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Scaling of pellet ablation and trajectory deflection in RFX

F. M. Poli, L. Garzotti, P. Innocente
Consorzio RFX - Corso Sati Uniti, 4 - 35127 Padova

1. INTRODUCTION

In the RFX reversed field pinch experiment (a=0.5 m, R=2 mMA] severalpelletinjections
experiments have been performed with H pellets.

The pellet experiments in RFX are characterisggenetratiordepthsshorterthan predictedby

the commonlyacceptedablationmodelsand poloidal and toroidal deflectionslarger than what
observedin Tokamak experiments.Both thesedifferenceshave been already observedin

previous experiments [1,2], but a quantitative analysis has been never performed.

This paperpresentsa pellet ablation and trajectory statisticalanalysis.The scaling of various
pellet characteristics, su@s the penetratiordepthandthe trajectorydeflection,with pelletand
plasmaparameterss investigatedand comparedwith the predictions of existing models.
Establishingthe scaling laws for the penetrationdepth and deflections provide a basis to

investigatewhich of the RFPsplasmacharacteristicssuch as low magneticfield, large shear
rate, large magnetic fluctuation, large electric field or non Maxwellian electron energy
distribution, cause the observed phenomena.

2. EXPERIMENTAL RESULTS

In RFX the H, total emission and the 3-D pellet 1600t : ]
trajectory are diagnosedby an absolutely calibrated 1400 ||~ (Wat) : ]
multiple PositionSensitiveDetector(PSD) looking at 1200 | ; ]
the H, radiationcomingfrom the pelletablationcloud 1000 t ; ]
[3]. Four PSD camerasare installed at the pellet  goo L ' ]
injection section. Two cameraslook at the pellet !
trajectoryfrom behind,thus providing a measurement
of the poloidal andtoroidal deflections.The othertwo
cameradook at the pellettrajectory from below, thus i ;
getting a good view of the radialotion and, again,of %0 195  S0o0  SoE 510
the toroidal deflections. t(ms)

With this systemthe 3-D trajectoryis computedfrom  Fig. 1a H total emission measured liye
the intersectionof the pellet viewing angle measured PSD system.
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without any other information. In figs. 1a,1b the %%
typical Hy total emissionandthe poloidal andtoroidal 7.,
trajectories measured by the system are drawn. B S NNy
It is possible to see from fig. Xhatthetime evolution g5 | n
of the H, total emissions qualitatively similar to what i .
observed on Tokamaks with a sharp maximum -o1o0| R, ]
obtained before the pellend of ablation.Howeveran *
important difference is observed for the pellet -0.15
penetration:while in the Tokamakcasethe emission ra

stops whenever the pellege beyondthe plasmaaxis, Fig. 1b Toroidal (z) and poloidal (y)
this does not happen RFX wherethe emissiondoes trajectory measured by the PSD systen
not show any appreciable decrease.

The trajectory is also different from the Tokamak case (fig. 1b), sincehiaracterisedvy large
poloidal and toroidal deflections that are typically of the order ofs@0% m {/a = 0.%0.3).

3. SCALING OF PENETRATION DEPTH
We have examined the dependence of the penetrationaleptilet and plasmaparametershat
are most likely to be involved in the ablation physics, sagellet massand speedand plasma
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electron density and temperature. The results havetheesomparedwith the ablationmodels
already validated by the Tokamak experiments.

The range opelletinjection experimentajparametergoveredin the databasdor RFX is rather
limited with respect to paand vy, with the majority of pellets having a mass in the ranef@veen
1.5102° and 2102° atoms andnjection speedvelocitiesin the rangeof 400-500m/s, while it
is sufficiently large for plasma parameters=@i1019+-5[109m-3, Te=200-350 eV).

Various ablation models have been proposed fophysicsof pelletablation. The Neutral Gas
ShieldingNGS [4,5] is the simplestone: it only considersthe shielding of the neutral cloud
expandingfrom the pellet surface, uses a simple 1-D ablation geometry and assumes
monoenergetiéncident electrons.With these simplified approximationsthe NGS is able to
predict pellet penetration depths in good agreement witimzberof experimentg6,7], for this
reasonit hasbecomethe mostwidespreadand acceptedone. More sophisticatednodelshave
beendevelopedo removethe aboveapproximationsFor instancethe monoenergetiencident
electronsapproximationhasbeenreplacedwith a correct Maxwellian electrondistribution and
some additional shielding effebvebeenconsideredOne of the mostdevelopedmodelis the
Neutral Gas PlasmaShielding NGPS [8,9] which, using the correct Maxwellian electron
distribution and considering also the shielding of the plasma expanding along the fielbhimes
the cloud surface, predicts pellet penetration depths in agreement with the expeBtierdse
to fortuitous approximations, the NGS provides a simple sciindor the ablationrate which
is equivalentto that of the more complete and realistic models. Therefore in Tokamak
experiments the NGB usedasa referenceFor the samereasonwe will alsostartcomparing
initially our data with the NGS model.

The NGS model gives the following law for the pellet surface regression velocity:

%%
% = 5.58010™* ”erge (1)
p

where p is the equivalent spherical pellet radius.
20T T e eeE e As a first analysis of thpellet ablation,we comparedhe
[ °o® of measuredpenetrationdepths with the theoretical ones
15| o 5% 1 obtained from the NGS model by integratithg previous
8 oo, o | equation.Thecomputedpenetrationdepthsappearto be
10 %oo © 1 larger with respect to theeasurednes. Quantitativelyit
3 © seemsthat a multiplicative factor of the order of 2.5 is
051 neededo reproducethe experimentalpenetrationdepths
(fig.2). This value is close tthat one obtainablewith the
oo . . 1 NGS replacing the monoenergeticincident electrons
0.0 0.5 1.0 15 20 gpproximation with a correct Maxwellian electron

Wa).,,
Fig.2. Penetration depths computec
with 2.5 times the ablation rate of the
NGS model versus the measurel
penetration depths.
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Fig.3. Comparisorof penetrationdepth
with regression analysis for RFX
pellets database.

distribution and no additional shielding effethis seems
to indicatethat a modified NGS model with Maxwellian

electrondistributionand no additionalshielding, like the

Kuteev model [10], could be a better approximationin

our case. Indeed using the Kuteev model we obtain
penetrationdepthsvery closeto the experimentalones.
The reason why none of the additional shieldffgctsis

presentin RFX is not completely understood, but

probablyit dependsfrom the low magneticfield in the

RFPs experiments.

Although the experimentabbsolutevalue of the ablation
rate is notwell describedby the NGS model, it is useful
to comparethe experimentalscaling law to that of the

NGS model,which on the otherhandis very similar to

that one obtained from models that considered the

electron Maxellian distribution.

Usually in the Tokamak experimentsthe scaling law

found for the normalisedpenetrationdepthis compared
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with the NGS modelintegratingthe equation(1) over a flat densityprofile and a linear [6] or
power [7] temperature profile. Since the theoretical scaling law found in thisswayid only if
the pelletpenetratiordepthis lower thanthe minor radius, this methodcould not be appliedto
our databecausan RFX mostof pelletshave a penetrationdepth larger than plasmaminor
radius. Due to the previousreason,to evaluatecorrectly the profiles effect we preferredto
integrate the equatiofl) with the RFX densityandtemperatureexperimentaprofiles. In RFX
the densityprofiles are very closeto flat while the temperatureprofiles could be expresseds
Te(r)=Ted1-r*). In this way after integration the equation (1) becomes:

Ya
fla-@- x)*]" dx = 5.58010™ & m (v, (" [T,
0

where Aa is the normalisedpenetrationdepth. To comparethe experimentaldata with the
theoreticalmodelswe performeda multivariable power regressionof the left hand integral
computed from the measured penetration depths:
Ya
fl-a- x)*]" dx = ATIE [V Y, (T3
0
Sincethe integraldependsrom the temperatureexponent,which is a result of the regression
analysis, we proceeded in an iterative way untilekigonentusedin the integralbecomesequal
to the computed temperature exponent.
In this way we obtained=0.23t0.08,[3=0.85t0.30,y=0.02t0.06 and>=-0.41+0.10 (fig. 3).
Comparingthe previousexponentsvhit the NGS exponentst is possibleto seethat they are
similar for pellet massandvelocity (anss = 0.55,Bnes = 1.00) althoughtheir validity is low
due to the limited range coveredby the experimentaldata. Conversely,the dependencef
penetration depth from the electron temperatum@densityis very small comparedo the NGS
and similar models(ynes = 0.33,0nGs = 1.50). Various hypothesesould be formulated to
explain this difference:
- Due to the low radial confinement in the RFPs anddtepellet velocity, the perturbationin

the density produced by tipelletitself could precedehe pellet and cool the plasma,so that

the density and temperature the pellet encounters are different from unperturbed conditions.
- The presence of suprathermal electrons iRERF canaffectsnot only the trajectorybut also

the ablation rate which, in this case, dependspniyt from the bulk plasmaparametersbhut

also from the fraction and the energy distribution of the suprathermal.
- The NGS has been studied and confirmed extensivelyonly at temperaturedarger than

1 KeV, but a fewtheoreticaland experimentatonfirmationsexistin the 200-500eV range,

so it is likely that this modetould not describecorrectly the low temperatureangeexplored

in the RFX device. For example, the temperatigpendencegve havefoundis in agreement

with the theoretical result of Milora and Foster [11], which neglected the elastic scattering.

4. ANALYSIS OF PELLET DEFLECTIONS

As alreadystudiedfor the smallertoroidal deflection observedin Tokamaks[12] also for the
RFPsthe large deflectionsare mostlikely due to the presenceof a distortionin the electrons
Maxwellian distribution function that enhancethe pellet ablation on the electronic drift side.
Because of the momentum conservation, the asymmethg ablationprocesscausesa ‘rocket
effect’ which accelerateshe pellets along magneticfield lines in the direction of the electron
drift.

For the RFPs, with regardto the origin of the Maxwellian distortion,two different hypothesis
can bemade:the productionin the plasmacentreof suprathermaélectronsthat diffuse radially
thanks tothe magneticfield stocasticity(Kinetic Dinamo Theory[12]), or, asfor the Tokamak
case[13], a Spitzer-Harmdistortion of the electrondistribution function due to the electrical
field.

In RFX the toroidal and poloidal deflections are found to be an increasing functiepddsma
temperature plasmacurrent and a decreasingfunction of the plasmadensity. It seemsin
particular that the deflections as&ongly affectedby the plasmacurrent,so we havechosento
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estimate the power law dependence ofdégection

from the plasmacurrent, the electron density and

the averageablation rate (mp/1p, Tp=pellet ablation

time).

Performing a regressionanalysis at the plasma
centrewe found for the toroidal deflectiona nearly

linear dependence from the plasma current whbile
the poloidal deflection a nearly quadratic
dependence again for the plasma current (figfs). i
Due tothe RFP magneticconfigurationthe toroidal 000 B
deflectionis mainly originatedin the centre,while 000 oroidul Gefiections lang)
the poloidal deflectionis originated in the outer Fig 4. comparisorof toroidal deflectionsat
plasmaregion. We can observe that the linear r/a=0 with regression analysis for RFX
toroidal deflection dependence from the curremt is pellet database.

agreement with  Spitzer-Harm  Maxwellian
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deflectiondependenceon density and currentthe | |

interpretation is more difficult and calls for a  =5o010} "°% ]

detailed modelling of the large density and £ o Lo

temperature profile variation #te edge.Indeedthe = L L OB %OO
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5. CONCLUSIONS poloidal deflections (r/a=0)

We havestudiedthe ablationrate andthe trajectory  Fig.5. Same of Fig.4 but for poloidal

for about60 pelletinjectedin RFX. We found an  deflections.

ablation rate 2.5 times larger than that predicted

from the monoenergetidNGS model. It seemsthat in the RFPs plasmaare not presentthe
shieldingeffectsthatin the Tokamaksreducethe ablationrate computableconsideringthe full

electronMaxwellian distribution. The ablation scaling law has beenalso studied,in this case
while exponents close to the theoretical values have been foutite pellet massand velocity,
exponentsmuch lower than that of the NGS model have been found for the density and
temperature. It is not clear if this result is correlated to that otieeabsoluteablationrate or if

this means that the physics of the ablation is different in the RFPs plasma.

The poloidal and toroidal deflectionsare well correlatedwith the plasmacurrent; the power
dependenceof the toroidal deflection from current is in agreementwith Spitzer-Harm
Maxwellian distributiondistortion. The scaling law for the poloidal deflectionis different but
this could be due to profile effects.
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