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ABSTRACT

Results on key aspects of scrape off layer (SOL) heat transport and divertor power load associated
with pellet induced ELMs in comparison to spontaneous ELMs are presented. We focus on the 3D
structure of the SOL heat transport by revealing the footprints of power load on the divertor target.
Additionally, the time scales of ELM loss and consecutive energy transport in the SOL towards the
divertor target of pellet induced ELMs are discussed.

By employing a toroidal magnetic field{) scan we achieve evidence that a toroidally asymmetric
divertor power deposition structure is extending to positions exceptional far off the strike line and
exceeding toroidaly localized the power flux density at the strike line. Field lines tracing is used
to predict correctly for the fullBr scan the position of the divertor power footprint of an ELM
filament through the pellet injection trajectory. Consistently the divertor heat flux modelled with
the non-linear MHD-code JOREK features in addition to the toroidally symmetric component
peaking at the strike line a spiral like structure joining this symmetric component from higher
radii. For the investigated JET discharges we conclude that the divertor heat loads due to pellet
induced ELM consist out of two components. First, the toroidaly symmetric peak heat load at
the strike line is comparable to the one of spontaneous ELMs. Secondly, the toroidal asymmetric
component is found to be higher by 30% at a toroidal position defined by the SOL field line
pitch.

INTRODUCTION

In the high confinement regime (H-mode) tokamak plasmas exhibit repetitive edge instabilities
called edge localised modes (ELM&)dnwM, 1996]. It is currently assumed that a reliable control
technique for ELMs is mandatory for the success of ITERIpERICI et al, 2003,LOARTE et al, 2003,
EicH et al, 2005a]. Experiments at ASDEX Upgrade have shown that deuterium ice pellets reach-
ing the pedestal top reliably and instantly induce ELMs up to frequencies twice the natural ELM
frequency LANG et al, 2003]. Having this in mind for the design of next step fusion devices and
the preparation of successful operation of those it is of paramount importance to gain information
about the process of inducing ELMs by pellets and reaching some level of understanding in this
process. It has been observed for spontaneous (non-triggered) ELMs that the product of ELM
frequency and ELM loss energy is roughly constant and equals about 20% to 30% of the heating
power HERRMANN et al,, 2002]. This paper investigates the ELM loss energy for pellet induced
ELMs and compares the observed divertor target heat loads to the ones observed for spontaneous
ELMs. Furthermore the timescales and wetted area associated with ELM divertor heat deposition
are compared between spontaneous and pellet induced ELMs.

Though ELMs have an intrinsic toroidal substructure, due to the high shear in the x-point region
the peak heat flux on the divertor is basically fully toroidally symmefiiciu et al, 2005b]. Due

to the technically given toroidal asymmetric nature of pellet injection the question arises, if the



spatial structure of the perturbation associated with pellet induced ELMs features a corresponding
toroidal asymmetry in the SOL and in the divertor. Dedicated experimental investigations as well
as nonlinear modelling provide information according to this.

The paper is organised in the following way: In section 2 the experimental conditions, the pellet
injection system, the divertor infrared system as central diagnostic and important analysis methods
are described. A typical evolution of a pellet induced ELM is described in section 3. Section 4
compares thermal energy losses and radiated energy for spontaneous and pellet induced ELMs. In
section 5 we present experimental and theoretical findings with respect to toroidal asymmetry of
divertor deposition and SOL power flux density of pellet induced ELMs. In section 6 we present a
detailed comparison analysis of ELM divertor power deposition aspects for spontaneous and pellet
induced ELMs. Section 7 summarises and discusses the obtained results.

EXPERIMENTAL ARRANGEMENT

EXPERIMENTAL CONDITIONS

Table summarizes a number of plasma parameters of the discharges that are analysed in this
paper. The abbreviations in table 1 mean (#) number of the dischaxggtitfhe interval of flat

top phase used for data analysts,. () density averaged over plasma volume and investigated time
interval, (p) plasma current,|Br|) absolute value of toroidal magnetic field,,( respectively

di0w) UppPer respectively lower triangularity at the separatrix;)(safety factor at the surface of

95% of the poloidal magnetic flux at the separatri®, ) total additional heating powerli(,,..4)

plasma stored energy obtained from equilibrium reconstruction and (Gas) total gas injection rate.
In all discharges the main additional heating source is neutral beam heating. Partially ion cyclotron
resonance heating (76697: 0.3MW, 77420 phase): 1.0MW, 79573: 1.5MW) and lower hybrid
current drive (76697: 0.6MW from 21,5s) are also applied.

Whereas discharges 76697 and 78606 have a fixed toroidal magnetic field and plasma current,
we make use in discharges 79573 (77695) of a pre-programmed scan of the absolute value of the
toroidal magnetic field from 2.2T to 2.8T (2.2-3.2T) while keeping the plasma current fixed.

Table 1. Overview of the main parameters of the discharges analysed in this paper

# At Nav Ip |BT| 671.p dlow q95 Piot Winhd Gas

[s] [10°m~3] [MA] [T a1 (1] (MW] MJ] [ 10*%s7']

76697 18-22 8.1 2.5 2.7 0.42 0.40 3.4 13 (18-20s) 5.2 0.32
16.5 (20-22s)
77420 17.6-18.4 5.3 25 2.7 0.18 0.35 3.6 11 4.2 0
21.9-22.6 3.3 2.0 2.4 0.22 0.24 4.0 0 0.7 0

77695 17-22 4.4 2.0 22-32 020 035 2258 15 3.6-4.6 0
78606 16-22 4.7 2.0 2.3 0.23 0.30 3.8 10.5 4.2 0
79573 14-21 45 2.0 2.2-28 0.18 0.34 3.6-4.8 9.5 (14-20s) 2.6-3.6 0.08

8 (20-21s)




PELLET INJECTION SYSTEM

Since 2008 JET is equipped with a High Frequency Pellet Injector (HFPI), which is extruding one
or two Deuterium ice rods, cutting these into pellets of cylindrical shape and accelerating the pel-
lets via a high pressure Helium gas pul§&RAUD et al,, 2007]. The injector has been designed

for two modes of operation: Pellet ELM pacing and plasma fuelling. In the pellet ELM pacing
mode the injector is operating with two ice rods in order to produce relatively small pellets at high
repetition rates, while in the plasma fuelling mode the injector is extruding a single ice rod, which
is cut into relatively large pellets. A number of specifics from the original design of the injector
can be seenin table .

Table 2: Design parameters of JETs High Frequency Pellet Injector

Mode of operation Pellet ELM pacing Plasma fuelling
Pellet diameter [mm] 1.2-1.8 3-5
Number of D-atoms 0.07 — 0.13 x 102! 24 x 102!

Maximum pellet frequency [Hz] 60 15
Pellet velocity [m/s] 50 - 200 100 - 500

The HFPI is connected to the vacuum vessel via three tracks to different pellet injection loca-
tions and directions. As shown in figure 1 these are a) perpendicular injection on the magnetic low
field side (LFS), b) oblique injection on the magnetic high field side (HFS) and c) oblique injection
on a higher location at the high field, which is called Vertical high field side (VHFS). The velocity
of the pellets leaving the injector is measured by a pair of light curtains. Additionally passing time
and pellet mass is evaluated at one or two different positions per injection track employing mi-
crowave cavities. Further details on the pellet injection system canbe fouhdntet al., 2011]

Most experiments reported in this paper have been carried out with the injector in the plasma
fuelling mode hence with relatively large pelletsZ — 2.4 x 10> D). These have been injected
exclusively from the magnetic low field side. Discharge 78606 is an exception, during which the
injector has been operated in the pacing mode producing relatively small pellets. These have been
guided to the VHFS.

Table displays an overview of some pellet parameters for the discharges analysed in this paper.
The abbreviations in table 3 mean (#) number of the discharge, (Type) mode of injector operation,
(Location) pellet injection location/,(;) nominal length of the pellet,\,.;) nominal number of

atoms per pellet,f,.;) pellet frequency andv(.;) average pellet velocity measured by the pair of
light curtains subsequent to the injector exit.

DIVERTOR IR THERMOGRAPHY

A new infrared camera viewing the divertor has been instead in JgdH et al, 1079]. The
obtained surface temperatures are routinely converted into ower fux densities empoying the code



Table 3: Overview of pellet parameters of the discharges analysed in this paper
# Type Location  Ip; Npei fpet Upel

[mm]  [103%!] [Hz] [m/s]
76697  Fuelling LFS 3 2.4 10.0 185
77420  Fuelling LFS 4 3.2 3.0/2.0 160
77695  Fuelling LFS 3 2.4 5.0 185
78606 Pacing VHFS 1.6 0.1 20.0 170
79573  Fuelling LFS 2.8 2.2 4.0 190

Theodor HERRMANN et al,, 1995]. The camera has a maximum frame rate of 28kHz, while for
this analysis mainly 11kHz has been used. It views from the top of the machine the load bearing
septum replacement plate of the outer divertor with a mean spatial resolution of 1.7mm. Also the
vertical inner divertor is diagnosed, however only a part of the main deposition area is in the field
of view with a spatial resolution of 5.2mm. Due to this only data from the outer divertor have been
used for the analysis presented here.

ANALYSIS METHODS

Information on the evolution of ELM events can be gained from the signal of the power deposited
on the inner respectively outer divertéy;,, ;, respectivelyPy;, .... As high quality data of the
divertor power is restricted to the outer divertor, we g .. for the ELM recognition. Figure

2 shows the evolution of Pdiv,out for a typical spontaneous ELM together with other signals from
fast sampling diagnostics commonly used for ELM analysis. Main characteristic features are the
steep rise within a few hundreds @f and the decay, which transmutes into a close to exponential
type decay.

In order to allow systematic data analysis time markeis, siart, tELM maz 8NAEELasend fOI
onset, peak and final stage of all ELMs are calculated. The standard algorithm for that identifies
teLy stare With the time, when a certain threshold is exceeded By, ,.:/0t, While t g s maz 1S
the time, whereP,;, ... has its maximum value within a certain time intervaly, i/ ..q is defined
as the time, where the maximum power flux density has its characteristic minimum after the ELM,
with an upper limit oft g1, 11, 50 +5MS.
Generally only ELMs appearing more than a certain time after their predecessor have been con-
sidered to ensure a minimum in comparability of pedestal conditions. For the classification of an
ELM as a pellet induced ELM different criteria sets had to be chosen for fuelling type and pacing
type pellets. For fuelling type pellets two criteria have to be met simultaneously. Firstly the time
between pellet detection by a microwave cavity in the flight tube and ELM detection in the plasma
as described above has to correspond to the pellet velocity measured by the light curtains within
tolerance. Secondly correlated in time a rapid increase of the density (density jump) integrated
with the interferometer along a line of sight intersecting only with the plasma edge has to be ob-
served.
For pacing type pellets the standard resolution of the interferometry system does not allow to ob-



serve a density jump. Therefore the pellef-monitor, which is only reliable for the VHFS, has

been used. The ablation cloud appears in the view of the diode producing thel/peltednitor

just prior to reaching the last closed flux surfaée.pPEr et al, 2010]. We categorised ELMs as

pellet induced ELMs when appearing with an unambiguous temporal correlation to a peak on this
D,-monitor exceeding a given threshold.

For discharges 76697 resp. 79573 the ELM selection criteria as explained above have been applied
with a minimal duration between ELMs of 10ms giving 19 resp. 12 pellet induced ELMs and
23 resp. 199 spontaneous type | ELMs. Figure 3 shows the detected ELMs for discharge 76697
in conjunction with the signal 0P, ... Spontaneous and pellet induced ELMs appear here as
interleaved sets.

EVOLUTION OF A TYPICAL PELLET INDUCED ELM

In order to characterise the evolution of a pellet induced ELM we first estimate the location of
the pellet at several instances during the flight of the pellet through the plasma edge. We employ
ablation modelling with the code HPIPEGOURIE et al, 2007] in combination with data from
interferometry with high temporal resolution.

HPI12 determines the pellet particle source by application of a pellet ablation model, which is based
on the neutral gas and plasmoid shielding description. For completeness the reader should note that
ExB-drift, pre-cooling and acceleration due to inhomogeneous ablation has not been considered
for the simulation reported here. As experimental reference a pellet injected at 38.76s in discharge
79573 has been used. Ablation modelling input data are pellet parameters (size, velocity) as well
as the last density and temperature profiles before the investigated ELM acquired by the High Res-
olution Thompson System and equilibrium data calculated by EFIT.

Figure 4 shows the evolution of power to the outer divertor target, signal from a Mirnov coil, line
integrated denisty and modeled ablation rate. We assume, that about at the time of the onset of the
pellet ablation (1) the pellet crosses the equilibrium separatrix. At the onset of the ELM signature
on the magnetic signal (2) the pellet has moved from the separatrix 5 to 6¢cm along its trajectory to
a location well inside the pedestal top. The evolution of the line integrated density and the modeled
ablation rate suggests that about 200ater the pellet is estimated to be fully ablated (4).

The onset (3) respectively the end of the rise phase (5) of the ELM associated power flux to the
outer divertor is observed 80 respectively 500s after the onset of the ELM signature on the
magnetic signal. For comparison we consider the pedestal top temperature of around 1keV mea-
sured by ECE and assuming equality of electron and ion temperature (supported by Charge Ex-
change Recombination Spectroscopy data) we derive an ion sound speed of 310km/s. Thus a free
streaming thermal ion would travel the connection length from outer mid plane to the outer divertor
target (~29m) in about 90s.



COMPARISON OF THERMAL ENERGY LOSSES AND RADIATED ENERGY

Table summarises energies transferred betweery .., andtzii s averaged over the cor-
responding set of ELMs for discharges 76697, 78606 and 79573. The abbreviations#)ean (
number of the discharge/\¢) time interval of flat top phase used for data analysis, (Group) spon-
taneous respectively pellet induced ELM, (Number) number of ELMs in this SuldsBt;, ()
integrated input power form neutral beam heatingii(;;,) drop of plasma stored energy obtained

by measurement with a diamagnetic loo¥,....¢) drop of plasma stored energy acquired via
integration of the pressure profile from obtained by equilibrium reconstruction code EFIT and
(AW,.q) total radiated energy from bolometry data (temporal resolution: 0.2ms).

In view of an estimate of the ELM associated energy deposited on the plasma facing components

Table 4: Comparison of averaged energies transferred during ELMs for spontaneous and pellet induced ELMs in the discharges
76697 and 79573: For 79573 the ELM associated dfojy ;. is masked by a different effect for a significant part of the analysed
time interval.

# At GrOUp Number AWin,nbi AWdia Aanhd AWrad
[s] (1] (kJ] (kJ] (kJ] (kJ]

76697 18-22 S-ELM 23 75410 154 4+58 153+43 113+£19
P-ELM 19 1+7 304+ 64 247+43 220433

79573 14-21 S-ELM 199 38+ 11 - 85+ 35 39413
P-ELM 12 55+ 12 - 139 £ 60 74+ 29

78606 16-22 S-ELM 74 5240 244 +40 313£30 122427
P-ELM 7 52+ 0 214 + 41 282 4+ 42 100 + 24

we consider here losses of plasma stored energy, radiated energy and heating energy. The later
one in all analysed discharges is comparable for both ELM categories. In comparison in both dis-
charges with fuelling size pellets on average 60t t0gher losses of thermal energy are found for
pellet induced ELMs compared to spontaneous ELMs. As an example figure 5 shows the drop of
W,.na fOr spontaneous and pellet induced ELMs in discharge 79573. In the displayed time window
the spontaneous ELMs are interlaced by three pellet induced ELM. One can clearly see that the
drops ofW,,,,s associated with those belong to the lagest drops of all ELMs in this period.

In order to obtain an indication, whether this large difference in drop of plasma stored energy is
connected only to fuelling type pellets, for each pellet induced ELM the associated density jump
has been taken as a measure for the size of the pellet entering the plasma. Figure 6a) shows the
dependence AW, andAW,..4 on this pellet size measure for discharge 76697. For a variation
of the density jump by a factor of 5 only a weak scalingXdf/,,,;,; has been found. The extrap-
olation of the linear fit to zero density increment is clearly above the values for spontaneous ELMs.

Another indication gives discharge 78606 with pacing type pellets injected via the VHFS track.
In this case the drop in plasma stored energy associated with the ELM has on average a similar
extent for both categories of ELMs. It is however not clear, if ELMs induced by pellets injected
from the VHFS are fully comparable to ELMs induced by pellets injected from the LFS.
The energyAW,,, radiated betweeng s siore @Ndterarena CONSitues a significant part of the



thermal energy losses during the ELM. Comparing spontaneous with pellet induced ELMs we see
for AW,.q a similar behaviour as for the losses in plasma stored energy. For ELMs induced by
fuelling type pelletsAW,..4 is twice as high as for spontaneous ELMs. Figure 6a) indicates a slight
increase oAW,.., with pellet size. A plausible explanation of this could be that the plasma edge
is cooled by the pellet material leading to a lower fraction of fully ionized particles and increased
line radiation. This is consistent with the observation that ELMs induced by pacing type pellets
are associated with comparable radiated energies as spontaneous ELMs.

The total energy flux towards all plasma facing components can be expresS8d,as- AW, npi—

AW,.qq respectivelyAW,,.q + AWy npi — AW,0q. In summary this quantity is similar for sponta-
neous ELMs and ELMs induced by both fuelling and pacing type pellets.

ANALYSIS OF TOROIDAL ASYMMETRY OF DIVERTOR DEPOSITION AND SOL HEAT
FLUX OF PELLET INDUCED ELMS

Pellet injection is done at a fixed toroidal position. This raises the question, if the spatial structure
of the perturbation and the heat transport associated with pellet induced ELMs features a corre-
sponding toroidal asymmetry. Divertor infrared thermography as well is carried out at a certain
toroidal position EicH et al,, 1079]. Thus the best approach to investigate such an asymmetry
would be to carry out measurements at various toroidal locations. As this has been outside the
diagnostic capability of JET, as an alternative a scan of the toroidal magnetic field at constant
plasma current has been developed and carried out. The comparability between the ELMs appear-
ing during this scan is reduced due to changes of the background plasma due to variation of the
toroidal magnetic field. For instance the frequency of the spontaneous ELMs increases with rising
absolute value ofBr|.

RESULTS OBTAINED BY DIVERTOR IR THERMOGRAPHY

Figure 7 shows the evolution of the power flux density on the outer divertor for a period of 25ms
during JET discharge 79573. Three ELM events take place within this time interval at 20.7376s,
20.7487s and 20.7586s. The first and the last ELMs are spontaneous, while the middle one is pel-
let induced. Between the ELMs the peak deposition can be located at 2.72m to 2.74m (inter-ELM
strike line). For all three ELMs there is a peak of power flux density at the inter-ELM strike line

or at slightly higher radii. For the pellet induced ELM additionally a power flux density peak with
higher amplitude can be observed at 2.80m. Deposition of this extent in a location so far from the
inter-ELM strike line has not been observed with the employed divertor IR diagnostic at JET for
spontaneous ELMs.

Hn 2011 two additional divertor IR cameras come into operation at JET. One of them views the outer divertor target in
an identical way as the existing camera but at a different toroidal location. The other one is guided towards the inner divertor
target.



Figure 8 shows the evolution of power flux profiles for both categories of ELMs during the scan of
absolute value of the toroidal magnetic field from lower to higher absolute values. The power flux
densities are averaged in time from the time of the peak power deposition for 0.4ms. The profiles
for the spontaneous ELMs preceding the pellet induced ELMs (figure 8a) all have one main peak
with a steep shoulder towards the private flux region and a flat shoulder towards the far SOL. The
radial location of the peak does not significantly change With| and lies close to the pre-ELM
power flux density maximum. Profiles for other spontaneous ELMs (e.g. the ELMs succeeding
the pellet induced ELMSs) are identical and not shown here. In clear contrast, the profiles for pellet
induced ELMs (figure 8b) have peaks at a variety of locations changing &jth For most pellet
induced ELMs one can interpret the shape of the profile as the superposition of a profile that is
similar to that of a spontaneous ELM and an additional dominant peak. Staying in this interpreta-
tion the ratio between the intensity of the two components changes clearly between different pellet
induced ELMs. We identify a trend of such pellet induced additional peaks moving outwards with

| Br|.

In order to verify the radial movement of the pellet induced peak power flux density due to the
change of the toroidal magnetic field an experiment with a scamgffin the opposite direction

(from higher to lower absolute values) has been carried out in JET discharge 77695. Figure 9
shows the evolution of the deposition profiles for pellet induced ELMs on the outer target. It has to
be noted that for this discharge the divertor has been contaminated with a deposition layer around
a radial location of 2.74. Due to this the calculated power flux values are artificially enhanced at
this location as it can be seen for the spontaneous ELMs. Taking this into account still a trend of
peaks located at higher radii for highé?| can be observed.

SOL FIELD LINE TRACING

In order to investigate the question of the origin of {fg|-dependent location of peaks observed
exclusively in conjunction with pellet induced ELMs SOL field line tracing has been employed.
We traced field lines starting from the outer midplane (MP) at fixed vertical and toroidal coordi-
natesz,,, and®,,, corresponding to the pellet injection location,( and®,.;) and variable radial
coordinateR,,,, such that the start point is located in the SOL. Magnetic field lines obtained via the
equilibrium reconstruction code EFIT have been followed frdtp,(, Z,,.,, .»,) until they hit the
outer divertor target defining the coordinatés,(, Z., ®4,). In such a mapping of equilibrium

3D SOL field lines both?,,, and®;, are functions ofR,,, as can be seen in figure 10. Conse-
quently the target end points of this field lines for a continuous variatidg,gfbuild a spiral-like
structure on the outer targeiE{cHu et al, 2003a,PunJasi et al, 1992]. ChangingBy| at con-
stant plasma current approximately corresponds to a rotation of this spiral-like structure as can be
seen from the relative vertical shift between curves for different valugBfin figure 10b. Thus

a variation ofl Br| leads to a radial movement of the intersectiy, ;;; of the spiral-like structure



with the toroidally localised IR observation area.

Figure 11 shows the radial target position of the largest peaks of the divertor heat flux deposition
profiles defined by a threshold criterion versis|. The threshold criterion is fulfilled when the

local power flux density exceeds8%f the maximum power flux density within the profile during

an investigated period (t=0 to t=0.4ms with t=0 defined by the peak power deposition). Again the
difference in the distribution of locations of peak power flux densities for spontaneous and pellet
induced ELMs is clearly visible. In particular one can see that the locations of most peaks associ-
ated with the later ones show a clear dependend&ph

In order to compare the experimental peak locations with predictions from magnetic field line
tracing we varyR,,, until approaching withd,;, the toroidal position of the IR divertor obser-
vation. Due to imperfections of the equilibrium reconstruction the absolute position of the strike
line Ry sep,s1e @and of the inter-ELM strike line measured with the divertor IR Systém scp.ir

can differ significantly, in particular in high heated H-mode plasmas. We coRggly, to

Raiv, fit,corr = Raiv s1e + AR, WhereAR equalsRyiy sep,ir — Raiv,sep,s1- The values oy, fis corr
describing the corrected expected radial peak location at the toroidal location of the IR observa-
tion based on field line tracing, are also plotted in figure 11. One can see that the prediction is in
very good agreement with the experimental observation for the pellet induced ELMs with a slight
systematic deviation towards higher radii.

In figure 11 the predicted peak locations for field lines starting with an offsgt & ®,.; + 7/4)

are also shown (green squares). One can see that the experimentally observed peak locations to a
good extent are located between the predicted peak locatiofisfob,,, — ®,.; < 7/4. The fact

that the predicted peak locations fby,, = ®,.; do not exactly agree with the measured could be
explained by effects of toroidal plasma rotation. For simplicity we assume that the ablated pellet
material, which is leading to a high pressure in the vicinity, without any delay picks up the toroidal
rotation frequencyf, . .,» of the background plasma and rotates with this for a time intetyal

until a part of this material crosses the separatrix and follows the field line as described above. We
estimate the product of the two quantities mentiongg.., x 7.; < 1/8

From Edge Charge Exchange Recombination Spectroscopy we determine an average toroidal ro-
tation frequency of about 6kHz for the location of the pedestal top for times between 55s and 60s.
Inserting this value in the inequality gives; < 20us. Considering lower rotation frequencies for
locations further outside (e.g. in the middle of the steep gradient region) would lead to an increase
of this number. Also accounting for a realistic toroidal acceleration of the pellet material would
increase this duration. In any case it is remarkable that the ELM associated ejection of pellet ma-
terial happens on such a fast time scale. This estimation is of the same order of magnitude as the
one carried out inlKocsis et al, 2007]. Here the time between the pellet reaching the triggering
location and the onset of magnetic fluctuations associated with the ELM observed by Mirnov coils
has been estimated to b@ys.



CORRELATION WITH DATA FROM DIVERTOR LANGMUIR PROBES

Triple Langmuir probes are routinely employed to measure particle fluxes and electron tempera-
tures in the JET divertotJacaMicH et al,, 2007]. The system has a temporal resolution of 0.1ms
and a radial resolution ef1cm. We used triple probe 24, which is measuring the ion saturation
current at a pin located in a toroidal distance~026° from the IR observation location.

Figure 17 shows the ion saturation current from tripple Langmuir probe 24 and the vacuum mag-
netic field on the magnetic axis during the toroidal magnetic field ramp as well as times, at which
pellet induced ELMs are identified. It can be seen that the ELM related peaks of the ion satura-
tion current are of similar extent for spontaneous and pellet induced ELMs for absolute values of
the toroidal magnetic fields lower than 2.8T. For higher values one can clearly see that the peaks
correlated with the pellet induced ELMs are up to two times higher than the adjacent peaks of
spontaneous ELMs.

Triple Langmuir probe 24 is measuring at a radius of 2.78m as indicated as dashed line in figure 11.
The ion saturation current is proportional to the particle flux to the divertor. We assume that a part
of the SOL transport associated with pellet induced ELMs is following the trajectory as described
in . Hence a part of the divertor deposition on the outer divertor would have the described spiral-
like structure. Consistently this spiral intersects the toroidal location of the employed Langmuir
probe for lower absolute values of the toroidal magnetic field at radii lower than 2.78m. Only for

| Br| higher than 2.8T (figure 11) the additional contribution from this transport specific to pellet
induced ELMs is observable with this diagnostic.

CODE PREDICTIONS FROM JOREK

The non-linear MHD code JOREK evolves a set of reduced MHD equations in toroidal geometry.
The poloidal plane is discretised using cubic Bezier finite elemémagNy andHuysMmANs, 2008]

while the toroidal variation is described by a Fourier series. The computational domain includes
the plasma centre, the separatrix and x-point and the open field lines in the SOL. Non-linear MHD
simulations of ELMs with the JOREK code have shown good qualitative agreement with respect
to features such as the formation of filaments and the fine structure in the energy convected to the
target HuysMmANs et al, 2009].

For the simulation of pellet induced ELMs a JET-like H-mode plashheysmans et al., 2010]

has been chosen with an pedestal pressure gradient such that it is marginally stable with respect to
low to medium-n ballooning modes. In the simulations the pellet is described by a large local par-
ticle source located in the middle of the pedestal with a half-width of 2 cm and acting adiabatically
on the plasma.

Figure 12 (left) shows a contour of the density50.s (for a central density of x 10'°m~3) after

the start of the pellet source. Also shown is the temperature on the separatrix and the heat flux
convected to the target. The dominat toroidal modenumber of this helical perturbation is n=1. At



this time the pressure in the pellet cloud at the mid plane is about twice the pressure at the top of
the pedestal and remains relatively constant. Figure 12 (right) shows a closer view of the density
profile at the toroidal angle where the pellet cloud is passing the x-point together with the ExB
flow lines. From the high density region of the helical pellet cloud there is a ExB flow across the
separatrix close to the x-point directed towards the divertor. This leads to prompt losses of the
density close to the x-point. Since this density has been heated by parallel transport, there is also
an associated convected heat transport towards the target.

Figure 13a) illustrates the power flux density on the outer divertor calculated by JOREK for a time
~ 40us after the onset of the particle source as a function of radial divertor poditignand
toroidal angle®. At a radial position of 3.25m there is high or even maximum deposition for all
toroidal angles. This position corresponds to the separatrix mapped on the outer divertor target. In
addition to this symmetric deposition component another component changing maximum power
flux density and profile shape with the toroidal angle can be observed. This component is spread-
ing toroidally towards a symmetric shape with approximately the local sound speed in the x-point
region.

In order to isolate the asymmetric component we identify the toroidal angle, for which the power
flux density integrated along the radial direction is minimum. We select the radial power flux den-
sity profile for this toroidal angle as the profile, which describes in the best way the symmetric
component. This profile is similar to the toroidaly averaged profile for the time t=250, at which
the toroidal variation of the radially integrated power flux density is at a level 608/ sub-

tract this profile representing the symmetric component of the radial power flux density profiles
for each toroidal angle and obtain the profiles of the asymmetric component, which are shown in
figure 13b).

Figure 14a) shows the maximum power flux density of the total deposition and the asymmetric
component as a function of the toroidal angle. The maximum variation of this value for the total
deposition is 6& of the mean value. Thus a considerable toroidal asymmetry in the maximum
power flux density is predicted by JOREK. Figure 14b) indicates the location of the maximum
power flux density for all toroidal locations for the total deposition and the asymmetric compo-
nent. In real space coordinates the line for the total deposition would appear as a structure similar
to a spiral. The relation between toroidal angle and radial divertor location, which it describes, is
clearly reminiscent of the relation between the same coordinates for the target points obtained by
magnetic field line tracing as described above (figure 10c).

MODEL OF THE ASYMMETRIC COMPONENT

A number of indications regarding the nature of the toroidally asymmetric component of the diver-
tor deposition associated with pellet induced ELMs has been gathered. JOREK pellet simulations
have given evidence of a transport path crossing the separatrix in the x-point region. As well they



have found asymmetric deposition on the outer divertor. However it is not clear that, in the simu-
lations, the prompt density losses at the x-point are directly related to the onset of a pellet induced
MHD instability (ELM).

In JOREK simulations in circular geometry, which can be identified as pellet induced ELMs, the
flow at the separatrix has large radial components especially in the vicinity of the pellet injection
location. These flows are driven by the ballooning instability that is destabilised by the high pres-
sure observed in JOREK that develops due to the heating by parallel conduction of the pellet cloud.
The instability driven flow in addition to the usual ExB flows would evoke evoke a strong radial
transport at the pellet injection location, which constitutes a second possible transport path across
the separatrix.

The SOL field line tracing carried out in this work has been based on this second transport path.
The good agreement of the predicted and measured peak locations at the divertor target allow two
possibilities. Either there is indeed a dominant component of the SOL transport following the
transport path, which is crossing the separatrix in the vicinity of the pellet injection location. If
this is not true the asymmetric component is mainly originating from the transport path via the
x-point. In this case the divertor deposition structure associated with both transport paths must be
very similar.

The question, which of these two paths via the separatrix is dominant could be studied in detail
on the basis of fuelling size pellets injected only a few ms after the previous ELM. In some of
these cases there is indication from the magnetic measurements that no MHD-activity is induced.
Such a situation might be interpreted as no ELM has been induced. The main question of such an
investigation would be to what extent and with which pattern power is deposited on the divertor
during these events.

COMPARISON OF ELM DIVERTOR HEAT DEPOSITION

In view of the question of ELM affected divertor deterioration it is of high interest to compare
various divertor power load aspects for spontaneous and pellet induced ELMs. However as a first
step we present a brief comparison of divertor power loads of pellets inducing ELMs in H-mode
and pellets not inducing ELMs in L-mode and H-mode.

Figure 15 shows the power deposited on the outer divertor, the divegtoadiation and the line
integrated density on edge channel of interferometer for an H-mode phase and a L-mode phase of
discharge 77420 and an H-mode phase of discharge 78606. In the H-mode phase of 77420 three
density jumps can be identified. These jumps are caused by pellets injected into the plasma, which
are marked by vertical lines. At the same time ELM events occur as can be seen from both
radiation and power to the outer divertor. The peak power during these ELMs deposited on the
outer divertor is between 10 and 20 MW. During the L-mode phase of this discharge two density
jumps of an extent comparable to those during the H-mode phase can identified. However in this
cases no correlated increase in the power to outer divertor is observed.



In the case of the H-mode phase in discharge 78606 at 63.38s a pacing size pellet is injected lead-
ing to a signal on the pellet monitor peaks of 1.5V corresponding to 1.5 times the threshold for the
categorisation as pellet induced ELMs. As can be seen this is not causing any observable increase
in both D -radiation and power deposited on the outer target observed by IR thermography. Thus
in this case no ELM has been induced by the pellet. Summarising the only pellet associated case
within the cases presented here with a relevant power flux density is the pellet induced ELM.

In the following we will present a detailed comparison of spontaneous and pellet induced ELMs
with respect to several divertor power load aspects. In this context we will consider as well the
toroidal asymmetry of the divertor power flux density for pellet induced ELMs.

DATA SETS

For this comparative analysis we use the two JET discharges 76697 and 79573. While the first
one is carried out under steady conditions, the latter one is associated with a ramp of the toroidal
magnetic field. Thus 76697 provides a better basis for a statistical analysis.

Another aspect is related to the question how much the asymmetric profile component is featured
at the toroidal position, where the IR observation is carried out. For discharge 79573 this has been
exhaustively discussed in section . We can conclude from there that the asymmetric component
is significant for nearly all pellet induced ELMs in this discharge. Figure 16 shows the profiles

of power flux density on the outer divertor for the analysed pellet induced ELMs and their spon-
taneous predecessors in discharge 76697 (compare to figure 8). In contrast to discharge 79573 in
76697 no additional peaks are observed in the deposition profiles for the pellet induceddsi-Ms.

for discharge 76697 is 3.4. In discharge 79573 this value is just outside the scanned interval at
the end, where the radial location of the asymmetric component has converged to the strike line
position.

Hence we conclude that in discharge 76697 the profiles are recorded at a toroidal location, at which
the asymmetric component is minor. Thus we assume that these profiles represent the symmetric
deposition component. Summarising we have the advantageous situation that the observed diver-
tor profile of one of the analysed discharges (79573) represents the symmetric plus the asymmetric
component, while the profile for the other discharge (76697) represents only the symmetric com-
ponent.

COMPARISON OF DEPOSITION ON THE OUTER TARGET

In we have given evidence that the total energy deposited during the ELM on the plasma fac-
ing components is similar for spontaneous and pellet induced ELMs. However it is of great in-

terest to compare various deposition characteristics for the well diagnosed outer divertor. The
deteriorating effect of ELMs on the divertor targets roughly can be expressed via the temper-



ature increasé\Tx;,, due to a single ELM, which in approximation is a function of thermal
material propertie’; e maimater, timescales of the ELM rise phase i s, wetted aread,,;
and the energyVy, ,is. deposited on the target during the ELM rise phasec: et al, 2005a,
HERRMANN et al,, 2002]:

AT’ELM ~ Cthermal,mater X Wdivmise/(Awet X AV TELM,TiS@)

Making use of the high spatial resolution of the IR system at the outer target the non material related
guantities for this area have been analysed in further detail. Table summarises these quantities
for discharges 76697 and 79573. The abbreviations mgamgmber of the dischargeA¢)

time interval of flat top phase used for data analysis, (Group) spontaneous / pellet induced ELMs,
(Number) number of ELMs of this category during investigated periogyis.) duration of

the ELM rise phase fromg s start 10 tELM maz, (Awet rise) @verage wetted area during the ELM

rise phase, gou:,mq:) Maximum power flux density on the outer target during entire ELM from
tELM,start to tELM,end, Wa;v 0ut rise) €NEIYY deposited on the outer target during ELM rise phase,
(Waiv.0ut) €nergy deposited on the outer target during entire ELM. We recommend to compare only
values within the same discharge, as the discharges differ in various parameters as partly described
above.

Figure 18 shows for the investigated ELMs in discharge 76697 the average evolution of the power

Table 5: Non material related quantities determining maximum temperature rise per ELM.

# At GrOUP Number TELM,rise Awet,rise qout,mazx Wdiv,out,rise Wdiv,out
[s] [1] [ms] [m?] [MW/m?] kJ] [kJ]
76697 18-22 S-ELM 23 0.34 £0.04 0.56 +0.05 35+5 5.8+ 1.2 42+ 6
76697 18-22 P-ELM 19 0.47+0.18 0.64 +=0.07 32+£8 6.9+29 52+6
79573 14-21 S-ELM 199 0.41+0.12 0.79+0.07 23+5 58+ 1.7 33+6
79573 14-21 P-ELM 12 0.55+0.21 0.77 £ 0.06 307 7.1+24 48+ 11

deposition on the outer targ€l;, ..., which is defined as

Ro
Pdiv,out - /R qu X 71-(fil + RQ)

where R, resp. R, are the smallest resp. highest observed radii and q is the power flux density.
Time traces for each ELM have been aligned by, ...... Subsequently averages over both cate-
gories of ELMs have been taken (coherent ELM averaging). The ELM rise time for pellet induced
ELMs (0.470.18ms) is higher by about 30in relation to spontaneous ELMs (0-86.11ms).

At the same time triggered ELMs show a slower decay, which is temporarily almost linear and not
exponential in time as for the spontaneous ELMs. As can be seen in figure 6¢ the ELM rise time
does not scale significantly with the pellet size.

The wetted ared.,,., is usually calculated from IR measurementsfas: = Py out/Gmaz Where

Gmaz 1S the maximum power flux density observed. Assuming a power flux density, which is
toroidally symmetrical and which decays radially with a decay lengtthe wetted ared,,.; is
identical toA7(R; + R»). Thus in this casel,.: gives a good description of the radial descay of



the deposition profiles. If there are additional peaks in the deposition profile as it is the case for
the pellet induced ELMs in discharge 79573 the quamtify, has less significance. Accounting

for the ELM rise yields for pellet induced ELMs in discharge 76697 slightly higher values for the
wetted area on the outer divertor targeb6 4= 0.05m? resp.0.64 & 0.07m?) compared to sponta-
neous ELMs. Thus in this discharge there was a small effect of the pellets on the decay length of
the deposition profile at the toroidal angle of the IR observation.

The local temperature increase during an ELM scales with the local power flux density. In dis-
charge 76697, for which we regard the measured profiles of the pellet induced ELMs as the sym-
metric component, the maximum power flux density is virtually identical for spontaneous and
pelletinduced ELMs35 +5MTW/m? resp.32+8M W /m?). In contrast in discharge 79573 spon-
taneous ELMs are associated with a lower maximum power flux density compared to the pellet
induced ELMs 23 &+ 5MTW/m? resp. 30 = 7MW /m?). This is consistent with the observation,

that the additional peaks in the profiles for the pellet induced ELMs in figure 8b are in most cases
the absolute maximum in the deposition profile.

In both discharges the energies deposited on the outer div&ytor,,. andWy;, are higher for the

pellet induced ELMs by a factor of 1.2 (1.5 for Wdiv in 79573) compared to spontaneous ELMs.
In all cases the corresponding durations are as well higher by an equal or higher factor for the pellet
induced ELMs. Thus the higher amount of deposited energy for pellet induced ELMs is mainly
caused by a prolongation of the transport phase. Figure 6b) shows thatheth,. andW,,, do

not show a significant dependence on the pellet size.

DISCUSSION

In this work we have presented various aspects of the associated divertor power load due to pellet
induced ELMs and compared the latter with the power load characteristic of spontaneous ELMs
and to results from the nonlinear MHD-code JOREK. We have shown that ELMs induced by fuel-
ing type pellets are associated on average with nearly twice as high losses of plasma stored energy
as well as radiated energy compared to spontaneous ELMs. For pacing type pellets injected from
the VHFS both values have been observed to be rather similar for both categories of ELMs.

Onset and decay of the power flux to the outer divertor are significantly slower for pellet induced
ELMs. We speculate that this is associated with a reduced averaged electron and ion temperature
of the particles lost during the pellet induced ELMs. The ion parallel transit time is the ratio of
the connection length and the ion sound speed. The ELM power load rise time is found to scale
with the ion transit timelEicH et al, 2003b]. Since a major fraction of the particles deposited on

the divertor during the ELM associated heat flux are suspected to origin from the injected pellet a
reduced temperature of such particles and hence a longer deposition time is plausible.

We recall that the ultimate goal of inducing ELMs by pellets is the increase of the ELM frequency
(pellet pace making) in conjunction with a corresponding reduction of the power deposited on the



plasma facing component& ANG et al, 2004]. In the light of this the striking feature of pellet
induced ELMs to cause an asymmetric divertor power load deserves particular attention. We have
identified a toroidally localised additional peak heat flux (asymmetric component) exceeding the
one at the strike line slightly. Furthermore we compared the ELM induced peak heat fluxes and
find that the peak heat flux of the symmetric component of pellet induced ELMs and the one of
spontaneous ELMs are similar. The total peak heat flux from both components of pellet induced
ELMs is found to be considerably larger than the one for spontaneous ELMs. It is not clear, if
the asymmetric component is of similar extent for ELMs induced by pellets injected from the high
field side or ELMs induced by smaller pellets.

The increase of the ELM frequency is observed to cause a reduced ELM loss size, when ELM pace
making is successful, as e.g. shown for AUGNG et al, 2004]. From the current understanding

not only the reduction of the ELM associated peak heat flux at an arbitrary toroidal location in the
divertor but also the heat flux at the position, where it peaks in toroidal and radial direction, need
to be demonstrated to be reduced when the ELM energy loss in the pedestal is reduced.
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Figure 3: JET Pulse No: 76697: Power to the outer
divertor: The squares mark the analysed spontaneous
(blue) and pellet induced (red) ELMs.
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Figure 4: Evolution of power to the outer divertor
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(standard: stars, high temporal resolution: full line) and
modeled ablation rate. Ablation rate has been alocated in
time using the pellet velocity measured by the microwave
cavities and assuming a coincident onset of ablation and
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defined by the peak power deposition. Horizontal lines are
to support the allocation with |Byl.
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Figure 12: Left: The density contour (n=1.1 x n

mag .axis.

JG10.425-18¢c

) at t 4 50us, the temparature at the separatrix (red-blue scale)

and the convected heatflux to the target. Right: Close-up of the density profile together with the ExB flow lines (black
contours). The lower part shows the heat convected to the target showing a helical structure.
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their spontaneous predecessors (black) in Pulse No: 76697
The power flux density has been averaged between tgy py o
and 0.9 *t gra o + 0.1 %t g1 ena
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Figure 18: Comparison of power deposition dynamics
(Coherent ELM averaging) between spontaneous (blue)
and pellet induced ELMs (red) for Pulse No: 76697: a)
Complete ELM b) ELM rise phase. Vertical lines indicate
averages of tELM start, tgiys e ANd tgpyg ong for both
categories of ELMs.





