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Abstract

To get deeper insight into the MHD activity triggered by pellets, a study was carried out,
including a wide range of plasma scenarioswith and without ELMs basedon data from AUG
and JET. All preserly available experimental evidencesare compatible with the hypothesis
that the helical perturbation causedby the pellet cloud createsa non-linear trigger at any time
during an ELM cycle where the plasmais most of the time in a linearly stable but nonlinearly
unstable state. This suggeststhat pacing can be establishedbeyond the range of presen proof-
of-principle demonstrations under conditions required for ITER, i.e. at a range of ELM rate
enhancementhat suppresseshe ELM impact below the hazard level. It seemghat there is also
quite some headroom to reduce the assaiated fuelling corntribution coming with pacing. The
demonstration of these features requires a dedicated approad at a su cien tly large tokamak
that is currently under way at JET. A new pellet launcher was built and integrated into the
JET systemthat is being converted into a multi-injector multi-trac k system. Being the rst of
its kind it also becomesthe rst truly ITER like pellet injection system. Once put fully into
operation, it will allow for pacing aswell as fuelling investigations.

1. INTR ODUCTION

ITER is foreseerno be equipped with 6 pellet injectors capableof injecting H, D and DT
pellets into the plasma. Pellet injection in ITER is a tool for both (i) e cient particle
fuelling and (i) mitigation of the ELM size. Fuelling pellet injection hasto maintain
the plasmadensity and allow high density operation with a minimum detrimertal e ect
on energy con nemert. This requires pellets to penetrate as deep as possibleinto the
core plasma. On the other hand, ELM triggering by pellet injection provides a promis-
ing method for reducing the ELM size as demonstrated on ASDEX Upgrade (AUG).
Thus, the ELM impact on plasma-facingcomponerts can be minimised. This should be
achieved with the smallestpossibleimpact on all other plasmaparameters(besidesELM
frequency). Hence,pellet injection for ELM pacingshouldusethe smallestpossiblepellets
with a shallowv penetration. An optimized useof pelletsin ITER requirestheir integration
into ITER plasmascenariosn an e ective mannerbeingappropriate for both fuelling and
ELM pacing. A successfuscalingto ITER from results of presen day tokamakshowever
requiressound physics understanding. For this purposedetailed investigationswere per-
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formed at AUG. The main results and techniquesare going to be challengedunder most
ITER like conditions of the largest available scaleat the Joint European Torus (JET).

2. STRATEGY AND EXPERIMENT AL SETUP

A variety of explorations and experimerts conductedat AUG for investigations of pellet
fuelling aswell asELM cortrol and mitigation via pellet pacing are now challengedand
extendedat JET. AUG is a mid-sizeddivertor tokamak with torus radius Ry = 1:65m,

minor plasmaradius a; = 0:5m, a typical plasmaelongationg > 1.6, and plasmavolume
Vpiasma = 13m3 [1]. The pelletinjector employedis basedon a certrifuge pellet accelerator
[2], capableof delivering cubic pellets of nominal size (1:4mm)3 to (1:9mm)3 (nominal
pellet massesmp corresmnding to a particle invertory ranging from 1.6 to 4.1 10?° D-
atoms) at velocities vp from 240 m/s to 1200 m/s and repetition rates fp up to 83
Hz. In its presen con guration, pellets can be launched from the magnetic high eld

side (HFS) only through a bert transfer tube limiting the injection speedto 1000 m/s.

The systemoriginally designedfor fuelling purposeshas proven to be very exible and
suited for exploration of the novel ELM pacing techniguesand basicinvestigationsof the
underlying physics as well. For reliable and persistert operation, a rise of the plasma
particle invertory in the rangeof 5 - 50 % per pellet can be achieved. It wasfound to be
well suited for fuelling but not optimal for dedicated pacing experimerts.

Untainted pellet pacing becomesdi cult in smaller tokamaks due to the inevitable fu-
elling. The ELM frequencynecessaryto be overcomeby pacing however decreasesvith
the madine size. For a baselineoperational scenarioin the type-l ELMy H-mode regime
ITER is expectedto dewlop a spontaneousELM frequencyf 2 ,, closeto or even belov
1 Hz, stable operation can be maintained at JET down to about 4 Hz while at AUG
suitable target plasmasshaw at leastf?2,,, 30 Hz. Hence,already the smaller size of
AUG enforcespacing at ewven higher rate than what would be ITER relewvant. Rather
small pellets carrying little masswith respect to the plasmapatrticle invertory werefound
potentially su cient to trigger ELMs at AUG [3] yielding headraom for a relief of the
fuelling constrairt. Unfortunately smaller tokamaks have the disadvantage of not being
able to make full use of this possibility. Production and even more the transfer of pel-
lets becomesextremely troublesomeand erratic whentrying to erter the sub-mm pellet
sizedomain and reliable pellet delivery into the plasmais bound to a minimum plasma
particle invertory increaseof about 5 10*°. As a consequencefor pacing purposesthe
smallestpelletstechnically feasibleare oversizedin massat AUG by a factor in the order
of about 100 causingsigni cant unwanted fuelling.

In caseof the larger JET plasmaspacing pellets are still expectedto be oversizedbut will

have a drastically reducedfuelling impact, whereasfor ITER an optimization of the pellet
sizecausingonly negligible fuelling seemdeasible. At the sizeof AUG, the unfavourable
conbination of a high pellet repetition rate requiredto achieve reasonableELM frequency
cortrol and the enforcedexcessie particle inventory per pellet do make pacinginvestiga-
tions troublesome. The unavoidable fuelling signi cantly changesthe plasmaparameters
of the scenariohampering investigations. Raising the spontaneousELM frequencyby a
factor of about 2 was accompaniedby a density rise of about 30 % resulting in turn in a
reduction of the energycon nemert attributed to additional convection lossesntroduced
by the pellets [4]. As ITER requestsan enhancemenof f2,, by at least of a factor of
about 10[5] it becomeshvious ITER relevant pellet pacinginvestigationscan only take
placeat JET, the largest machine available at presen. Besidesthe advantage of a relief
in fuelling burden and the possibility to test pacing at the ITER requestedfrequency
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enhancemenratio this allows also accesgo parameter regimesmore relevant to ITER.
Mainly for this purpose,a new pellet launcher system, the high frequency pellet injec-
tor (HFPI) was designedand built, capableto sene for both pacing and fuelling. It is
expectedto spana rangeof pellet induced plasma particle invertory enhancemets from
1 to 100 % per pellet. In optimized pacing operation it is estimated that in caseof an
ITER-lik e 10 fold enhancemenof f2,,, the increasein the target plasmadensity could
be limited to about 10 %.

With the integration of the HFPI,
JET approahes a multi-injector
multi-trac k pellet laundching system.
This is the rst of its kind and as
well the rst oneowing an ITER like
con guration. Sud a con guration
conmbines seweral launchersin a ma- ||
trix like connectionto di erent injec- ||
tion tracks accordingto the actual re-
quiremerts. Pellets can be requested
from a distinct launcher set to ap-
propriate parameterswith respectto FIG. 1: The JET multi-injector multi-tr ack pel-
size,velocity andisotope composition let launchingsystemunder commissioningand put
and directed to the accordinglaunch into operation during the expgerimental campaigns
position neededor atask like particle in 2008. With the new injector (HFPI) it is ca-
fuelling, ELM pacing, radiation con- pableto perform both ELM pacing and fuelling ex-
trol or discharge termination. More- periments with high relevane to ITER. The avail-
over, a failing injector can be substi- able pellet size and velcity operational regime in
tuted immediately keeping cortinu- combination with three injections tracks at di er-

ousoperation. The JET setup shavn ent poloidal locations provides potential for dedi-
in Figure 1 is under commissioning cated physicsexpgeriments with respect to fuelling
and is being put into operation dur- and ELM control physics.

ing the experimertal campaignsin

2008. With the previously usedcertrifuge launcher designedfor fuelling only [6] currently
mothballed, at presen the HFPI launcher only can act as pellet source. It was built by
PELIN basedon a screwice extruder and pneumatic accelerationsystem. Equipped with
a exible extrusion nozzle,the injector can run either in pacing mode (adjustable pellet
volume from 1 -2 mm3 = 0.6- 1.210°° D, 10 - 60 Hz repetition rate, speedrange 50
- 200m/s) or fuelling con guration (35- 70mm?3 = 21-4210°° D, up to 15 Hz, 100
- 500 m/s). Pellets can be either pure H or D. As a stand alone system, pellet delivery
e ciencies up to 100% were achieved at the injector exit in test bed [7].

Mearnwhile, the systemis installed at JET and integrated into the existing pellet guiding
systemvia the junction box sectionasshovn in gure 1. Via the selectorunit a pellet can
be sert to oneof the three shown tracks or dumped, switching can take placewithin less
than 100ms. Due to recent hardware extensionsat the torus the previous guiding tubes
had to undergominor modi cations. All tubesare multi bended;this might result in a
restriction of the accessiblgellet parameterrange. Most se\ere restrictions are expected
for the HFS track for the complicatedintra vesselinstallation enforcinga minimum bend
radius of 220 mm. Unlikely to be operational at high velocities and high repetition rates
it might still be useful for physics investigations. High performanceoperation closeto
the launcher limits is expectedfor both LFS and VHFS injection. The largest minimum
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bend radius of 500mm and its gertly curved trajectory predestineVHFS launc for high
speedinjection and fuelling application. Its long distance (13.5 m from the selectorunit
to the launch position) makesit prone for pellet erosionand required installation of a
separatepumping systemwith Nitrogen purging for safety reasons.Hence,operation at
high pellet particle throughput and with small pellets might be limited. Somewhatmore
bert than the VHFS track, the LFS line (minimum bend radius 490 mm, bendswithin
the horizontal planeto deviate se\eral obstacles)might facesomespeedlimitation. Being
by far the shortest(7 m) one,it comesout asthe designatedpacing track.

Pellet ight paths asinstalled for the 2008 campaignare displayed by dashedarrows in
gure 1. It comprisesaswell the plasmacon guration run during the rst successfupellet
injection. Largestpellets laundched with a speedof about 150 m/s at a rate of 1 Hz were
directedto the LFS line during a phasewith a heating power stepdown causingaH ! L-
mode bad transition to compareand investigate pellet drivenimpact on MHD behaviour
in ELMing and non-ELMing regime. Although pellet fragmertation was obsened rst
results could be derived. Aiming to improve on this situation, currertly commissioning
of the pellet systemis under way in order to explorethe accessibleoperational rangeand
to establishreliable operation for experimertal applications.

3. THE PHYSICS OF ELM CONTR OL AND MITIGA TION

Broadening previous experimertal investigationson the e ect of pellet injection for the
most relevant type-I ELMs towards other ELM type regimes(type |11, ELM-free, radia-
tive cooled type-1) revealed more generalfeaturesof the onsetdynamics of spontaneous
and triggered ELMs [8]. Whereasin ELMing regimesfrequencyand growth time of spon-
taneousELMs vary with changing plasmaparameters,pellets forcean ELM at any time
and always with the shortest obsened growth time. This indicates that - within the
limits of pellet sizesand velocities explored - every pellet imposedperturbation in the
above mertioned, intrinsically ELM-prone regimescan provoke a strong non-linear modes
growth during any phaseof the natural ELM cycle. This hypothesisis further supported
by an analysisof the pellet driven magnetic perturbation. Pellets were found to create
magnetic perturbations signi cantly larger than those obsened during an initial ELM
phase. In Ohmic and L-mode plasmasthey do not trigger ELMs and it was found that
the magnitude of the pellet driven perturbation dependson the plasmabut not on the
pellet parameters. An exampleis shovn in gure 2, plotting magnitudes of the pellet
driven MHD ewlutions obsened for di erent vp/ mp samplesin AUG, versusthe pellet
position on the injection path with the separatrix intersection de ned as 0. There is a
cleartrend for an increasingmode magnitude with the pellet penetration deeper into the
plasma. Only the local plasmaparametersappear relevant for the magnitude of the pellet
triggered perturbation while changesin the ablation/deposition rates imposedby altered
pellet parametersdo not show a signi cant e ect. Large/fast pellets create a stronger
magneticperturbation comparedto small/slow onesonly deepinsidethe plasma,a region
not readed by the small/slow pellets. Howewer at a given plasmaposition and hencefor
the sameplasmaparameters,the samemagneticperturbation is generatedby the smallest
and largest pellet impacts tested. Obviously, in the investigated parameterregime pellet
particle ablation or deposition rates do not matter with respect to the magnitude of the
resulting magneticperturbation. As no direct relation of the driven perturbation strength
to the underlying pellet born perturbation was found, it becameclear that the driving
medanism reades at every plasma position a saturated regime and the deposition of
more pellet particles cannot provoke a stronger Mirnov activity. This implies that there
should be still headrcom for a reduction of the ablation/deposition rates by injecting
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smaller/faster pellets while keepingthe full drive on the resulting perturbation.

In H-mode plasmas the pellet driven
magnetic perturbation at the onset of
the triggered ELM is still below the de-
tection limit becomingvisible only af-
ter the ELM perturbation has declined
thereforethe strong pellet perturbation
can be applied to probe the edgestabil-
ity against ELMs. H-mode discharges
remain permanenly at least non-linear
unstable,while Ohmic, L-mode and qui-
esceh H-mode plasmas have a stable
edge.

Theseresults would indicate that ELM
pacingin ITER could be achieved by in-
jecting small high speedpelletsfrom the
LFS of the madine, causingonly little
impact on particle invertory and con-
nement.
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FIG. 2: Pellet induced MHD perturbation in
AUG versus pellet position along the injection
path, se@ratrix position de nes 0. At the same
position in the plasma,the samemagnitudefor
the pellet driven MHD resmnseis observd for
any pellet speed and/or massapplied.

An encouraging result pointing in

#59423 this direction is shavn in gure 3.

Triggered ELM Spontaneous ELM

Mirnov signal (V)

The gure shaws a fuelling size pel-
{1 letin JET triggering an ELM and as
reference,a spontaneous ELM. The
ELM is triggered with only about
11 4 10 D (1 % of the injected
pellet mass)ablated. For sud large

Pellet monitor (a.u.) pellets outlasting beyond the ELM

triggered an again steadily increasing
MHD magnitudeis obsenedwith the
pellet progressinginto the plasma.
Assigning this componert to the di-

Da ELM monitor (a.u.) rectly pellet driven MHD its extrap-

olation bad to the ELM onsetwould
indicatesa tiny perturbation already
su cient for the triggering. Hence,
with possible pellet parameter opti-
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0 Mmization in the next campaigns,reg-
ular and reliable ELM triggers can

FIG. 3: Mirov coil respnse, pellet ablation and likely be produced with negligible
divertor D ELM monitor (top to bottom) for a Plasma fuelling and density pertur-
fuelling size(4 10?' D) pellet triggered (left) and bation (and therefore lesscornvective

a spontaneous (right) ELM in JET.

converging to those of ITER. The pro le

energy loss). In the hot, low colli-
sionality plasma regime the physics
of pellet/p edestalinteraction is also
ewlution towards steady state and the impact

of remaining fuelling induced corvective losseson the con nement will be examinedin
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H-mode: Pellet triggered ELM #73368 L-mode: Pellet driven MHD
A
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FIG. 4: Mirnov coil respnse, divertor D ELM monitor and pellet ablation (top to
bottom) for pellets in JET (accompanied possibly by debris) triggering an ELM during
an H-mode phase(left) but driving only transient MHD activity declining after burn out
(right, note expanda y-sale of upper box).

detail. Moreover, it will be possibleto investigate steady state pellet pacingin an opera-
tional regimewith intrinsic low natural ELM frequencycomparedto the pellet injection
frequency Tests whether this can be acieved with a tolerably small perturbation of
the total particle and energybalancewill be available as well. Experimertal investiga-
tions in sud regimesare most appropriate at JET wherethey are already hostedin the
program. Unfortunately, progresswas hamperedin 2008 by technical di culties faced
when bringing the new system into operation. Newertheless, rst encouragingresults
have already beenobtained. As mertioned in the previous section, pellet injection was
performedwhile initiating anH ! L bad transition by a NBI power step down from 6.2
to 1.5 MW during the at top phaseof alp = 2.0 MA, By = 2.5 T plasmadisdarge.
The aim of the experiment wasto challengeAUG ndings of strong pellet driven MHD
activity in OH and L-mode plasmaswith the advantage of allowing for the comparison
to the pellet driven MHD causingan ELM ewert within the samedischarge. Although
the lacking pellet quality (fragmerts and debris coming with the main pellet) does not
yet allow for a direct correlation of Mirnov signal magnitude and pellet position, JET
conrm the basic AUG nding. In the L-mode phase,still strong pellet driven MHD
activity was detectedreading a magnitude exceedingthat one obsened at the onset of
spontaneousand triggered ELMs during the precedingH-mode phase. This is shovn in
gure 4 displaying from bottom to top the D monitor signalsfor pellet ablation and
ELM impact in the divertor and the Mirnov coil record. The left part displays a pellet
injected during the H-mode phasetriggering an ELM, a pellet driving only transiertly
MHD activity during ablation not resulting in persisten activity is shovn in the right part.



A more detailed analysis of the L-
mode pellet driven MHD activity,
showvn in gure 5, unveiled its like-
lihood with according AUG results.
The dominating componert around
100 kHz is attributed to toroidic-
ity inducedAlfveneigenmale (T AE)-
like sub structures. Presen as well
before and after the pellet it is en-
hancedin magnitude during the pel-
let phase by about a factor of 10.
The pellet induced transient den-
sity increase is correlated, consis-
tent with the frequency-densy scal-
ing f( po) P=_— reported for

ne( pol)
this modes, with an according tran-

siert frequency

4. PELLET PARTICLE FUELLING AND SCENARIO
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FIG. 5: Mirnov coil signal frequency amplitude
evolution before, during and after pellet injection
into a JET L-mode phase(lower) and according
integrated amplitude (upper). The pellet causesa
transient short directly driven strong increase of
the mode amplitude and a longer lasting drop in
the frequencyattributed to fuelling.

INTEGRA TION

Fuelling studieswere guided by the goal of achieving and maintaining a requestedplasma
density with minimum con nement degradationwhich is, at the sametime, compatible
with the goal of minimizing T consumptionin ITER. Deeppellet deposition leadsto long
particle con nemert times and allows high density operation with good energycon ne-

mert.

The plasma energyis reducedwhen
the densily is increasedby pellet fu-
elling under steady state conditions
in both AUG and JET low triangu-
larity plasmas[9], asshown in gure
6. The estimated additional corvec-
tive energylossesintroduced by pel-
let fuelling descrile fairly well the ob-
sened ewlution. Pumping was re-
quiredto prevert excessie rise of the
neutral and edge densities. In ad-
dition, abrupt strong plasma cool-
ing had to be avoided by gertle den-
sity ramps. lon gyroradii shrinking
with temperature caused- accord-
ing to the ion polarization model -
a reducedonset pressurefor tearing
modesmaking the plasmavulnerable
to pellet triggered NTMs.

Covering a wide rangeof pellet veloc-
ities and massesand also 3 di erent
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FIG. 6: Plasmaeney versusline averageal den-
sity reachal with steady state pellet injection (| led
circles). Solid curves: expected con nement reduc-
tion causel by pellet addal convective losses. Op-
erational area limitation for gaspu refueling in
ASDEX Upgradeis also given for comparison.

injection geometriesthe JET pellet systemis now available to cortinue theseinvestiga-
tions. A direct comparisonof inboard and outboard launch - the rst favoured for the
inward r B drift, the latter technically simpler henceallowing higher launch speed- will
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allow us to study the role of thesee ects in the physics underlying pellet ablation and
deposition in more detail. A further route to gain better insight into the pellet ablation
and deposition processis via comparisonof LFS and HFS penetration depth scalingwith
respect to the madine size. A HFS scalingderived for AUG [11] had beencomparedto
the AUG sub set of a multi-machine LFS scaling[12] and di erent ablation models. For
HFS and LFS pellets, the plasmaand pellet parametersincluded in the scaling di er.
The HFS depth scaling is basedon a statistical approat and states that the relevant
parametersare the electron temperature, pellet massand velocity, magnetic eld and
plasmaelongation (in the order of statistical signi cance, electrondensity dependenceis
thought to be masked by the strong temperature dependence),whereasthe parameters
of the LFS scalinghave beenseta priori basedon theory. A proper scalingwith tokamak
sizerequired for a sound ITER prediction is howewer not yet at hand. An extensionof
this study to di erent madineswould thereforebe neededwith JET naturally supplying
data of highest signi cance.

5. SUMMAR Y AND CONCLUSIONS

Our recen investigationson the ELM trigger processby pellets shed new light on the
presem model of the origin and the dynamics of ELMs. Most likely the plasma spends
the largest part of the ELM-cycle in a linearly stable, but non-linearly unstable state,
wherethe nite helical perturbation causedby the pellet cloud act as a non-linear trig-
ger. Thus it appearsthat there is quite someheadrcom left to reducethe assaiated
fuelling cortribution as the imposedMHD perturbations seemto depend on the pellet
penetration depth but not on the ablation rate. This suggestghat ITER could therefore
employ faster pellets of su cien tly small massto read the required penetration depth.
The most suitable deviceto perform the required experimerts is at presen the largest
available tokamak, JET. A new systemwas built dedicatedto this purposeappropriate
for both pacing and fuelling studies. In both casescon nemert reduction resulting from
the additional convective lossesntroducedby the pellet particle ux hasto be minimized.
Aiming at an optimized fuelling scenariogranting operation at the requesteddensity level
with reducedsidee ects, thesestudiesmay cortribute to the proper understandingof the
underlying physicsin comparisonwith experimerts doneat di erent sizedtokamaks.
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