduced  the Ohmic discharge #24111 (using Thomson
from BPP and Doppler reflectometry. scattering profiles for T.) and result in (E,)

profiles which are not in agreement with the Doppler data in the steep gradient region
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(R=Ryp <lem). On the other hand, the propagation velocity of fluctuations deduced from

cross-correlation analysis of the probe data agrees well with the velocity from the Doppler
reflectometry. This points to the importance of electron temperature fluctuations Teq (on the
spatial scale of the pin separation, several mm) close to the separatrix. Using time averaged
data from probes and Thomson scattering also fails to determine V, correctly. A strong
influence of Ten on potential measurements was also reported from the ISTTOK tokamak
[26].

The ball pen probe (BPP) is predicted to measure Vi
directly [17] which was successfully tested in small devices
[27]. Recent experiments have shown that the BPP is also
applicable to the SOL of mid-size tokamaks [18]. Figure 7
shows the comparison of an E; profile directly calculated
from V,,; measured by the BPP with a profile generated from
the Doppler reflectometer data. The discharge (#24349) was

in L-mode at 1, =0.8MA, B, =-2.3T, n,;=3.2x10"m™.
A heating power of Pyg =1MW was applied by neutral

beam injection. The two profiles agree which supports the
10-6 , , assumption that in the SOL the poloidal motion of the
1*¥10°  2%10°  3*10° density fluctuations is in fact governed by Vg while

f[Hz] Vph <<Vgxp . The comparison also gives confidence that

Figure 7: Comparison of the BPPs can be used in the SOL of mid-size tokamaks to
power spectrum of Vg, (black) ; : .

and V, (red) measure Vp directly, at least in L-mode dlschgrges. In a

P ' detailed analysis of ball pen probe characteristics it was

found that there is a mild influence of T. on the measured

potential V=V, —a'/e T, with a'=0.6+£0.3 [18] which reduced the influence of T. by

roughly a factor of 5 compared to a standard Langmuir probe floating potential. In the
previous paragraph it was mentioned that

493157 due to electron temperature fluctuations

0. Ten close to the separatrix (E,) cannot
— be correctly derived from Vy only. This
E 1s §upp0rted by a cgmparison of the Vy,
0 (without T, correction) and Vg power
T E————Tl spectra measured simultaneously by a
= ool BPP in the SOL shown in figure 8. The
5 = Re data are taken in an L-mode discharge

- 231020 fmm— Vg ¥ D) .
—_— Y, 0> (#24348) with the same plasma
: : : parameters as #24349 and the probe was

418 422 426

located 17 mm outside the separatrix at

z=031m. It is obvious that for

Figure 6: Integrated radial transport of poloidal  frequencies above about 10 kHz the

momentum in a L-mode discharge. turbulence level in Vj, is significantly

higher than in V,. While the V,; power

spectrum shows a strong decrease with frequency the Vy spectrum stays rather flat. The same
observation was made in H-mode in between ELMs [18].

t [5]

ESEL code runs show that the length scale of T. s which is related to a density blob is much
smaller than the spatial scale of the according V,; turbulence [28]. The relative fluctuation
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levels of eV q and &T.n are about the same. Both fluctuations are attributed to the same
events, therefore moving with the same velocity. Consequently the smaller Teg structures
allow for higher fluctuation frequencies in Vg n compared to Vg while the amplitude of aT.q
is of the same order as eV . In ESEL simulations for a TCV L-mode discharge a ratio of the
power spectral density of Vpen and Vpia
was found which is similar to the ratio

S [y #23163 observed in ASDEX Upgrade [18].

oy o Therefore, we conclude the Tegp

pet™ . . . . ’

o == Re fluctuations contribute significantly to

£ - i;'“""\;"”n” the difference in the power spectra of
— f— pol Ve Nz . . .

L oz I Vin and Vpig. Albeit there might exist

s —f f other additional contributions. An

= . .

= | f equivalent observation was made for

ELM filaments in type-I H-mode

o ) discharges. The most reliable method to

258 ' 302 - 306 determir}e the radiaI' propagajtion velocity

t [s] of density fluctuations Vv, is the cross

correlation of radially staggered lgu

Figure 8: Time integrated radial transport of measurements while calculating Vv, from

poloidal momentum during an H-mode discharge. ExB using Vg measurements to

determine the poloidal electric field Epq

is strongly affected by the distance of the probe pins and the time interval for data averaging

[29]. This indicates the observed turbulent structures and the spatial resolution of the

diagnostic are of comparable size. On average V; deduced from E x B using Vg data is lower
than the value received from the cross correlation of Langmuir pins measuring lg,.

A simultaneous measurement of V, and Vg, can be used to estimate T and to compare this
with results from other diagnostics to test the approximation Vg =V, —a/e T.. In the L-

mode discharge #24349 a fair agreement between T. derived from the simultaneously
measured Vg, and Vp, (from the ball pen probe) potentials and T, of a swept single probe was
found in the far SOL for R-R, >1cm [18]. At the innermost position the T profile connects

well to the Thomson scattering T. profile. Summarizing the observations, it was found that
close to the separatrix <Vp1> cannot reliably be approximated by (V) +a/e (T,) using a=3.
T. fluctuations cannot be neglected and seem to affect the measurement. Also in ELM
filament studies the approximation is strongly limited since the substructure of the ELM

filaments is of the same size as the measurement arrangement. For mean profiles in the SOL
R-R, >1cmat least in L-mode the relation Vg =V, —a /e T, seems to hold (T from swept

single probe). How strongly the floating potential fluctuations in the far SOL of L-mode
discharges and inter-ELM periods of H-mode discharges are influenced by T. 5 is not well
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known. Further investigations will follow.

Investigations of turbulence induced radial transport of poloidal momentum have been
performed with the combined electrostatic-electromagnetic probe P6M1 [30]. The probe was
located in the far SOL during L-mode and H-mode discharges where the position was kept
constant during the measurement. For these investigations it had to be assumed that the

n, [1019 m-3]
6 ........ PR e e 50

40¢

30¢

20t Il

Figure 9: Electron density, temperature and floating
potential fluctuations during an ELM. The ratio of ion and

electron saturation current (Iytjo) is also shown.

electric fields derived from
Vi are only moderately
affected by T. fluctuations. In
the far SOL of L-mode
discharges this should be an
acceptable approximation
although for  quantitative
studies the influence of T.gq
has to be investigated. The
measurement was performed
in an Ohmic heated discharge,
so there was no external
momentum input. The plasma
parameters were |, =0.8MA,

B, =-2.5T, and
Ne;=4.9x10" m™. The

probe location was 45 mm
outside the separatrix
(measured at z=0.31m). The

radial transport of poloidal

momentum M, =n.V,v,, can

be split into the convective
part due to the turbulent radial

particle flux l"r<vpol>, the

Reynolds stress contribution
R =NV, nVpon» and a third

order contribution
Ne Ve aVporn - Figure 9 shows

the time integrated radial
transport of poloidal
momentum. It is obvious that
the momentum transport is
dominated by the convective
part due to the turbulent radial

particle transport Fr<vpol> and

the Reynolds stress ). In a JET Ohmic limiter discharge the momentum flux was dominated
by the Reynolds stress and the convective contribution rather small [24]. The transport is

outward for a mean flow <vp01> into the ion diamagnetic drift direction. The direction of the

poloidal momentum agrees with the poloidal propagation velocity in the SOL shown in figure
6. The situation changes in H-mode as shown in figure 10. The parameters of the H-mode
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discharge #23163 were 1,=08MA, B =-2.5T, and n = 6.2x10" m™, and additional

heating power by neutral beam injection Pyg; =2.5MW . The probe was placed 38 mm outside

the separatrix. In H-mode the Reynolds stress term is small compared to the convective and
the triple fluctuation term N, gV, gV, - Also visible is that on average the transport of poloidal

momentum shows the opposite sign than in the Ohmic case. The integrated value is
dominated by the ELM bursts, while in between ELMs the radial transport of poloidal
momentum is in the same direction as in the Ohmic discharge without external momentum
input. Although the data in H-mode might be affected by rather large errors in the calculation
of the electric fields, especially during ELMs, the general trend is expected to hold. Doppler
measurements show in L-mode and H-mode about the same structure of E,, but the E; shear
close to the separatrix is strongly increased in H-mode [31]. The negative E; dip is able to
overcompensate the ion diamagnetic drift and allows for a positive poloidal plasma rotation as
visible in figure 6 for an Ohmic discharge. Such a positive poloidal plasma rotation would be
expected inside the separatrix. When an ELM filament hits the probe in the far SOL, the
probe sees plasma originating from the pedestal region which includes the area of the E; dip.
One can speculate if it is possible that ELM filaments keep their momentum (direction) when
crossing the shear layer. If this is possible this can explain the occurrence of the sign change
in M, with the ELM events. This is also in line with the observation that the "local” Reynolds
stress term is of less importance compared to the convective (particle transport with the ELM
filament) and triple fluctuation term (ELM structure).

4. ELM filament temperatures

ELMs have a filamentary structure [32][33] and can transport significant energy to the first
wall which is a potential hazard for next step fusion devices. Therefore, it is of great interest
to gain knowledge on the electron T. and ion T; temperature development in filaments
traveling across the SOL. For the first time in ASDEX Upgrade experiments were performed
to measure T, of individual ELM filaments with 5-10 is time resolution using single probes
with fast swept bias voltage (HHF probe head). In L-mode discharges the comparison of slow
(kHz range) and fast swept single probes indicated that at bias sweep frequencies of 50-100
kHz the probe characteristics still can be used to determine n. and T, without being affected
by the polarization current caused by the potential difference between the intersected flux tube
and the surrounding plasma [20]. In a type-I ELMy H-mode plasma (#24925) with
I, =08MA, B, =-25T, Pyg =3.6MW, electron cyclotron heating power Pycry =1.5MW,

and n,; =6.1x10"" m™, ELM filaments are detected with 10 is time resolution 45 mm outside

the separatrix. Figure 11 shows ne, Te, Vg, and lratio determined from the fast swept single
probe (black data) during an ELM which starts at t=3.980s. lratio is the ratio of electron to

ion saturation current calculated in the fitting procedure of the V-I characteristic. Data with an
Iratio above 30 are removed since they are usually related to a bad fit of the characteristic. The
asterisk (diamonds) indicate results while sweeping the bias voltage from positive (negative)
to negative (positive) values. For comparison the Vg, data of a nearby floating Langmuir pin is
shown in red (data acquisition rate 2 MHz). A very good agreement is observed. The

differences can mainly be attributed to the different time resolution. During the ELM n, and

3

T. peaks of typically n, =2-4x10" m™> and T, =30-40eV, respectively, are detected at the

3

probe. The filaments peak densities of n, =2-4x10"" m™ are a substantial fraction of the

pedestal top density of about 5x10'" m™. This indicates that the filaments originate from an

area close to the pedestal top or further inside. The measured electron temperature is already
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significantly lowered compared to the pedestal top temperature of about 600 eV. Starting at
3.9805s there is a good correlation of the n. s and Teq peaks as shown in figure 11 (see also
[20]). It is not yet clear, why there are no correlated fluctuations in the beginning of the ELM.
In reference [20] a comparison is presented on a smoothed ELM T, (25 is time resolution)
derived from the BPP as well as from a fast swept single probe (100 kHz bias sweep). Both
methods agreed well and delivered T, =10-15¢V during type-I ELM activity at the position of

the outer limiter 55 mm outside the separatrix.

Investigations on T; in ELM filaments indicated that T; > T.. In [34]. T; was derived from the
power load and Iy fall off lengths in the SOL during ELM activity delivering T, =30-60¢eV .

This is supported by the first RFA data from ASDEX Upgrade showing T, =50-80¢V in the

far SOL when ELM filaments arrive at the probe [19]. This ELM filament T; is consistent
with current ELM transport models [35][36]. There is strong evidence that ion impact
energies exceed 160eV in the far SOL during ELMs [19] which fits to the observed T;. The
ion energy data are consistent with measurements from JET [36], raising concerns on the first
wall life time in future fusion devices when unmitigated ELMs are present.

5. Current Filaments

Experiments indicated that ELMs do not only release particles and energy from the confined
plasma but also current. In previous experiments at ASDEX Upgrade pick up coils were used
to detect currents related to the ELM events. Details on this investigation can be found in
[10]. The magnetic fluctuations detected during ELMs have been explained by mode
structures in the confined plasma carrying a bidirectional current. In recent experiments the
probe head for combined electrostatic and electromagnetic measurements P6M1 allowed for a
simultaneous measurement of the fluctuations in all three components of B with enhanced
spatial resolution compared to the previous

DOP experiments [16] [37] [38]. Also the applied

analysis methods were more advanced. Figure

ig 12 shows the degree of polarization (DOP)
E‘ 30 b during a type-I ELMy H-mode (#23159). The
=, 20§ o plasma parameters are I, =0.8MA,
10 g VR L i B =—25T, Pugr = 2.5MW and
3024 i L “ ] n,=61x10"m>. The probe head was 12
o0 ez am ase aze . mm in front of the limiter. The DOP is a test

t[s]
Figure 10: Top: DOP analysis of magnetic
signature. Bottom: I, signal indicating ELM
activity.

of the plane wave ansatz for the measured
magnetic signature [38]. The analysis is done
in the Fourier space. For each frequency it is
calculated how well the magnetic signature
can be related to a coherent fluctuations. This allows distinguishing between propagating
modes and localized events. The reduction of the DOP with each ELM event (indicated by
lsat) shows that the magnetic signature of the magnetic fluctuations By is no longer compatible
to a plane wave and therefore most probably to be associated to a localized structure. The
analysis of the magnetic signals reveals that the direction of the minimum By is well aligned
to the local magnetic field B. During ELM activity the By components in the plane
perpendicular to B show a phase relation compatible to current filaments extended parallel to
B carrying a mono-polar current. These current filaments are located outside the separatrix at
the magnetic low field side and show current densities up to 6 MAm? [38]. Current densities
of the same order have been measured in the pedestal region of H-mode plasmas at DIII-D
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[39]. The measured filament current density is much higher than the ion saturation current gy
density measured at the probe which is of the order of 0.IMAm 2. But the Iy current is

limited by the sheath in front of the probe head. This is not the case for the filament current
measurement by magnetic pick up probes inhibiting this direct comparison.

In the following several simple possibilities are discussed which allow for the high current
density of the mono-polar filament current. One possibility is that the filaments are still
connected to the confined plasma. Since high current densities were measured also for
filaments in the far SOL close to the limiter this is not very likely. Heat load measurements
during ELM activity indicated that ELM filaments hitting the outboard limiters in ASDEX
Upgrade are detached from the confined plasma [34]. The current path can be closed via a
return current in the vessel structure. This would require a large widening of the current
carrying flux tube towards the wall by an order of magnitude. The flux tube widening would
not be required for hot spots, but they are an exception and therefore not considered here.
Another rather simple mechanism to generate high current densities can occur just when the
filament detaches from the confined plasma. At this time the ions and electrons in the flux
tube stream freely towards the wall parallel B until the sheath potential builds up. Assuming
the filament first attaches to the outer divertor then there is a unidirectional high electron
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Figure 13: Main parameters of discharge #25727 which shows a transition from type | to type
Il ELMy H-mode. From left top to right bottom: monitor signal of FRP strokes, I, signal from
Langmuir pin, By, 1, and H98,y2, n; and stored energy Wnnq, heating power, applied gas puff,
thermocurrents in the inner (red) and outer (black) divertor acting as ELM monitor and
closeness to double null. On the right hand side the plasma cross sections for the type-1 ELM
period (blue) and time-11 ELM period (red).

current towards the outer divertor only. An upper limit for this current can be estimated by
j =en.V, i, where e is the elementary charge, ne the electron density in the filament and Ve i the
thermal electron velocity. With n, =10 m™and T,=10eV the current density is already

j=1MAm™. The data presented in the previous section showed that n, and T, can easily

reach the assumed values. An upper bound for the time interval while this loss can occur can
be estimated byt ~ L. /V, 4 Where L. is the connection length from the mid plane to the

divertor. Assuming a rather low Vg of 10°m/s which corresponds to a filament T, of 10 eV
and a typical connection length of the order of 10 m the loss time interval is t,,, =10™®s. This
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is in contradiction to the fact that individual current filaments have been observed for
t~10"*s. In fact the loss time interval has to be longer since the current carrying filament has

to interact with Alfven waves and will bend field lines. Most probably this will be on cost of
current density. Also the resistivity has not been taken into account. A complete analysis of the
electromagnetic filament behaviour has to be carried out in full 3D geometry and is beyond
the scope of this paper. A comprehensive qualitative description of the involved physics is
presented in [40].

6. Turbulent transport in type-11 ELMy H-mode

In a series of discharges a transition from type-I ELMy H-mode to type-Il ELMy H-mode was
induced by varying the closeness to double null (see figure 13). The global plasma parameters
like 1,, By, heating power, radiated power P4, H-factor, line averaged density n.j, stored
energy Wmng and applied gas puff stayed constant. The presented data originate from
discharge #25727 with the following plasma parameters: 1,=08MA, B, =-2.5T,

Pust = 7-SMW, Pycgy =0.8MW , and n; =5.5x10'" m™ . In figure 13 it is already visible that
during the second FRP stroke within the type-II

¥ [m'2s:1] ELMy H-mode Ilsy; exhibits stronger and more
4x10% frequent excursions than during the first stroke. The
turbulence induced radial flux in both phases of the

b discharge is shown in figure 14 while the probe was
4102 i about 65 mm outside the separatrix. In the type-I
period (shown in black) well separated bursts

0.00 0.01 002 003 0.04 indicate the ELMs. In the type-II ELM period (red)
At(s] the transport bursts are much more frequent in time.

T [m?] The time integrated radial particle flux clearly shows

that the average particle flux is significantly higher

4x10"°F 3 during the type-II ELMy H-mode (red) than in the

type-I ELMy H-mode although energy confinement
7 and density are about the same. In both cases the
3 i particle flux is directed outward. In the type-II
(1] i ELMy phase still rather large transport events can
0.00 0.01 U-Dit [Sf])-03 0.04 occur in the outer mid plane far SOL. This is visible

. . by the steps in the integrated particle transport. Since
Figure 14: Top: time ”"?‘CE of tf_\e tl?e poloirc)ial electric gﬁeld II)Epol again lrl)ad to be
turbulence induced radial particle flux determined from Vg there might be a rather large

for a type-1 ELMy (black) and type-1l " o amoli
2 plitude but the general trends are
ELMy (red) H-mode). Bottom: time expected to be robust.

integral of the radial flux.

2x10"°

7. ELM characteristics in nitrogen seeded discharges

During the recent years the plasma facing components in ASDEX Upgrade were fully covered
by tungsten ([41][42] and references therein). With the first boronization of the machine with
full tungsten walls the intrinsic radiation level significantly dropped and the power loads to
the divertor could exceed the power limit for the tungsten coatings on the divertor tiles [43].
Therefore, feedback controlled nitrogen (N) seeding became a standard tool for radiative
cooling in discharges with high heating power [44]. Nitrogen seeding not only resulted in an
acceptable electron temperature in the divertor but also improved plasma performance [45].
Here, we focus on the influence on ELM properties and the transport onto the first wall.
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The investigations were executed in deuterium H-mode discharges (#23967-9, #23979-84,
#24161-63, and #24166) with 1, =1MA, B =-2.5Tand line averaged densities of

N, =8-9.5x10"" m™. In all discharges an additional heating of Pycpyy =1.5MW was applied
and Pyg; =5-7.5MW was injected. The line averaged density required a rather high gas puff

of I'y =5.8-9.1x10*'s™". The high gas puff at moderate heating powers lead to a rather low
H-factor of about 0.8-0.95 (98Py2 scaling). In all N, seeded discharges presented in this paper
the set value for the divertor temperature was 3.0 eV. The N, injection rate was in the range of
0.5-2x10*'s™" and the N concentration in the plasma was in the low % range. The feedback

control acts on a time averaged divertor

; 1_[A] temperature which is determined by the inter
) Nm O/ 71 ELM period. The total radiation Py, rose by 15%

3.0

2.0 l ] L ,"; \"'3: [V_] when N, was injected in the main chamber and
”'lL { 201 | Il 287 by 40% for injection into the private flux region

1ok AN J. 'i% Il 23968N| (PFR). In discharges with higher additional
t}" ;C M -40 \ heating power a clear increase in the stored
i ! b) energy Wpna was observed with N, puffing, but

there was a slight increase only in the discharges

s cl) n [153'9..-";113] d) L[e¥]l{ presented here due to the rather high D puff rate
i t w at moderate heating power. Wyng increased only
8 ll‘lll 30 h“ by 5% when puffing N, into the main chamber

o |||l¢.l and by 10% for seeding in the PFR. In #23979
e \ﬂ By Jj-\, 1Y 4 the N injection did not change the total radiation
g.—: j'#*\':j{ ) ”‘hfﬂhf 10 J \)wilyﬁ«.._, of the plasma compared to the unseeded case and

N R R R Wina stayed about unchanged. So, there seems to
202 4 68 202 4 6 8 bea direct relation between increase of Prag and
-t o [008] -4 o [0s] Wong. This is confirmed by a study on the

Figure 15: Main plasma parameters in the influence of the effective charge number on the
outer divertor 25 mm outside the separatrix confinement in N seeded discharges [46].

during an ELM. The signals are conditional ) )

averaged. Shown are a) the ion saturation Independent of the seeding locathn the ELM
current I, b) the floating potential Vi, c) frequency fgm rose by 20-50%. Taking the ELM

the electron density n. and d) the electron induced tungsten influx into the divertor as a
temperature Te. The red and green lines measure for the ELM activity a reduction of the

indicate reference scenarios, the cyan ELM duration from 3 to 2 ms occurs with N,

curves show a discharge with N, seeding in seeding into the PFR while main chamber

the main chamber and blue a discharge seeding caused only a minor reduction of the
with N, seeding in the PFR. ELM duration by 10%. The nitrogen seeding

independent of the seeding location causes a
decrease of the energy loss fraction per ELM AW, /W4 - This occurs either because of a

clear reduction of AW, at only slightly changed Wynq or by an increase in Wpng at roughly
unchanged losses AW, (which is in general a rather unusual case). These more general

observations were supported by Langmuir probe measurements in the outer divertor about 25
mm outside the separatrix. This corresponds to 6 mm outside the separatrix in the outer mid
plane In figure 15 the basic properties lg, Vi, Te and n. are shown for two unseeded
discharges in red and green, a discharge with N seeding in the PFR (blue) and one discharge
with seeding in the main chamber (cyan). The measurement was performed with a triple probe
and the conditional averaging technique was applied. The ELM induced ls rise at the
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beginning seems to be about the same in all cases although strongly affected by fluctuations.
The duration of the lg pulse is slightly reduced for the main chamber seeding and strongly
reduced when injecting N, into the PFR. The second I, peak about 4-5 ms after the ELM
event is rather typical for the all-tungsten ASDEX Upgrade and has already been discussed
before [47][48]. This additional Isat peak in the inter-ELM period of the ELM cycle occurs in
the high recycling regime of the divertor. It is related to the upstream plasma parameters.
During the ELM cycle the density profile in the pedestal recovers within 4 ms while the edge
temperature profile still develops [49]. These different recovery time scales most probably
allow for a transient peak in the ratio of upstream density and temperature which, using a two
point model, translates into a transient secondary Isat peak at rather low Te [47]. The ELM
related density increase

total total inter ELM in ELM seems to follow the I

""""""""" signal. The floating potential

af) #2 0] 1 1 i i
161 4161 14 | 10'f] 10 \ peak‘ls clearly decrea.sed n
—~ : Al Al amplitude when applying N,
Z10°fL #2416 10 | 1074 1077/ where again seeding in the
% 3 -.,\ 5 r \\ 3 "\\C'ﬂ PFR is more effective. Also
=10 A 10 10 \:‘ 10 ',_‘-;. the Vg fall-off time seems to
167 -_“,.I 16° 16° . 16° -',af'u'ﬂll decrease with geeding into
R | 1 the PFR. This is related to

(i3 0812 20 45 116 00040812 00040812 the T. behavior during the

Isat[A]  (Isat-<Isatz)o(Isat)  Isat[A] Isat[A] ~ ELM. Injecting N, also
reduces the Te pulse during
the ELM. Especially the
duration of the T. pulse is
reduced. The influence is
more pronounced with Nj
seeding into the PFR. In this
case also a clear reduction of
the peak temperature is visible. These observations agree well with the shorter tungsten influx
from the divertor tiles associated with the ELM. This influx is mainly caused by the T, rise
due to an ELM. These findings fit well to the previous observations of reduced heat load and
shunt currents during ELMs [50].

Figure 16: PDFs of the Iy, signal at the filament probe. From
left to right: PDF of total signal, PDF of I, fluctuation
normalized to standard deviation, PDF in between ELMs and
PDF for I, measurements in ELMs only. The red and green
lines indicate the reference case without seeding. The cyan and
the blue line are discharges with N; seeding in the PFR.

The filament probe was also used for turbulence studies in N, seeded and unseeded H-mode
discharges. Three probe pins were biased to measure lg, just in front of the outer limiter. The
investigations were performed in discharges with an additional heating power of
Pugr = 5MW and the seeding was performed in the PFR. With N, seeding |, decreased by 30-

50% in between ELMs as well as during ELMs. The reduction of the |y level during ELMs
seems not to be an effect of the ELM frequency fgpm only. In the unseeded discharge #24161
feLwm varies significantly but the lg, probability distribution function (PDF) stayed unchanged.
Looking at the PDFs of the Iy fluctuations (figure 16) it is obvious that in the unseeded
discharges (red and green) the probability for the occurrence of large events is higher than in
N, seeded discharges (blue and cyan). This observation holds during ELMs as well as in
between ELMs. The PDFs verify the expectation that there are more large ls, events during
the ELMs than in between. This is already reported from other experiments [51]. The
reduction of the probability of large |, events is of great interest since these events are related
to large filaments carrying a rather high energy and might be able to harm the first wall in
future fusion devices. The reduction of tgry with seeding is related to a reduction of the
number of filaments per ELM. Normalizing I by using (I, —(Isat>)/ o(l, ), where o denotes
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the standard deviation, yields that all normalized PDFs with or without N, seeding are
identical, showing a strong deviation from a Gaussian distribution and indicating strong
intermittency caused by blobs/filaments. The agreement in the normalized PDFs indicates that
the transport mechanism remains unchanged, but the level is reduced with N, seeding.

8. Summary

The origin of blobs and holes in Ohmic discharges was identified to be close to the separatrix.
T, fluctuations cannot in general be neglected in Ohmic and L-mode discharges at ASDEX
Upgrade when investigating turbulence, especially close to the separatrix. Close to the
separatrix neglecting T.n might cause errors when Vp is calculated from Vg even when using
time averaged values. Electric fields during ELM activity in H-mode derived from Vg can
also be affected by T.n causing rather large uncertainties. The poloidal momentum transport
in the SOL was measured for the first time in ASDEX Upgrade showing the importance of the
Reynolds stress in L-mode which is of comparable size as the convective momentum
transport. In the H-mode time average a triple fluctuation term becomes comparable to the
convective term and both are more important than the Reynolds stress. ELMs change the
direction of momentum transport or the direction of the momentum which is transported
radially. ELM filament resolved T. and n. measurements showed rather hot and dense ELM

filaments (several 10 eV and several 10" m=) in the far SOL while T; is in the range 50-80

eV. These values indicate that the ELM filaments originate from deep inside the pedestal.
ELMs are associated with field aligned mono-polar current filaments carrying currents up to ~
kA. In type-II ELMy H-modes the outward radial particle flux is enhanced compared to type-I
ELMy H-mode at about the same global plasma parameters. N, seeding shortens the ELM
duration and the probability of the occurrence of large filaments is reduced.
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