White Rose

k(:,)) Research Online

I"#$%&

)*) +), -+ . )/ O#$! 123 03 2
4 . 4 .4 * 5
133* 1&%!6%7#8

1% 1$99 1&%!6%7#8 %#7

/4 : )

i &, | University of

\EH{
UNIVERSITY OF LEEDS =+~ Sheffield



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1088/1741-4326/ab423e
https://eprints.whiterose.ac.uk/id/eprint/152047/
https://eprints.whiterose.ac.uk/

ACCEPTED MANUSCRIPT

6FUDSH 211 /D\HU 62/ WUDQVSRUW DQG ILODPH
GHQVLW\ WRNDPDN UHJLPHYV

To cite this article before publication: Nicola Vianello et al 2019 Nucl. Fusion in press https://doi.org/10.1088/1741-4326/ab423e

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © EURATOM 2019.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 144.32.27.236 on 11/10/2019 at 10:08


https://doi.org/10.1088/1741-4326/ab423e
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1741-4326/ab423e

Page 1 of 45 AUTHOR SUBMITTED MANUSCRIPT - NF-103159.R2

1

2

3

4

5

6

7

8

9

10 Scrape O Layer (SOL) transport and laments

o characteristics in high density tokamak regimes

13

14 N. Vianello !, D. Carralero 23, C. K. Tsui #°, V. Naulin °, ‘M:

12 Agostini 1, I. Cziegler 10, B. Labit °, C. Theiler °, E. Wolfrum 3, D.
17 Aguiam 7, S. Allan 8, M.Bernert 3, J. Boedo 4, S. Costea® H. De
18 Oliveira ®, O. Fevrier °, J. Galdon-Quiroga !, G. Grenfell 1, A.

;g Hakola 2, C. lonita °, H. Isliker 3, A. Karpushov °, J."Kovacic 4,
21 B. Lipschultz 1°, R. Maurizio #, K. McClements “&,.F. Militello &,

22 A. H. Nielsen 8, J. Olsen ¢, J. J. Rasmussen ¢, T.

3?1 Ravensbergen %, H. Reimerdes °, B. Schneider °, R.

25 Schrittwieser °, E. Seliunin 7, M. Spelacre %, K. Verhaegh 1°, J.

26 Vicente /, N. Walkden &, W. Zhang 3, the ASDEX Upgrade

% Team 3, the TCV Team 7, and the EUROfusion MST1 Team 18
29 1Consorzio RFX (CNR, ENEA, INFN, Universia di Padova, Acciaierie Venete SpA),
30 Corso Stati Uniti 4, 35127 Padova, Italy, >CIEMAT Laboratorio Nacional de Fuson,
31 Madrid, Spain, *Max-Planck-Institut far Plasmaphysik, Garching, Germany, “Ecole
32 Polytechnique Fecerale de Lausanne (EPFL); Swiss Plasma Center §PC), CH-1015
33 Lausanne, Switzerland,®UCSD, La Jolla, USA, 6DTU, Lyngby, Denmark, ’IPFN,

34 Instituto Superior Tecnico, Lisboa, Portugal, 8CCFE, Culham Science Centre,

35 Abingdon OX14 3DB, UK, 2Institute for lon Physics and Applied Physics, Innsbruck,
3? Austria, 1°York Plasma’Institute, University of York, UK, University of Seville,

28 Seville Spain,’?VTT, Espoo, Finland, **Aristotle University of Thessaloniki, Greece,
39 14 Jozef Stefan Institute, Ljubljana, *DIFFER|Dutch Institute for Fundamental

40 Energy Research;, Netherlands!’See the author list S. Coda et al 2017 Nucl. Fusion
a1 57 102011,8See the'author list H. Meyer et al 2017 Nucl. Fusion 57 102014

42 E-mail: nicola.vianello@igi.cnr.it

43

jg Abstractz=n. A detailed cross-device investigation on the role of lamentary dynamics
46 in high density. regimes has been performed within the EUROfusion fimework
47 comparing ASDEX Upgrade (AUG) and TCV tokamaks. Both devices have run
48 density ramp-experiments at di erent levels of plasma current, keeping toroidal eld
49 or (gs constant,in order to disentangle the role of parallel connection length andhe
50 current. During the scan at constant toroidal eld, in both devices SOL pro les tend to
51 develop/@ clear Scrape O Layer (SOL) density shoulder at lower edge desity whenever
52 current is reduced. The di erent current behavior is substantially reconciled in terms
53 of edge density normalized to Greenwald fraction. During the scan at costant qgs
54 AUG exhibits a similar behaviour whereas in TCV no signature of upstream pro le
55 modi cation has been observed at lower level of currents. The lattelbehaviour has been
o6 ascribed to the lack of target density roll-over. The relation betwee upstream density
g; pro le modi cation and detachment condition has been investigated. For both devices
59 the relation between blob-size and SOL density e-folding length isound independent

of the plasma current, with a clear increase of blob-size with edge asity normalized
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to Greenwald fraction observed. ASDEX Upgrade has also explored the lametary
behaviour in H-Mode. The experiments on AUG focused on the role of netals,
performing discharges with and without the cryogenic pumps, highlighing howdarge
neutral pressure not only in the divertor but at the midplane is needed in order to
develop a H-Mode SOL pro le shoulder in AUG.

PACS numbers: 52.25.Xz, 52.35.Ra, 52.35.We, 52.70.Ds
To be Submitted to: Nucl. Fusion
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1. Introduction

Plasma Wall Interaction (PWI) is a subject of intense study inthe context of fusion
energy research for the understanding of the amount of headdds, tritium retention,
and the lifetime of di erent Plasma Facing Components. In reent years great € orts
have been devoted to the interpretation of Scrape O Layer (SL) transport, with
clear impact also on the design of future machines]{ Transport in the SOL region,
resulting from a competition between sources and parallehd perpendicular losses,
is dominated by the presence of intermittent structures or laments, whieh strongly
contribute to particle and eventually energy losses both ih- and H:mode regimes.
The role of convective radial losses has become even moreongni-due to its
contribution to the process of prole broadening also knowras shoulder formation
in L-Mode, describing the progressive attening of the dernty scrape o layer prole
at high density [2, 3, 4, 5, 6, 7, 8, 9] where future devices are expected to routinely
operate. This increased radial transport could pose ser®problems for Plasma Facing
Components, enhanced by the recent observation that whemgvatter density pro les
are established an increase of heat transport associated kmments is observed in the
far SOL, with laments carrying up to 1/5.0of the power ejectedat the separatrix
[1]. Preliminary investigations suggested that,similar,meamnisms occur in H-Mode
aswell [L1, 12, 13, 14, 15 and that laments strongly:.contribute to power balance and
SOL transport also in the so-called H‘mede density limit (HDL)16, 17]. The present
contribution will report results of a coordinated e ort within the EUROfusion Medium
Sized Tokamaks (MST1) framework betweenithe ASDEX Upgrade (AUGand TCV
tokamaks, to address the role of lamentary transport in highdensity regimes both in L-
and H-Mode. Similar methodology anditechniques applied torigely di erent tokamaks,
from a machine with a closed divertor, metallic rst wall andcryogenic pumping system,
to a carbon machine with a completely<open divertor, allowshe consistent comparison
of the results from the two/devices., The experimental invagation presented hereafter
will try to shed a light on di erent scienti ¢ uncertainties concerning the SOL density
shoulder formation: is shoulder formation really associadl to a lamentary transport
regime transition? Which is the relation between gas fuelinglivertor collisionality and
divertor detachment with the upstream pro le modi cations? Which is the role played
by neutrals? To answer these questions the mechanism of shiew formation and the
role of lamentary. transport have been tested against vart@gons of plasma current
and parallel’ connection length, and divertor neutral denses in H-Mode, through
modi cation of Cryogenic pump e ciency.

The paper is organized as follow: in sectior? a brief description of the devices
and diagnostics used will be presented. Afterwards the remibbtained in two di erent
current scans; respectively at constant toroidal eld andteconstant ggs will be described
in‘section3 providing information on both target and upstream pro les &olution and
linking them to the properties of the turbulent laments in the SOL. In sectiord we will
report the experimental investigation carried out on ASDEX Upgrade concerning the
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role of neutrals in establishing the density shoulder in H-Me extending the preliminary
results reported in [L5] at higher heating power and neutral pressure. Finally, in s&on
5 we will draw the conclusion and make an attempt towards a pagse uni ed picture.

2. Machine and diagnostic description

2.1. ASDEX Upgrade

ASDEX Upgrade is a medium sized divertor tokamak with major ananinor radii of
R =1:65m anda = 0:5m, respectively, and equipped with a fully tungsten coatedall
[1]. The experimental investigation has been carried out in kger Single Null (LSN)
con guration, with the ion B r B drift pointing towards the X-point. The plasma
shape has been tailored to follow the shape of the outer lirait (in @ con guration
dubbed Edge Optimized Con guration), and at the midplane up to*45 mm from the
separatrix the eld lines are connected to the divertor targt. In Figure 1 (a) the layout
of the principal diagnostics used for the present analysis shown in the poloidal cross-
section. SOL density pro les are obtained from the lithium leam (LiB) diagnostic,
observing the plasma at a vertical position approximately@cm above the midplane.
Density pro les are obtained from the light emission pro le which is sampled with
200 kHz [L9, and evaluated within the probabilistic Bayesian framewd [20] with
1 kHz in the radial region spanning. approximately’ @ . . 105, Dbeing the
normalized poloidal ux. In the core and, at the,edge line derniges are obtained with
the standard interferometer system shown as,well in Figurke The principal diagnostic
used for investigating the uctuations is the midplane marpulator (MEM) equipped
with a tungsten coated carbon probe head designed to charadkze turbulence and
simultaneously withstand the high heat ux observed in H-Mod. The probe features
16 pins distributed among 3 terraces at di erent radial posion (radial separation is 4
mm) whereas the di erent arrays are aligned in the bi-normadlirection as described in
[21] with typical distances'of 6 mm. The pins are arranged to meae both oating
potential and ion saturation current: in particular the ion saturation current pins are
distributed in order to havesmeasurements spaced both in thadial and in the poloidal
direction which allew a proper estimate of the radial and bi-ormal velocities using a
2D cross-correlation algorithm described in the appendixf §21]. Several plunges can
be done within a single pulse. For the L-Mode shots presenthdreafter up to 5 plunges
were performed with the probe sitting in a xed position for yp to 130 ms. In the H-
Mode operation'the time duration of the xed position was redced to 70 ms to limit the
heat load'deposition on the probe head. The acquisition safing rate for all the shots
was set to 2 MHz, which give us relatively long time series foutbulence analysis. In
addition‘one pin is run in swept mode in order to infer the lodaestimate of density and
electron temperature. The information on divertor conditons are primarily obtained
by two arrays of xed ush mounted triple Langmuir probes, slown in Figure 1 by red
circles,"'sampled at low sampling rate (33 kHz).

Page 4 of 45
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2.2. TCV

The Tokamaka con guration variable (TCV) is a medium sized tokamak located at
the Swiss Plasma Center, Switzerland’F]. It is a conventional aspect ratio toekamak
(major and minor radii R = 0:88 m anda = 0:25 m, respectively) with4a highly
elongated vacuum vessel and a completely open divertor. TG®atures 16 independently
powered poloidal eld coils, resulting in unique shaping gabilities, with the ability
to accommodate highly elongated plasmas (up to 2.8) and tngularity in.the range

0.7 1. The near-complete coverage of TCV surfaces with graphitées allows
extreme exibility in power load deposition, making TCV an deal test-bed for the study
of di erent magnetic con gurations and divertor geometries.

In recent years great e orts have been devoted in TCV to incese the diagnostic
equipment for divertor studies. A new 32-chords divertor sggtroscopy system (DSS)
[29 has been installed for extracting information on<recombation and electron
temperature from Balmer series spectra. This informationam, be combined with
radiation measurements estimated from Bolometry2f].” An array of wall-mounted
Langmuir probes (LPs) P5] covers the inner and outerwall as well as the oor. The
cylindrical tips have diameters of 4 mm and are embedded intbe tiles except at the
oor where they have a dome-shaped head protruding from thelé shadow by 1 mm.
For the present experiment the probes have been operated iwept mode to obtain
density and temperature pro les at the wall. The set of LPs ha been extended by
the installation of a fast reciprocating prebe (RCP) 26]. The probe head, described
in detail elsewhere 7], is equipped with 10 graphite electrodes 1.5 mm in diameter
The electrodes are arranged in“such a way to provide a doubleope for density and
temperature pro les, two Mach prebes.for parallel ow invetigations, a pin for fast ion
saturation current measurements with the remaining probesollecting oating potential
in order to infer radial and poloidal. electric eld uctuati ons from the local oating
potential gradient. The radial separation between the oang potential pins is 1.57 mm
whereas the poloidal separation between the pins are 4 mm ah@ mm respectively.
The fast movement of the probe‘head is 20 cm which is reachedhin 90 ms with a
maximum speed of 2.2 m/s..The ion saturation current and odhg potential electronics
have a bandwidth from 0.1 to 10 MHz with anti-aliasing lters d@ the Nyquist frequency:
the acquisition freguency was set between 1 MHz to 5 MHz for drrent discharges used
throughout the paper. The pro les in the SOL have been obtaed combining the data
from RCP with the ones from Thomson scattering diagnostic adined in adjacent time
instants: for. TCV the pro les shown throughout the paper hae been tted using a
Gaussian Process regression technique (details can be fbum [2€] together with the
link to the available software tool). The method allows for @roper determination of the
t and.corresponding errors, as well as of the density gradie with the corresponding
errors. This will be used throughout the paper to compute the-folding length pro le
shown in the following gures. The Line of Sights (LOS) of bametry, the location of
the Langmuir probes and of the reciprocating manipulator sl throughout the paper
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and the LOS of the vertical Far Infrared interferometer for dge and central chord are
shown in Figure2 to provide an idea of the spatial resolution of the diagnogtisetup.
The combined information provide a comprehensive set of mreaements suited forthe
divertor investigation.

3. L-mode Current scan

The dependence of the SOL density prole on plasma current ih-mode has been
previously reported P, 5, 6, 8] both for closed and open diverted/devices. In all the
cases it has been shown that atter pro les in the Scrape O Lger develop at lower
densities for lower currents. Following this premise the st set of experiments was
conceived to disentangle the role played by plasma currenanation from the changes
in parallel connection length and consisted of two series bfmode density ramps, up
to disruption, at di erent current levels keeping respectrely the toroidal eld or the qgs
constant.

3.1. Divertor target evolution

Figure 3 reports the main plasma parameters.concerning the currentan at constant
toroidal eld both for AUG and TCV. The 3 levels of plasma currem for the two
devices as well as the edge line integrated density and theeliing levels used for the
discharges are shown. The parallel connection:lengthg, Ishown in panels (a) and (g)
of Figure 3, are the connection lengths from the outer target up to the X-pint height,
and clearly increase with decreasing current for both the diees. TCV discharges are
purely Ohmic plasmas, whereas.on AUG an additional 0.5 MW of NBheating was
added in order to keep a similar'heating pewer through the sagtrix during the scans.
Still in Figure 3, panels (e) and (m), the power crossing the separatrix, estated as
Psep = P+ Phear  Prad:cored IS reported for the various current levels for both devices
Clearly the additional heating/allows to keep much more conapable power levels for
AUG. The divertor pressure on,TCV, as seen from panel (n) of Figar3 measured by
baratrons, does not exhibit.di erences between the variousurrent levels. On AUG,
where fast gauges ' located closer to the vessels are usegh#yi higher pressure are
achieved at higher current (cfr panel(f) of Figure3) [21].

The rst relevantuinformation can be derived by consideringthe response of
the divertor /0 dierent density levels at dierent current. In Figure 4 the total
integrated ion, uxes to the outer divertor are shown as a furton of edge density and
edge Greenwald fraction (i.e. edge density, obtained fromtérferometric edge chord,
normalized to Greenwald density valuag=ng) for AUG (panel (a) and (b)) and TCV
((e) and (f)), respectively. The choice of normalization (@ge density normalized to
Greenwald density) is done in order to consider possible et due to the dierent
density peaking obtained at di erent edge safety factorZJ]. As already observed the
integrated ion ux in TCV increases almost linearly with thedensity up to the threshold
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followed by a smooth roll-over §], the latter assumed in the following as a proxy for
plasma detachment. Dierently in AUG the increase of ion ux b faster than linear
up to the threshold with a more pronounced roll-over. Theseidrences are likely due
to the di erent degree of divertor closure §1]. In both devices we clearly see that ion
ux roll-over occurs early in edge density at lower current.In AUG, where the power
crossing the separatrix is a factor of 2 higher, the behaviowat di erent current is
reconciled in terms of edge Greenwald fraction. The same ebgtion holds for the two
lower currents in TCV, whereas higher edge Greenwald fractios needed for the‘higher
plasma current. In the scan shown in Figure, where the density increase was kept
similar at di erent values of current, indeed no detachmenbf the outer leg has been
achieved for the higher current case: conversely whenevietdensity.is increased even
further, as the case of shot # 52065 reported as well in panet)(and (f) of gure 4,
clear outer leg detachment has been obtained even though aglmer density. In the same
gure 4 the behaviour of the inner divertor legs for both the devicels shown . In AUG
the integrated ion ux is much lower even though the behaviauin term of edge density
resembles what is observed in the outer divertor. .On TCV theniegrated ion ux to
the inner divertor is larger and exhibits a less pronounceali-over at the lower current
levels explored, whereas no sign of roll-over. is observedhégher current. It is worth
noting that, di erently from AUG, inner target generally'det aches later than the outer
one in TCV [32, 3(], and this has been observed in:K-STAR as welt§]. It is worth
noting that both K-STAR and TCV are‘carbon.machines, with the nner strike point on
a vertical target and a short poloidal distance to the X-pointand an outer strike point
on an horizontal plate with a much longer poleidal distancerém the X-point. In both
the machines the presence of carben impurities could incesathe pressure and power
dissipation with respect to the pure D case. In particular adon radiation is a strong
power loss channel but an additional indirect e ect in the pessure balance may happen:
the carbon induced cooling.and.consequent reduction of théeetron temperature can
indirectly increase the momentum less and increase the valetric reaction rates which
are responsible themselvesfor momentum loss. Work is in gress within a 2D uid SOL
modelling e ort for TCV te. properly account for these contrbution in similar plasmas
[34]. In any case a.close comparison of the detachment operaabispace between the
two devices is beyond the scope of the present paper and wid bventually addressed
in further investigations.

A similar«current scan has been performed varying the toroad eld together with
the current in order to keep @s constant: the corresponding main plasma parameters
are shown.in Figure5 for both devices. From panels (a) and (g) we noticed thatlwas
kept constant throughout the current scan, even though slig variations are observed
in TCV'at the lower current level. For the sake of completensswe need to underline
that at the lower current level we had to operate TCV at an unusally low toroidal
eld (B; “ 0:8 T). The time evolution of the aforementioned Bo. and of the divertor
neutral pressure are shown in Figuré for both the devices. Again, the heating scheme
used. (pure Ohmic discharges for TCV and additional 0.5MW of NBheating in AUG)
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allows to keep the Ro. approximately constant in AUG. The pressure in the divertor
is constant throughout the scan in TCV whereas slightly higér pressure is achieved at
higher current in AUG. The evolution of total ion ux at the out er and inner divertor
as a function of edge density and edge Greenwald fraction aleown in gure'6. For
AUG in analogy to the observations obtained during the scan atonstant toroidal eld,
the ion ux roll-over is observed at lower density for lower grrent but the behaviour'is
reconciled in terms of edge Greenwald fraction for both innand outer divertor. On the
other hand the comparison of shots at similar current but dierent toreidal eld‘(e.qg.
# 34104 and 34106) reveals that the rollover density threskais essentially'unmodi ed
by the variation of Ly, but a more robust and faster reduction ofion ux just after
the roll-over is obtained at larger L. On TCV instead no sign of detachment neither
at inner nor at the outer divertor was observed, even thoughht achieved density was
su cient to guarantee plasma detachment whenever the samesdsity.ramp was run at
higher toroidal eld (compare Figure6 panel (e) with the same panel of Figurd). This
is an interesting observation which does not seem to“be due dochange in the power
crossing the separatrix since the values of;8 at the.same current are comparable at
least around the time where higher eld discharge exhibitooin ux roll over as can be
inferred by comparing Figure3 and Figure 5., The understanding of the di erences at
lower toroidal eld is presently under investigation.

3.2. Upstream pro le evolution

Figures7i and 7ii report the evolution of the upstream pro les for di erent current levels
at the same value of edge density.and toroidal eld for AUG and TV respectively. In
the same gures we have also included.the density pro les abhé outer target (panels (c)
and (d) of sub- gures 7i and 7ii)'as well'as the pro les of the normalized collisionality
de ned as :
Lk e |

G e @)
This quantity represents an e ective collisionality or equalently the ratio between the
parallel transit time divided:bysthe inverse of the electrorion collision frequency. It
has been originally intreduced in 5] and adopted in [/] as a parameter to identify
enhanced lamentary transport transition in high density regimes. In particular in [7] it
has been suggested that lamentary transport enhancemers regulated by the e ective
collisionality/in the divertor; 4y, which depends on the parallel connection length,
evaluated as the length from the X-point height to the outer taget, and on the values
of density and temperature in the divertor region, estimata in the present paper from
target density and temperature given by Langmuir probes athte outer target. In the
following all,data will be presented as function of divertocollisionality 4,. The error
bars on 4, shown throughout the paper have been estimated propagatirige errors
on the target density and temperature. It can be easily obsexd that atter pro les are
obtained at lower current for the same density levels for bbtthe devices even though
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some di erences may be noted. In AUG the di erent upstream prées are associated
to di erent target density pro les and clearly di erent div ertor collisionality. JAll the
cases where the proles in AUG at the outer midplane are atterare associated to
higher values of divertor collisionality. Di erently outer divertor collisionality does not
represent a proper metric for TCV since very di erent upstram pro les are obtained
with comparable 4, proles even well above the threshold of 4, ' 1 dentied in
[7] for increased lamentary transport regimes: this con rmsprevious observations ]
where a variation of divertor collisionality obtained thraugh modi cation-of target ux
expansion has shown little impact on evolution of upstreamrples. On'the other
hand we have already observed that, apart from the TCV case_ aigher current, edge
Greenwald fraction can reconcile the target pro les evolutn. Figures8i and8ii compare
again upstream and target pro les, as well as divertor coflionality at comparable edge
Greenwald fraction but di erent current levels for both thedevices.»\We clearly recognize
that the upstream pro le evolution behavior at di erent currentis better reconciled in
terms of edge Greenwald fraction, with similar shoulder deled at comparable f=ng

The investigation of the target evolution with_edge densityin the current scan
performed at constant gs, shown in Figure6 already revealed di erences between AUG
and TCV, in particular showing that the reduction of/toroidal eld prevent the plasma
from reaching a detached condition in TCV, at.lower‘current. Tis re ects also to
di erent upstream behaviour as shown in Figur® (i) -and (ii) respectively for AUG and
TCV. Indeed while for AUG the behaviour:at.constant gs re ects what was observed
at constant toroidal eld, with substantial"overlap of target and upstream pro les at
equivalent values of edge Greenwald fraction, the behavioaf TCV is scattered with
a clear shoulder developed only at high current, were alsoetlbroader target pro le is
recognized. We can also con rm that the evolution of the upstam pro le is independent
of the evolution of g, as computed at the outer divertor. Investigation is in progess
on TCV in order to eventually'understand the dependence of shlder formation on the
divertor collisionality computed/at the inner divertor, I". Indeed, the inner divertor,
with its shorter connegtion length L¢with respect to the outer divertor one, could exhibit
a largely di erent value of,. " “with lower values at similar edge densities.

In order to properly understand the relation between upsti@m to downstream
condition we have monitored the evolution of upstream prod with respect to
detachment condition. This can be done within a single shotnoAUG, due to the
availability of«timeyresolved SOL density pro les through LiB, whereas for TCV we
had to rely lon repetition of similar shots, namely 330 kA L-mde plasma with the
same density ramp; where the reciprocating probe head hasebeplunged at di erent
times. /(The result of this analysis is shown in FigurelO where upstream pro les,
normalized to the value at the separatrix are shown for di eznt levels of detachment.
The obtained pro les suggest that the modi cation of the uptream pro les for both of
the devices begin close to the ion roll-over and further dde@ as soon as the ion ux
starts.decreasing. For completeness it should be pointedtdhat the chosen scenario
for.shot repetition on TCV, at 330 kA, is the one which requiresigher edge Greenwald
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fraction to exhibit ion ux roll-over. A more re ned and detailed analysis of the relation
between ion- ux rollover and upstream pro le modi cation on TCV, including cases
where detachment is achieved by pure Nseeding, will be addressed in a forthcoming
paper [36]. As far as TCV is concerned, from the present dataset we canncam that,

if detachment is achieved by pure fueling and intrinsic impity radiation, upstream
pro le variation are observed only close to and after ion- & rollover.

3.3. In uence of neutrals on shoulder formation

Even though the increase of lamentary convective transpothas been.recognized since
the beginning /] to play a fundamental role in the process of shoulder formanh, the
role of other mechanisms is presently under consideratioAmong them, the in uence
of neutrals in the divertor region, which has been theoretly proposed £7] and
experimentally suggested indd] is subject of intense study.,, On the other hand also
the role of neutrals in the main chamber which could modify #ienization rate in the
Outer Midplane (OMP) has been proposed as a possible candielan the process of
shoulder formation [L5], even though it is still debated §].

This motivated an activity to determine the emission of neutal deuterium in the
divertor region on AUG, based on the evaluation of signals ¢etted by two cameras
with two dierent lters for D (656 nm) andD (434 nm) lines, respectively. The
two absolutely calibrated cameras‘] are both located just below the midplane (Z=-
0.27) at slightly di erent toroidal angle (the centre of thetwo cameras are shifted by
6 toroidal degrees and they both observe the same divertorgren). A tomographic
algorithm has been developed inorder to infer the 2D map oféremissivity . Assuming
toroidal symmetry, the emission is-a function of radial andertical positions only, i.e.

= (R;Z). This allows us to to project each Line of Sight (LoS) corregmding to each
camera pixel in the plane R;Z) [4€]._In this plane the di erent LoSs intersect each
other, allowing for the development of a proper tomographiseconstruction. In order
to introduce as little as possible a-priori constraints, th pixel method is used, and the
inversion is performed with an‘iterative algorithm. Two assmptions are made:D and
D emissions do not depend on the toroidal angle, and they arestected to the region
outside the separatrix. Thus the divertor region outside ta separatrix is divided into
rectangular pixels:and the emissivity in each pixel is considered constant. Using this
method, the link. between the intensity measured by each LoS the camera and the
emissivity is/a linear system of equations, that can be wrigh as:

= A (2)

wherelj is the line integrated signal measured by the Lo ; is the unknown emissivity
of the pixel i; and the matrix elementa; is the length of the LoSj inside the pixeli.
This matrix is evaluated only once, and it depends on the geany of the LoS and the
pixels division. In eq.2 there are 40000 LoSs and 200 pixels, so the system is over-
determined. For inverting it and obtaining the emissivity d each pixel, the simultaneous
algebraic reconstruction technique (SART) is used!l, 47]. It is an iterative technique
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which solves the linear system of EQ via an iterative error-correcting procedure, which
can be written as: h
I a
k+1 — k i G ajj
o=t — 3)
j &j
where ¥ is the emissivity of the pixeli after k iterations. The initial estimate’ ? is set
to 0. Since the emissivity of each pixel is positive, this cetraint is enfarced in each
iteration by setting to zero the coe cients that are less than zero after an iteration step.
The convergence is quite rapid, and after about 20 iterati@nit is reached:

The results of this analysis is shown in gurell where the inversions for both D
and D are shown at three di erent values of edge normalized Greeald density. At
the beginning emission is strongly localized in the inner \rtor, consistent with the
presence of a High Field Side high density regiorid 44]. During the fuelling ramp
the divertor moves into a high recycling regime and Dand D radiation move towards
the low eld side (LFS) region, initially in the private: ux re gion (PFR) and then
in the main SOL moving upstream once the target.density.rollsver. This strongly
resembles the observation on JET in the Horizontal Target3{]: in this con guration
indeed JET upstream pro le develops a clear shoulder wheneveelling is raised, and
this is accompanied by a clear D radiation front:moving‘into the main LFS SOL. On
the other hand whenever run in the Vertical Target con guraton no shoulder is observed
in JET at the same level of fuelling, and"D,radiation was con ned to a narrow region
along the divertor leg. This observation seems to reconcilee behaviour of JET and
ASDEX Upgrade despite the di erent divertor con gurations.

An e ort is ongoing in order to use the 2D map of the emissivity the two Balmer
lines in the divertor to infer the neutral density {15

3.4. Filamentary studies

The role of enhanced convective lamentary transport in thédormation of SOL density
shoulder has been already suggested [, 7, 9], even though reduced parallel losses
could also in uence the process. The relation between prelevolution and blob-sizes
has been investigated in.the present scan using properly dgsed probes. In both the
devices the blob-size is determined ag= v, with , estimated as the FWHM of the
conditionally averagediion saturation current signal wherpeaks 2.5 standard deviation
higher than the average values have been detected. Due to tfieerent experimental
setup of the ‘probe head, the estimate of the perpendicularlgeity is done di erently in
the two devices. For TCV we have used the |a1ethod extensivelgstribed in P7] and the

perpendicular Velocity is estimated as, = Vig g + Vijcoss cor: Vre B has been
estimated from the conditionally averaged sampleld using as condition the detection of
the peakston ion saturation current. The uctuating electrc eld is computed from the

local. oating potential gradients. The poloidal velocity @mponent is estimated from the

2D cross-correlation of poloidally and radially spaced dang potential measurements
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as detailed in P7]. For AUG the estimate ofv, is done following the method described
in the appendix of P1], based on the 2D cross-correlation using conditionally.regled
ion saturation current structure measured by pins spaced Hoin the radial and polaidal
direction. For a better comparison with previous results wenderline that , is estimated
di erently with respect to [ 27], since in the present manuscript the asymmetric,shape
of the ion-saturation current conditionally average sampld is kept, thus considering
the trailing wake neglected in the aforementioned paper]. Furthermore.in previous
AUG papers P1, 7, 15  was approximated by the auto-correlation.time, andall the
data shown were actually the blob diameter, rather than the Ibb radii"which will
be shown in the present paper. In AUG the laments are detecteduring the xed
positions of the probe. This implies a long signal length (up 130.ms‘at 2 MHz for
the L-Mode cases) where several hundreds of laments are éeted and used to infer
the Conditionally Average Sample (CAS) waveforms. In TCV coressely the probe is
continuously moving: the peaks ongl; exceeding the chosen threshold are sampled from
a 3 ms windows, as done i[5, 27] after removing the slow time evolution caused by
the motion of the reciprocating probe. Several windews arampled for each plunge at
di erent radial insertions of the probe. Typical examples bthe results obtained from
the conditionally average sample techniquesor the two desgs are shown in Figurd2.
The yellow bar indicates the estimate of the FWHM:for TCV we haveshown as well
the typical waveform of the poloidal electric eld uctuations from the CAS. The data
presented refers to a shot at low densitys.the shape of the i@aturation current,
presented in units normalized to the rms value is asymmetric for both the devices, as
already seenf, 47, 48, 49 even though the total pulse length is di erent between the
two machines. The pattern observed for AUG on the pins displad in the radial and
poloidal directions clearly recognized the.intermittent sucture whereas from the time-
delay a proper determination of the movement in the two dirdions can be inferred. The
observed uctuation of the poloidal electric eld for TCV is of the order of 1.5-1.8 kV/m
giving a radial velocity of the order of 1.5 km/s in agreementvith previous estimate
[27].

As aforementioned, recent results ascribed the broadening $OL density pro le
to a transition in thewlamentary regime from a connected regne to a disconnected
or inertial one [7, 50, 15. A threshold has been identi ed with transition to inertial
regimes occurring for._giv/& 1. The experimental results supporting this hypothesis
have been clearly obtained in AUG and in JET, the latter devicerdy whenever run in
Horizontal Target con guration [7, 3¢]. But the dependence on divertor collisionality
is not universally_recognized: for example 4, fails to describe the operation of JET
in vertical target con guration [38] as well as in TCV where very similar pro les are
obtainedwith largely di erent outer target 4, values, even though, as aforementioned,
the‘evaluation of the in uence of inner divertor g, in uence is still under investigation.

In this respect we have investigated the evolution of the @lfling length of SOL

. . 1
densitypro le, dened as |, = "nﬂ as a function of previously de ned divertor

e
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collisionality 4, and as a function of the blob-size,. As previously mentioned the
e-folding length is not computed from local exponential t & the pro les, but.rather

by estimating local density gradient as a result of the ttirg procedure which provide
estimate of the error on the gradient as well, used then to ppagate the error on the e-
folding length estimate. The e-folding length is computedtahe same radial location as
the estimate of the blob-size, namely for 1:02 1:03 for AUG and 1025 q 1.045

in TCV. Blob dimensions are normalized to the local ion-soungyroradius '¢.= %
where the assumption T = T . has been assumed for TCV. On AUG instead, where
detailed investigation on the behavior of ion temperaturenithe SOL at di erent levels
of density has been performedLl[], we have assumed {T= 3T for gvs .41 and T,

= T, for larger collisionality. In order to get rid of possible unertainties due to the
scattered points, on TCV we have used the evaluation of the @ie from the Gaussian-
process regression t shown in the previous gures (cf. gws7, 8 and®9) which provide
also an evaluation of the error on the radial derivative of & t. The results of this
analysis are shown in gurel3 respectively. The original trend observed in AUGT] is
con rmed in both the series of discharges with a clear increa of the e-folding length
as soon as g, increases and a strong dependence gf on.the blob-size. It is worth
noting that within the di erent current levels‘no distincti on is clearly observed.This is
in agreement with observation obtained from, LiB. diagnosti reported in (1], where
no sensible dependence of blob size on the toreidal eld stgth were observed both in
scaling at constant |, and constantggs.“ The ‘corresponding blob values, for comparable
greenwald fraction are compatible with observation obtaed using LiB on AUG [51] or
GPI [57. On TCV, limiting to the dataset with'the same toroidal eld, the e-folding
length increases with blob-size (cfr,.gurel3 panel (g)), whereas we conrm that no
dependence is observed on the/outer target;, (cf. gure 13 panel (c)). On the other
hand, whenever the current is scanned keepingscconstant on TCV the e-folding length
is constant despite the 2 orders of magnitude of di erence ingy, (cfr gure 13panel (d)),
but at the same time small variations of blob-size are obsed (cf. gure 13 panel(h)).
From the observationofFigures we already suggested a possible link between upstream
pro le variation and detachment condition: during the scarat constant ggs no signature
of detachment or ien saturation roll-over was observed (agen in gure 6), and this
analysis con rms,that no variations of the upstream e-foldig length, as well as small
variation of blob-size are observed if no ion- ux roll-ovebccurs.

In order 10 check the dependence of the blob-size on the dit@rdetachment status
we consider a similar set of discharges used in Figut® and evaluate the blob-size at
di erent edge Greenwald density fractions. The result is siwn in Figure 14. On AUG
the number ofplunges in a single shot prevents a detailed dysis close to the roll-
over. Nevertheless we can substantially con rm that the blolsizes are small with the
plasma in attached condition, and then the size increase®sé to and after the roll-over.
On TCV a sharp increase of blob-size is observed arounf=ns  0:3 with a further
saturation at larger edge Greenwald fraction. The same infmation can be obtained on
a statistical basis considering all the database availabler both devices. For the sake of
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clarity we have included only the shots at the same toroidaleld on TCV and for currents
below 300 kA, where a clearer location of ion- ux roll-over isbserved. Thegesult is
shown in Figurel5 panel(a): on AUG a sharp increase is observed aroung=ng “0:3,
which coincides as seen in gured with the transition to a high-recycling regime. For
TCV we observe an increase of the blob-size up to the edge Gneald fraction,0.25
. Ne=ng . 0:3 where again ion- ux roll-over at the outer target is obserdfor currents
below 330 kA. Afterwards the blob-size seems to saturate. Theslaviour of the two
devices is reasonably well reconciled, with an increase thgy the increase of the.ion- ux
to the outer target up to a saturation after the roll-over. Fo the sake of completeness it
is worth mentioning that the smaller blobs on AUG have as estiated diameter at the
limit of our diagnostic and method capabilities. Neverthelkes the observed trend, which
is consistent with past results even though obtained with ai@rent probe head, made
us con dent of the reliability of the drawn conclusions. Blb size estimates from probes
are based on the evaluation of the characteristic timg, and on.the binormal velocity
vV, which can be projected into the radial and vertical motion. ' Figure 15 panels
(b), (c) and (d), the di erent contributions are shownsstill as a.function of edge density
normalized to Greenwald fraction. We clearly see/thattheiger variations are observed
for p, which increase with f=ng in agreement with the results reported in], with the
increase of auto-correlation time observed in AUG[] and with similar analyses based
on LiB diagnostic on AUG as well $3. It is warth noting that these results seems to
contradict observations obtained using GPlhon C-Mod/[f] or probe measurements still
in TCV [47] where the pulse shapes of the intermittent structures werasensitive to the
changes in density. So far no clear explanation of these diences has been determined.
On the other hand, in the same gures we report both the radiadnd poloidal velocities
normalized to the local ion-sound speed. For AUG a modest irease with the density
is observed con rming what was shown previously using probg”1] or LiB [5Z]. The
behavior in TCV exhibits a dicerent trend with an almost congant value for the poloidal
component and a modest/decrease, if any, at higher densitms TCV: both behavior
con rms previous observations 9].<On the other hand previous measurements of the
e ective radial velocity‘onTCV [47/] show a small variation with density in the far SOL
and a larger variationtin, the near SOL still compatible with pesent results.

Finally, in order to properly compare the lamentary features between the two
devices we considerall the laments detected in the giv plane, where 4, has been
already described;the parameter is de ned as
5=2

(4)

with anebvious meaning of the di erent quantities. Speci @lly for both the devices
both "and 4, are computed considering Las the parallel connection from the outer
target up to the X-point height, whereas the ion-sound gyromdius is locally computed
at the poesition of the lament measurements. These two invaants have been originally
introduced in the so calledtwo region model [35]. The second invariant is a typical
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;‘ spatial blob scale. The proposed model allows the distinoti of di erent regimes for
6 the laments where di erent velocity scalings with respecto lament size and di erent

573 current closure schemes are identied. While a detailed degmtion can be found.in
9 the original paper 5], for the present paper it is su cient the distinction between
10 laments electrically connected to the target (in the sheath-connect(Cs) or in,the
i; connected ideal interchangé€C;) regimes) on one side and those electrically disconnected
13 as theresistive X-point (RX) or the resistive balloning(RB) regimes on the other side.
14 These di erent regimes occupy di erent portions in the plane.as pointed out
ig in [35 27]. The evaluation of and for all laments detected in both™d: evices is
17 shown in Figure18. In the same plot we have also marked the regions for/the dient
18 regimes. Actually the boundary of the connected ideal intehange regime ¢ depends
;g on the magnetic fanning parameter,, which is a measure ofithe elliptical distortion of
21 the ux surfaces. In analogy to what was done inZ/] for the plot:shewn in Figure 16
22 we have chosen a value of, 0:3. As pointed out in [27/] TCV blobs have features
3?1 mainly consistent with a resistive ballooning type with ‘theradial velocity which should
o5 scale as the square root of the blob size. For ASDEX Upgrade theipts at very
26 low collisionality ( 4 . 6 10 2) appear to be close tera.connected regime whereas
% transition to a clearly disconnected regime jis.achieved wiever higher collisionality is
29 reached. Thus while in AUG di erent lamentary regimes seema have been attained,
30 in TCV in the explored collisionality region no regime variions have been observed
2; and this could be responsible for the' lacksof dependence odlismnality. This could
33 be as well the reason for the lack of dependence of the e-fotgilength from g
34 although further investigations are indeed mandatory. Prently work is in progress
gg to compare velocity estimates with,independent measurentsn such as fast camera
37 velocimetry measurements, which will give us additional da to eventually support
38 these considerations. Besides the determination of the fd@entary regime, investigations
jg are under way in order to quantify also'the level of transporassociated to the laments
a1 at di erent levels of shoulder formation, in analogy to whatwas done in 15], since
42 increased convective losses are ultimately responsible tfee enhanced radial transport.
ji As already mentioned, increasing investigatory e orts havéeen devoted to the
45 role of neutrals in determining the SOL pro le attening at high density, both from
46 an experimental g] and a numerical point of view p4, 55, 56, 57]. In this respect an
47 attempt to distinguish, the behaviour of upstream SOL e-folithg length with respect to
jg the neutral pressure as measured at the midplane or in the értor region in AUG has
50 been carried out, and the results are shown in FigurE. In panels (a) and (b) of gure
51 17 the e-folding length, still computed around 1:02 1:03, is shown as a function
gg of divertor collisionality and of blob-size respectively ith a color-code representing the
54 measurement of sub-divertor neutral pressure, whereas oangls (c) and (d) the same
55 plot'is shown with colour-code proportional to the pressuras measured by midplane
g? gauges. The plot suggests, even though not perfectly, a galdendency of developing
58 atterpra’les in the SOL at higher neutral pressure, with a weaker dependence on
59 the. divertor values with respect to the midplane one. This igctually interesting, and
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in partial contradiction with observation in JET [3g] and MAST [8]. We will address
a similar analysis in TCV as well, where more robust and relide measurements from
gauges both in the divertor region and midplane will be avaible in a near future. What
the results up to now point out clearly is that a global compreension, which uni es the
experimental observations obtained from a variety of dewes, must retain the physics
of interaction between plasmas and its uctuations and neuals.

4. H-Mode experiment

The question of whether the mechanism of SOL pro le attenig is‘@ecting also the

pro les in H-Mode is a fundamental issue, since operation atdh Greenwald fraction
with divertor in detached condition is envisaged for futur@eactor-relevantplasmas. The
present contribution will extend the observations alreadyeported in [L4, 15], with more

detailed lamentary investigations in H-Mode plasma in AUG wih a total power up to

5.8 MW and focusing on the role of divertor neutral pressureybcomparing operation
without and with the cryogenic pumps.

The time traces of relevant parameters are' shown.in, gurel8 for 3 dierent
discharges at 0.8 MA, B=-2.5 T in ASDEX Upgrade all with the same heating power of
5.8 MW obtained through a combination of NBlland ECRH. Shots # 3276 and 34278
were operated with the same fuelling and seeding settinggidut and with the cryogenic
pumps, whereas for shot # 34281, where'the cryogenic pump waserated, both fuelling
and seeding were increased aiming to match the sub-divertoeutral pressure ( panel
(d) of Figure 20). It is worth nating that the level of fuelling attained in th ese shots
and the heating power are much higher than what reported in.f]. Comparing shots
#34276 with #34278 we observe that keeping the same level afdiling and seeding
but starting the cryogenic pump prevents the plasma from dathment (indicated by
constant divertor temperature):with-aimodest increase in eg density. To reach similar
conditions for edge density and detachment, high levels afidlling and seeding are
needed. Another clear.di'erence between operation withoutnal with the cryogenic
pump is the ELM behaviour, as observed by the measurements tbe divertor shunt
current at the outer.divertor shown in panel (f) of gure 18, with shots #34276 and
#34281 exhibiting (@ clear reduction of the ELM amplitude anda transition toward a
small ELM regime at.higher density, whereas a modest reduati is observed in the shot
with the lowersneutral divertor pressure.

In Figure 19the upstream and target inter-ELM pro les for the same threeshots
are shown forthree di erent time instants in analogy to whawas done in [ 5]. Itis worth
noting that while the determination of inter-ELM intervals is easy at the beginning of the
H-Mode phase of the discharge, the distinction at a later stagwith such an high ELM
freguency and low amplitude, is di cult. Nevertheless even ahigh density a suitable
threshold‘on divertor shunt current has been determined innalogy to [1L5], even though
no sensible di erences were identi ed with respect to avege pro les determined without
distinction between ELM and inter-ELM intervals in the smal ELM regime. This makes

Page 16 of 45
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;‘ us con dent that the considerations carried out can be proply compared with similar

6 measurements presented inf]. In all cases we start from a clearly attached plasma‘with
573 a steep upstream pro le and a divertor collisionality comptely, or at least partially,

9 below the threshold 4, = 1. Both the target and upstream pro les start evolving
10 for shots with comparable sub-divertor neutral pressure (884276 and # 34281) moving
i; towards high recycling and nally to fully detached conditons. Consistently; the divertor
13 becomes fully collisional with a g, prole well above 1 in the explored radial region
14 and the upstream pro les tend to atten, more robustly for the shot atshigher.divertor
ig neutral pressure. On the other hand for shot #34278 the upstam /and_target pro les
17 remain practically unchanged with the peak target densitytdl increasing without sign
18 of roll-over. This is observed even thoughg;, increases in the near SOL, thus con rming
;g the stronger in uence of the far SOL divertor condition in déermining upstream pro les
21 in AUG [50]. In analogy to the investigation performed in_L-Mode we nowerify the
22 evolution of upstream pro les in terms of divertor status. [ Fgure20 shows the evolution
3?1 of integrated outer divertor ion ux as a function of edge Grenwald normalized density
o5 for the same shots. For shot # 34276 without the cryegenic pupm a divertor evolution
26 similar to the one observed in L-Mode can be recognized, withe divertor moving from
% an attached condition, to high-recycling and, then detachnm after ion- ux roll-over
29 occurring around n=ng  0:7. For the same shot the upstream pro les start evolving
30 moving towards atter pro les as the density is raised.,Sinlar observations can be done
2; for shot # 34281 where upstream pro le evelution starts wheever the outer divertor
33 moves to the high-recycling regime whereas for the shot witbwer divertor neutral
34 pressure the pro le remains substantially unmedi ed withait any signature of target
gg ion ux roll-over.

37 Inter-ELM » lament »characteristics» have»been»investigated»in »these»shots.»
38 Determination »of sinter-ELM sintervals »were>done»n »analogy»to »15). » The »results»
ig concerningsthe x»elation »ithsiter-ELM >density spro le »attening saressummarizedn »
a1 Figure »21 whereshe %-folding dength is shownsas:a sunction »f divertor ssollisionality »
42 qiv N panelsga) and gc)and asa function of inter-ELM blob-sizein panelsfb) and ¢d). »
43 The »uctuation data, aswell asthe sorresponding» ,, hasbheennsbtainedat » € 4:05,»
jg further »away sfrom sthesseparatrix with s»espectto she sdata »n »-Mode. »The symbol»
46 colourseodess proportional o sthe xivertor smeutral spressureas»measuredin she sub-
47 divertor areasn ypanelfa) and £b), :and to the snidplane meutral yressureasmeasurec>
jg from midplanegaugesin panel¥c) and £d). »For completenesssinceshe focal yon and »
50 electronstemperaturexseresnot >availablefor sthesesshotsat she sprobestocation or >a »
51 propereomputationsf » s, »weshave>assumedthat T e= >15Vand T, = »5>eV sfor »
§§ dve QandsTge 5T & 252V for higherollisionality in accordanceto the wbservation»
54 reportedsin >f10]. We »are>aware»of sthe >possiblexuncertainties>causedby >the stack »of »
55 infarmation»en she »on ssemperatureput »asypointed sout »n $53,>10] better comparison»
g? betweensexperimentals¥esults>and stheoretical predictionssare sobservedwhenevenhot »
58 ion>approeximation s s»etained: this »notivatesour sehoicesin she sdetermination >of »on »
59 soundgyroradius. From this analysiswe san secognizethe selation suggestedn §7]
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with increasing ,, observed when crossing gy 1 even though, as anticipated (in
[15], the transition is smoother and less clear than in L-Mode. drger values of ,, are

obtained at higher neutral pressures (both divertor and miglane), consistently with:the
constant increase of pressure during the fuelling ramp olvged in Figure 18._On the

other hand, from panel (d) of Figure21 we recognize that large blobs are insu.cient
to ensure the increase of,, but for the same blob-size atter pro les are obtained only
for higher values of neutrals at the midplane. Also the relatn between e-folding length
and blob-size is weaker than in L-Mode thus supporting the &h that.the paradigm of
lamentary regime transition proposed for the L-Mode need$o be/revised to provide
uni ed description of the L and H-mode dynamics.

To corroborate the measurements of blob properties perfoed by probes, we used
gas-pu -imaging (GPI) in the same discharges. The GPI syste on AUG introduces
a local density of neutrals via a piezoelectric valve at theHS radiusR = 2:19m and
heightz = 0:16m [9. In the experiments reported, a He pu. was used to enhance
line emission and allow toroidal localization of uctuatia, signals, and the brightest,
587.6nm wavelength line of helium was imaged using.a Phantofll camera sampled
at 398kHz. Figure22 compares results of the GPI measurements in shots #34276 and
34278 (without and with cryogenic pump) based on a cross-celation over 1 ms of
signal, with zero time lag, using a reference at'» 1:05."The solid black line indicates
the contour line at 0.5 correlation value. Since the uctuabn power in the far SOL is
dominated by laments, the correlation is‘asgood proxy to an erage blob shape, i.e.
lament cross-section. However, since the'measurements wgrerformed in H-modes, in
the time histories used for cross-correlation care was take& avoid ELM bursts, which
overwhelm blob laments by orders,of magnitude. Both pattems show a somewhat
radially elongated structure, with poloidal and radial corelation lengths, estimated as
half of the FWHM value of the correlation, (34276) = 05cm  (34278) = 0:75cm
and (both) = 1:2cm respectively.

Poloidal and radial velocities are extracted from the motio of emission features
using a tracking TDE, (time delayestimation) method {(], suitable for systems with
a high degree of spatial resolution with relatively slow tima resolution and detection
speeds. Direct velocimetry results are converted to nominainor radius and poloidal
directions using the equilibrium reconstruction. At the maked far SOL location of

= 1:05 lament velocities in #34276 arev =330 30nFs;, v, =220 120n¥s and
in# 34278 v/=310 30nrs;, v, =120 80nrs. In the above, velocimetry errors are
estimated as the'larger one of the t error in tracking or the @viation between instances
of inter-ELM activity:

Since the gas pu ng and the probe plunges were not synchromd a one to one
comparison is not possible given also the non stationary atition of the discharge.
Nevertheless, with similar conditions the probe estimategea respectively , = 0:9cm
and , = 1:1 cm, thus compatible with the GPI estimate. Also the velocityestimates are
consistent with a radial and poloidal velocity ofy, = 450, v = 160 m/s for # 34276 and
V=250, v = 260 for # 34278. Given the di erent location and type of measrement
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;‘ this represents an excellent agreement providing con deadn the observations carried
675 out by insertable probe measurement.

8

9 5. Conclusion

10

11 A unied eort within the EUROfusion Medium-Size-Tokamaks (MST1) Work
ig programme has been coordinated to explore the role of lammy transport in ‘high
14 density tokamak regimes both in L and H-mode, particular foaing on_ the issue 060L
15 shoulder formation Comparable current scans at constant toroidal /eld oreortant qgs
i? have been performed to disentangle the role of plasma currdrom the madi cation
18 of parallel connection length. On AUG we have proved that then®uldersformation at
19 di erent current behavior, with or without constant L , is well reconciled in terms of edge
;2 Greenwald fraction. On TCV this is true only for the two lowercurrent levels explored
22 in the constant toroidal eld scan. Furthermore, in analogywith. JET, upstream pro le
23 starts evolving with the transition to a high recycling regine for AUG, and is associated
3‘51 with an enhancement of D radiation in the LFS SOL region; as reported in{d] for JET
26 Horizontal Target plasmas. On the other hand TCV, with its.competely open divertor,
27 exhibits a di erent divertor dynamical behaviour, with the target density increasing
33 almost linearly with fuelling: for both the devices we have npved that the evolution
30 of the upstream pro les follows the dynamics of the divertgrwith more pronounced
31 and atter pro les obtained after target density roll-over. The lack of detachment
gg at lower currents observed in TCV during.the constant g scan prevents upstream
34 variation and the development of a SOL density pro le shouler. In L-Mode plasmas,
35 the density e-folding length increases with blob-size ingdendently of the current in all
gg scans performed on ASDEX Upgrade, whereas the same relatiowere if recognizable
38 in the scan at constant toroidal eld, is weaker and more sctdred for TCV. What
39 has been proved clearly is that.the blob-size for both devieencreases with the edge
22 Greenwald normalized density,/and at least for AUG, larger dments are observed at
42 higher neutral pressure (the dependence on the midplane melipressure is more robust
43 and clear as seen in Figur&9 (d)). The lamentary characteristics in L-Mode have been
2‘5" considered in the framework of the 2-region model, which @al¥s the distinction between
46 connected and disconnected regime. We have shown that for AUe points at lower
47 collisionality are compatible with electrically connectd laments whereas the transition
jg to disconnectedregimes.is obtained at larger collisiongli Di erently laments in TCV

50 appear to be always‘in disconnected regimes, con rming ptieus analysis £7]. Work
51 is in progress to understand if this di erence could be at thdasis of the dierent
gg behavior with respect to divertor collisionality observedin the two devices. More
54 detailed investigations are in any case mandatory in this sa due to the uncertainty in
55 the@estimate of the local ion and electron temperature undée di erent conditions. H-
g? Mode density shoulders have been obtained in ASDEX Upgrade,discharges with high
58 levels.of both fuelling and seeding. We have demonstratedathneither large divertor
59 collisionality nor large blobs are su cient on themselves @ guarantee the shoulder
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formation, but that a high neutral density, in particular in the midplane region, is
mandatory. The reason why this is not con rmed in other devies [] is presently under
investigation. Work is presently in progress to extend the HAode analysis in TCV,

where high density H-Mode in detachment conditions has not ty&een achieved even
with high values of inter-ELM divertor collisionality.
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36 Figure 1: Experimental layout on. ASDEX Upgrade. (a) Poloidal sgion of the typical
37 L-mode discharge performed inthe so called EOC shape. Theaeatrix is indicated in
blue line, whereas the position of the principal diagnosscare indicated. In particular
40 the position of the Li-Beam (black'line), the Midplane maniplator (green line), the edge
41 and core interferometer chords (orange lines) and the Langimprobe measurements are
shown. In panel (b) a zoom of.the eld line close to the locatioof the measurements
44 whereas on panel (c) a photo of the probe head used as seen fthenplasma.

a7 Figures
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Figure 2: (a) Poloidal cross-section of TCV.tokamak with a tyjal equilibrium from one
of the shot used in the present paper. The LoS of bolometry @dish) and Far Infrared
Interferometer (orange) are shown as well as the location tife embedded Langmuir
Probes (blue) and the position of the midplane fast reciprating manipulator (green).
(b) Zoom of the edge‘and SOLsregion around the midplane (c) Sane of the Fast
Reciprocating probe used.
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Figure 3: Discharge parameters for, AUG (left columns) and TCVright columns) for
current scans analysis performed at constant;B From top to bottom: (a) and (g)
parallel connection length kg from target to X-point heights for 3 discharges at di erent
current levels but same toroidalseld. Toroidal plasma curent (b) and (h), edge line
average density (c) and (i), total deuterium fueling (d) and(l), Power crossing the
separatrix (e) and (m), divertor pressure (f) and (n).
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28

Figure 4: Quter/ Target pro les as a function of edge density jaand edge density
normalized to Greenwald fraction (b) for AUG. Inner Target poles as a function
of edge’ density (C) and edge density normalized to Greenwadidction (d) for AUG.
Outer Target pro les as a function of edge density (e) and ed@gdensity normalized to
Greenwald fraction (f) for TCV. Inner Target pro les as a fundion of edge density (g)
and edge(density normalized to Greenwald fraction (h) for TZ. All the data refer to
the scan at constant toroidal eld.
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gg Figure 5: Discharge parameters (left columns) and TCVright columns) for

40 current scans analysis pe at constanty§] From top to bottom: (a) and (Q)
j; parallel connection length tiget to X-point heights for 3 discharges at di erent
43 current levels but saitor d. Toroidal plasma curent (b) and (h), edge line
44 average density (c) an tgtal deuterium fueling (d) and(l), Power crossing the
jg separatrix (e) and ridr pressure (f) and (n).
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Figure 6: jet les as a function of edge density jaand edge density
normalized 1 ald fraction (b) for AUG. Inner Target ppoles as a function
of edg nsi and edge density normalized to Greenwdidction (d) for AUG.
Outer Yuget p@ les as a function of edge density (e) and ed@gdensity normalized to
Gr a ion (f) for TCV. Inner Target pro les as a fundion of edge density (g)
edgedilensity normalized to Greenwald fraction (h) for TZ. All the data refer to
n

a
th constant gs.
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(i) ASDEX Upgrade

Figure 7: (a) and (b) Upstream density pro les,
26 separatrix at three di erent currents (colour code)
27 Edge density. For TCV both the raw data
shown (c) and (d) Outer target density pro |

functiom of . The proles error
d tempemate. Sub- gure (i) refers
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(i) ASDEX Upgrade

Figure 8: (a) and (b) Upstream density pro les,
separatrix at di erent currents (colour code) with
Greenwald fraction. For TCV both the raw gata ¥ aussia process regression
ts are shown (c) and (d) Outer target de s a furction of normalized
poloidal ux . The large circles and correqQo error bars are the rétsuof a
binning procedure on raw data. (e) iVtor collisioality as a function of
The proles errors are obtained propa rrors on @nsity and temperature.
Sub- gure (i) refers to AUG whefeas sub- g i) refers to TTV.
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(i) ASDEX Upgrade

Figure 9: (a) and (b) Upstream density pro les,
26 separatrix at di erent currents levels (colour code
27 of edge Greenwald fraction. For TCV bot and the @ussian process
regression t are shown. (c) and (d) Out ity prdes as a function of

. The pro les error are obtained prop
34 Sub- gure (i) refers to AUG whefeas sub- g

rrors on ensity and temperature.
ii) refers to TCV.
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density at the separatrix for AUG. The cologs re valas of density marked in
panel (a). (c) Total integrated ion ux to t t in TCV as a function of
edge density normalized to Greenwald fractio streamoro les normalized to the
density at the separatrix. The lines i sult of &PR t whereas the points
indicate the actual data. The color co the vertad lines indicated in panel

(c).

Figure 10: (a) Total integrated ion ux at the outer tagget unction of edge density
normalize to Greenwald density for AUG. (b) S ' ro & normalized to the
er
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36 Figure 11: Top panel: Integrated at the outer target asa function of normalized
37 Greenwald edge density: Middl % ographic inversioof D radiation at three

39 di erent values of ng/n . Bott ographic inversion of D radiation at three
40 di erent values of ng/n .
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S ined low-density discharges
e condition is the detection of
s the valwf the standard deviation

Figure 12: Conditional average samples r
on AUG (left columns) and TCV (right colu
peaks on ion saturation current exce
above the mean value. The upper pa shoWs the ion satucati current typical
waveform normalized to the stagdard deviati The yellowdr indicates the estimate
of the FWHM. For AUG the lower 9Q|el shows the corresponding Conthnally Sample
waveform on the ion saturation
JZ direction, used in the 2D cro
velocity. They are both norgsmg
the waveform on the poloi

blob. It is worth rem r a
from local poloidal el el

e respective standd deviation . For TCV
eld uctuation is as®ciated to the ion saturation
TCV the radial velocity uctuations is estimated
Ctuations as explainedin the text.
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Figure #8. So@msity e-folding length ,, vs outer divertor collisionality 4, for the
scan aggonstait B (a) and at constant gps (b) on AUG. , vs ¢y for the scan at
co t and at constant ggs (d) for TCV . SOL density e-folding length
viblob-sfe , for the scan at constant B (e) and at constant ggs (f) on AUG. (c)
n r the scan at constant B (g) and at constant ggs (h) on TCV. Di erent
rs refer to di erent currents. The errors on are obtaned from the propagation
densSity and temperature errors. The errors on, are obtained propagating the error
n the gradient estimate and the density pro le t estimate. The errors on blobs are
timated propagating the errors ony, as well as the errors on velocities. These have

been computed considering the error on the shape of the caiwhally average sample
waveforms.
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normalized to Greenwald density on AUG.he er tohe values of density
marked in panel (a). (c) Total integrated outer target in TCV as a

function of edge density normalized to Green tiord] Blob-size as a function of
edge density normalized to Greenwal itv O CV.The enmron blobs are estimated
propagating the error on , as well as the
considering the error on the shape of the c

Figure 14: (a) Total integrated ion ux at the outer tagget unction of edge density
normalized to Greenwald density for AUG. (b) Bigb-s fiction of edge density
I
t

gionally aveged sample waveforms.
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/7,

40
41
42
43
. e

44 Figure 15: (a) Blob- ction of edge Greenwald framt for AUG and TCV. (b)
jg p as a function of cenwald fraction. (c) Radial velogihormalized to ion sound
47 speed as a func e Greenwald fraction. (d) Poloideélocity as a function
48 of edge Gree on. For TCV in order to highlight thetrend the data have
gg been binne W ¢, and the corresponding box-plot are shown, with boxes
51 representin % g the population, and the orange lines regenting the median of
52 the dis ion e bin. The center of the box is positioed at the median value of
gi the corgespon(ihg density population.
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Figure 16: 4, vs for L-Mode dischargesin T
regimes G (sheath-connected), €(co
and RB (resistive balloning) are marked.
parameter , = 0:3. The error bggs on are ob®ined propagating the errors ondrget
density and temperature. The errg3on are obtained from ttke error on blobs which
are estimated propagating the % well as the errors on velocities. These have
been computed considering the Qg

waveforms. @

SDEX Upgrade. The di erert
interchange), RX (resistive X-point)
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25 Figure 17: (a) , vS giv With colour code proporamal t ertor pressure. (b)

26 vs  with colour code proportional to divertor pesSyfe ) n VS giv With colour

% code proportional to midplane pressure. ( @ olour code proportional to
29 midplane pressure. All data refer to AUG.Th Bobs arestimated propagating
30 the errors on , as well as the errors on velociti€ have been computedsidering
;; the errors on the shape of the condi e samplewveforms. The errors on
33 n are obtained propagating the errors o gradient estimatand the density pro le

34 t estimate.
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Figure 18: (a) Edge density fro perferometer chord (b) dtal deuterium fuelling
(c) Total nitrogen seeding (d) @ Br neutral pressie (e) Temperature at the

outer target (f) Shunt curren { r target used as a poxy for ELM detection.
The colours refer to thre ng, discharges, all with thesame heating power. In
discharge # 34276 the ¢ry Ic pfmp was not in operation.
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gg Figure 19: (a) Edge density vs ti e shots #34276 (no cogenic pump), #34278

40 and #34281 (b-d). Inter- tream density pro les normdized to values at the
41 separatrix respectively for 376, 34278 and 3428heTdi erent colours refer to

43 di erent time instantsQ&rke nel (a).(e-g) Inter-ELM target density pro les for
44 the 3 shots at the same t ingfants as previous row (h-l) iat-ELM 4, pro les. Only

45 ASDEX Upgrade presented.
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Figure 20: (a-c) Total outer divertor integrated ion ux vs degsity normalized
to Greenwald fraction. The vertical colour lines refer h interval for the
evaluation of upstream pro les (d-f). Upstream pro leg&rmai to the value at the
separatrix at di erent values of normalized edge Green ction. All data refer to

AUG H-Mode operation. %

N

Figure 21: ( ity e-folding length ,, vs edge collisionality 4, with colour
code propo to @ivertOY pressure. (b) e-folding lert , vs blob-size |, with colour
code pro ivertor pressure. (C) , VS gy With colour code proportional to
midpla re. (d) , vs , with colour code proportional to midplane pressure. All
data r G H-mode operation. The errors on blobs are estated propagating

th as well as the errors on velocities. These have been computedsidering
thi errordbn the shape of the conditionally average samplewveforms. The errors on
n ined propagating the errors on the gradient estimatand the density pro le
imate.
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22 Figure 22: (a) Inter-ELM blob as measured through crofb-c@&™n technique for shot
# 34276 in the period 4.368 s. (b) inter-ELM blob as m edhtoligh cross-correlation
25 technique for shot # 34278 in the period 2.513-2.6 Th ack contour indicates
26 the contour line of 0.5 correlation value. The ux furf s are indicated as well.



