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ABSTRACT 

The neutral gas shielding model for ablation of frozen hydrogenic pellets is extended 
to include the effects of ( 1 )  an initial Maxwelliau distribution of incident electron energies; 
(2) a cold plasma shield outside the neutral shield and extended along the magnetic field; 
(3)  energetic neutral beam ions and alpha particles; and (4)  self-limiting electron ablation 
in the collisionless plasma limit. Including the full electron distribution increases ablation, 
but adding the cold ionized shield reduces ablation; the net effect is a modest reduction in 
pellet penetration compared with the monoenergetic electron neutral shielding model with 
no p1asm.a shield. IJnlike electrons, fast ions can enter the neutral shield directly withoiit 
passing through the cold ionized shield because their gyro-orbits are typically larger than 
the diameter of the cold plasma tube. Fast alpha particles should not enhance the ablatioii 
rate unless their population exceeds that t:xpected from local classical thermalization. Fast 
beam ions, however, may enhance ablatinn in tb.e plasma periphery if their popiilation is high 
enough. Self-limiting ablation in the collisionless limit leads to a temporary distortion of the 
original plasma electron Maxwellian distribution function through preferential depopulation 
of the higher-energy electrons. 
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1 INTRODUCTION 

Injection of hydrogenic pellets has become increasingly popular as a means of fueling, 
modifying density profiles, probing plasma behavior, and, in many cases, improving confine- 
ment properties of toroidal plasmas. Understanding the pellet ablation proccsa is helpful 
for understanding present experiments and is crucial for planning new experiments and de- 
termining pellet iujector technology requirements. The penetration of hydrogenic pellets in 
tokamak experiments has substantially confirmed the neutral gas shielding model for pellet 
ablation [1,2]. However, because many simplifying physical aid computational assumptions 
have heen made in computer adaptations of the model, serious questions have remained 
about the accuracy of predictions concerning pellet penetration in  higher-temperature, 
lower-collisionality plasmas. Enhanced ablation by Pdst ions from auxiliary heating or by 
fast alphas from deuterium-tritium (D-T) fusion reactions is also an effect that needs t o  f ~ e  
quantified. 

The Parks-Turnbull-~oster [3] and Milora-Foster [4] neutral shielding models have been 
the most widely used models for pellet ablation calculations. Both models evaluate the 
shielding effect of a cold dense layer of gas surrounding the pellet. The former model is 
more complete in that it uses a full treatment of the hydrodynamic equations for the gas 
shield. The distinguishing feature of the Milora-Foster model i s  the use of an eruyirical 
relationship between the electron energy flux incident on the neutral shield and the line- 
integrat,ed neutral density in the sliield. 'libis empirical relationship wits oblained Irorn hill 
solutions to tlie hydrodynamic equatioiis for spherical expansion of the neutral gas under 
conditions of unifbrm volumetric heat,ing by the incident electrons. Detailed informatiori 
about the radial structurt? of the neutral gas shield is sacrificed for computational eficiency, 
bot the net pellet ablation rate is the same. Both models assume only incident electrons 
with a monoenergetic distribution t o  simplify the evalnatior~ of the energy flux to the pellet 
snrface from the electron-stnyping c.rnss sections in neutral hydrogen Sas 

Milorn [5] proposed exI,eiiding the Milora-Fuster model by including energy Auxes from 
fast ions a i d  alphas in the empirical relationship fnr the ncutral cloud solution and evaluat- 
ing the additional energy fluxes to tlie pellet snrface from hydrogen and alpha-stopping cross 
sections in the neutral shield. The results were at least in  qualitative agreement wi th  ISX-B 
observations of enhaxed  ablation during neutral beam irijectiori heating 161. Nakamura et 
al. [7] used Milora's argwnents for including fast ions to extend t.he Parks-'rurnbllll-Foster 
treatment of the hydrodynamic equations. They found that the uniforrn heating approxi- 
mation is valid except when the range of electrons in the neutral cloud is much shorter than 
that of the fast ions while the incident energy fluxes are comparable (?: 5 1 keV), that is, 
when a large aniount of the electron energy is deposited on the surace of the nentrnl clond. 
This nnnnnifwm heating, however, may be attributable in part t o  treating the incident rlec. 
tron and ion distribntions as monoenergetic; a fill1 ttentment of these distril)utioil f'unct,inns 
would tend to smear 0u.t the heating. 

None nf these models takes into account t.he mhanced. shieldirig that ncciirs when the 
ablatant becomes iouized and constrained t o  f lvw in a tnhe  a h g  the magnetic lleld. Kniif- 
mann et al. [R]  used a single-velocity, t.wo-temperature, part.ially iouiacd, compressihte, 
ideal-gas approximation tn describe the flow of ionized ahlatant along the? magnet~ic l ipid 
lines. The critical element in t,hr modd is in  o l ~ t a i n i ~ i g  1, hc flmv of electron wergy thrnugh 
tlie ionized ahlatant.. A conduclion model was used thnt treated ablatant electrnns and 
plasma electrons as a single, continuous fluid. 'lihis resulted in very effective shiclding w i t h  
ablation rates reduced by an order of magnitude from the the nentral shielding rates, .For 
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Figure 1: Schematic illustration of the pellet ablation process showing the neutral and 
cold plasma shields. Electrons are constrained hy the magnetic field and therefore Iluust 
penetrate both the ionized and neutral shields. Fast ions with their large gyroradii may 
directly enter the neutrdl clond llormal to the magnetic field. 

the single electron fluid c.onduction model to be valid, the collision meaii-free path must 
be much shorter than the temperature gradient scale length, a condition that the authors 
adnut is violated. 

Our work uses the Milora-Foster neutral shielding model as a slmting point (Le., W E  use 
the uniform heating approxiination for nent,ral shield solution). We extend the treatment 
of incident plasma electrim froni a monoenrrgetic distrihution to a multiple energy group 
formulation, a d  we include last ions  in a s i m i l a r  way. T h i s  multigroup treatment of the 
incident plasma distribution functions allows incorporation of “self-limiting” ablation in the 
collisionless plasma limit. Oy  self-limiting ablation we mean any reduction in ablation caused 
by a finite plasma; the clcctrrin-electron collision timcacale in the plasma is typically longer 
than the time f o r  a pellet to  cross a magnetic surface, s o  a collisionless model is appropriate 
for present experimmts. Once the neutral gas becomes ionized, it is constrained to  fluw 
along the magnetic field, increasing tlic shielding for incident electrons, as illnstrated in 
Fig. 1. The inclusion of the plasma shield is similar to  the treatment by Kaiifmann et al. 
IS], cxcept that we model the fluw of elertron energy through t h e  ionized and neutral shields 
in a convective energy flux limit rather than a conductive (Spitaer-Harm) limit. Thesv 
physics enhancements are made to  thc neutral shielding model while still maintaining a 

computationally efficient model for analyzing experimental result,s 
The basic equations governing the neutral shield are rrvirweil i n  Sert,ion 2 and thcn 

expanded in Section 3 t,o inchidr a cold plasma shield rxtrnding along t,hr magnct,ir field. 
l h e  plasma electron and fast ion dist,ribotions are presreriled in Sectiun 4 ,  and the relevant 
tirnescales for depletion of eirergetic ~mrticles h r  selflimiting ablatirrn in t . 1 ~  rollisionless 
limit are evalnated in Ser.tioii 5 .  Computational techniques for solving the rxt.ended s ~ t  ol 
equations are given in Sectirin 6,  and the effects rjf vari8)us (Iliysical extensions uf the model 
are evaluated in Section 7. 
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2 THE NEUTRAL SHIELD 

The set of equations governing the ablation of a solid hydrogenic pellet and the estab- 
lishment of a dense neutral gas shield surrouridirig the pellet includes an energy balance at  
the pellet surface (assumed to be spherical fur computational simplicity even though it is 
typically a cylinder of nominally equal length and diameter) [3,4] 

where AT is the moleciilar heat of sublimation, N is the atomic ablation rate at the pellet 
surface, TI: is the molecular density of the solid, T,, is the pellet radius, and (2p is the 
effective energy flux averaged over the pellet surface. All energy reaching the pellet surface 
is assnmed to result in ablation rather than bulk heating of the pellet; this may not I J ~  
the case for very energetic particles (e.g. ,  runaway electrons). The molecular densities of 
solid (H2, D2,  TZ) are (2.63, 2.98, 3.15) x 1028m--B, and the heats of sublimation are 
(10.7, 15.2, 17.5) x IOPkeV at their respective triple points [9]. The solution is not 
sensitive to  AT when it is much smaller than the energy of the incident plasma electrons 
[4]; throughout this work, AT = 1W'keV. 

Hydrodynamic solutions of the neutral cloud expansion involve mass, momenturn, and 
energy balances. A fit to  t.he solution obtained for &form heating by electrons in the 
neutral cloud is given by [4] 

where q' is the net energy flux normslized to the line-integrated denbity in the neutral cloud, 

y x 7 / 5  is the ratio nf specific. heats for hydrrigen gas, in, is the mass of a proton, A, is the 
atomic. mass number of the pellet species, Q" is the incident energy flux averaged over the 
surface of the neutral cloud, no is the atomic density in the neutral cloud, T, is the radius 
of the neutral cloud, and the integral represents the line-integrated density of the neutral 
cloud. All units are in inks except temperatures and energies, which are in keV except; 
where the Boltzmann constant k is uscd to imply that k7' is in joules. 

Equations (1) and (2) can be combined to eliminate +,, leaving a single equation invulv- 
ing @', G", and s'" nod.  'Z'he following analysis shows how @' is determined by the plasma 

conditions and how @' is related lo a" tliroiigh J,:: iPd1 to complete the set of equations. 
First, consider incident particles of arbitrary energy (the distribution of incident energies 

is disrussed in Section 4). Consider the energetic electrons and icms f r o m  t,lw plasma l,o lw 
test particles that are degraded in energy by collisions w i t h  the 1.argt.t. 'J11c slopping cross 
section. u. is defined such that 

TP 

((0 
where n is the target density, 1 is the path length, and E is the test particle energy. 

of  the stopping cross section in mc>lt.c.ular hydrogen is given IJY (41 
For electrons above a critical energy, E,' 2 0.1 krV, a fit t o  experimental measurenients 

1 
mi2 kevlelectron (5) ~ ~ 

e a E l  -1- a d &  
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where ael = 4.7 x 10" and aez = 8.0 x 10". A term that is important only below 0.1 keV has 
been dropped from the expression of Ref. [ 4 ]  to  permit an analytic solnt,ion for t.he energy 
of an electron at the pellet surface in terms of its energy at the neutral cloud siirface. 
Substituting Eq. (5) into Eq. ( 4 )  and integrating with the boundary conditions Ee(~o) = E," 
and E e ( r p )  = E,P gives 

which can he solved for E," in terms o f  the initial energy and line-integrated density in the 
neutral cloud. 

Equation (7) is valid up to a line-integrated density that, reduces E,P below E': 

The total energy flux in this convective flow regime is proportional to the partick energy and 
the incident particle flux (which is constant in steady state to avoid particle accumulation); 
thus. 

If the line-integrated density of  the neutral cloud is greater than the critical value, the 
electrons enter the elastic scattering regime, and the energy flux at the pellet surface is 
given by [10,5] 

where ae = 1.8 x 10 ~Z"m2/molecule is the elastic scattering coefficient and C is a constant 
of order unity; we m e  C ~1 2. 

An effective stopping crass section in the elastic scattering regime can be defined from 
Eq. (10) with rP -+ T 

(12) r,J = .e E ....~.~ d Q ,  
e -  n Q e  dr 

The stopping cross sections of Rqs. ( 5 )  arid (12) arc shown in Fig. 2: tlic f i t s  fnr t h r  two 
regimes cross at 0.075 keV, h i t  we use 0.1 keV f<:r the transitimi. 

If plasma ions are ignored in  the ablatiun p ~ i c r s s ,  elt,ct,rons are taken as monoenergctic, 
and there is no additional shielding by a cold, dense plasma out.sidc the ~ i e i i t ~ a l  cloi i i l ,  t,he 
ablation problem is fnlly specified and equations can be solved directly [4].  The incident 
energy for a Maxwrllian distribution is E," = 3Te/2; and t h e  effective one-sided energy flux 
incident on the neutral cloud is 
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where the factor of 2 for the effective flux arises from the fact that electrons are constrained 
to flow along the magnetic field lines; the surface 2rea normal to the elect,ron flow is only 
half of the total surface area of the neutral cloud. The incident particle and euergy fluxes of 
thermal ions are much smaller than the incident electron fluxes, so their effect is negligible. 

Milora has extended the neutral shielding model by s u n ~ n i n g  the fast ion and electron 
energy fluxes [5] 

Q = 4. t Q; -I- Qa (14) 

where contributions from fast alphas have also been included. 

mated by 
The stopping cross section for hydrogenic ions in neutral hydrogen [Ill can be approxi- 

where (~;1 = 61.86 x IO2', a i 2  = 6.658 x LO2', aud Eh = Ei/A;  kcV is the energy per rrucleoii 

of the energetic ion. Both the data of Ref. 1111 and the fit of Eq. (15) are shown in Fig. 2. 
The fit is valid in the range of  10 < Eh < 60 keV, which is appropriate for most current 
neutral beam injection experiments. Above 60 keV per nucleon, the fitted cross section is 
too large and underestimates the effect of beam ions. Below 10 keV per nucleon, no dat.a-are 
available, but the cross section should scale as J>Ji as in the fitted expression. Integrating 
Eq. ( 4 )  over the cross section given in Eq. (15) and then solving for E: in terms of .Cy and 
the line-integrated density of  the neutral clou~l yields 

E: = E ' ( - -  1 + J i - t -C) '  (16) 

ai1JIIT b :~~ 
ai2 

The stopping cross section for energetic helium in neutral hydrogen [ I l l  is approximated 

hy 
z a,, ( E ~ ~ e ~ ) a c ' 2  in2 keV/atom (17) 

where uml = 1.01 x IO-z2, uaz = 0.325, and EHc< ~ &(4/&)keV is the effective energy 
for He4 so the expression is applicable to energetic €[ed in minority ion cyclotron resonance 
heating (ICRH) experiments. The range data of Ref. [I l l  are converted to a stopping cross 
section by l /u  z n(dH/dE)  with the derivative evaluated from a spline fit to the range data. 
Figure 2 shows both the data (the oscillations are due l o  differentiation of the data) ard 
the fit of Eq. ( l ' r j .  The fit is valid in the range 50 keV < Et,<, < 2 MeV. Above 2 MeV the 
fitted cross section is too large and therefore civwest imates thp cAfTt,rt,iveiiess d the i ipi l t ra l  

shield. Substituting Eq. (17) into Eq. ( 4 )  and integrnliiig gives 

The expressions fc)r uy and crz have bccn chosen such that 1Sq. (1) can  be integrated 
and then solved analytically for the energy at t.he p ~ l l e t  siirf'acc in terms of the energy 
incident, on the cloud. Ln pxknding the range o f  t,lw fits, it would be desirable-from a 
compiidatiorial  standpoint--^ to niairitain th is  analytic rehlionship. 
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3 THE COLD PLASMA SHIELD 

Once the ablated hydrogen becomes ~ ( J J I ~ Z C ~ ,  it is coilstrained to flow along the magnetic 
field lines where i t  ofbrs additional shielding. In the case of electrons (whose gyro-orbits 
are much smaller than the pellet and therefore closely f o h w  the field lines), this additional 
shielding can be important. We first derive an expression for the line-integrated density in 
the cold plasma tube. Then, we treat tlie plasma electroils arid fast ions as test particles 
incident on the cold plasma target, use the free-streaming limit for the test particle current, 
and use Coulornh scattering to reduce the energy of the incident particles. 

Assnnle that the ahlatant makes a transition from noniually spherical flow to flow along 
the magnetic field at the effective iuniaation radius T,,. In steady state (on the timescale of 
the neutral cloud formation), the rate of ablation at the pellet surface, ,*, is equal to the 
outgoing plasma fliix times the cross-sectional area nf tlie tube 

N = n' n ( 2 m 3  (19) 

where II is the streaming velocity of bhe cold plasma, n+ is its densily, and the factor of 2 
arises from the flow in both directions away from the pellet. Taking a tube with a constant 
cross section, nsing v = d l / d t ,  and integrating nver time and distance along the tube yields 
an expression for the line-integrated densi1.y of the cold, dense plasma, 

where up is the pellet velocity, and the time required for the neutral cloud to cross a fliix 
surface. 

2r0 

TIP 

TP" = 

has been used fnr the time interval. 

to a stopping cross section gives 
Converting the expression for energy relaxation b y  Crmlornl~ scattering on a cold target 

where a denotes the incident energetic particles, b is the target particles, and Xu& i s  the 
Coulomb logarithm. The subscripts a and 6 apply to either iotis ur electrons. From the 
mass dependence, it can be seen that the cold electrons in. the outflowiiig cold plasma are 
primarily responsible for the energy degradatirm of ttre incident ions and electrons. When 
X a b  zz 10 is iised, the Coulornti stopping cross seclioris match (nit<, t,he experiinenbal values 
of stopping cross sections Cor electrons, hydrogenic inns, and alplirts at wry high cnrrgies, as 
shown in Fig. 2 .  In other words, at high enongh incident yarticlc enrrgics, it. dcirs rwt r i iattcr 
whether the electrons in the target are free nr h o a n d ~ ~ - ~ C o u l v r n h  relaxation pr~,.dvminat.es. 

The Coulomb stopping cross section can be used in Eq. ( 4 )  to obtain analytir exprcssicm 
for the energies or electr<ms, fast ions, and alphas eidering tlir nrutral rlijud along ttre 
magnetic field lines in t.erms of  their energies in t h ~  hidk plasma. Letting :: Cab/& 
gives 

(23) 
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where E, is the energy incident on the ionized cloud and E," is the energy incident on 
the neutral cloud. Tlie Coulomh stopping cross sections for ions and alphas in tlie energy 
ranges of iutcrcst are larger than the neutral stopping cross sections by at  least an order of 
magnitude; thus, even a modest ionized cloud can be very effective at stopping energetic 
particles from entering along the magnetic field. However, the gyro-orhits of fast ions and 
alphas are much larger than the ionization radius so they can directly enter th.e neutral 
cloud normal to  the magnetic field. Thus, i t  is possible to approximate the effective fast ion 
and alpha energg fluxes to the neutral cloud as 

where the factor of 2 arises from considering t h e  component of thc one-sided flux normal to  
the magnetic field lines. The particle flux of hot electrons is assumed to  be constant along 
the magnetic field so that 

.- Q+ E," 
(25) 

Q" = 
e 2 E, 

where the factor of 2 in this case comes from the constraint that electrons enter only along 
the f ield lines. Tlie energy flux inciderit on the cold plasma, Q:, is the one-sided energy 
flux in the unperturbed plasma unless finit,e plasma corrections (self-limiting ablation) are 
required; this is discussed further i r i  Sectioii 5 .  

Equations (20) arid (23)-(25) allow us t o  ohthin values of the fluxes incident on the 
neutral cloud in terms of the external plasnla pasanwters if the etfective neutral cloud radius 
is known. The ionization radius ran be ohtained from a full solutiou of the hydrodynamic 
cquations with the appropriate atomic physics included, but I.hat is beyond t,he level ~f 
tlie current, model. A simpler alternative is t o  app1,y a rnacroscopic energy balance on the 
neutral cloud, matching t,he incid~nt  energy flux over the surlace to  the power required to  
ionize tlie ahlatant, 

NE;,, = &"?Ti.: (26) 

We have not been successfill in obtaining a stahlc computational scheme that gives reliable 
results wlicn this equation i s  iucludcd; tlie sulution tends to  collapse toward ro :- 0 where 
a very small lcvel of ahlatinit supports a large line density in a narrow, cold plasma tulle. 
Clearly, a ronstraint is needed to maintain the eftective ionization radius great,er than the 
pellet radius. 

Other alternatives are to  use the results of a more complete model for cloud expansion 
that, includcs the requisite atomic physics for evaluating the effective ionization radius or to 
use direct Pxperimental measurements nf t,he ionization radius. Kaufmann et al. [8] used t,he 
empirical approximation T~ = 2 . 5 1 ~ ~  drawn from the critical radiiis of Parks 1121, which gives 
T,, ;'J 5 lm for ASUEX pellet injection cinnditions. Calc i i la t i rms were perfrumrtl over tlie 

rarig? of 1.7 5 T,, < 5.fi simi. Holographic iiiberferrrrricli.!; of ~irllct s i i i  1SS-I3 s l i~~~wed strmig 
disront,inuities in the &ct,rnri density prrcediiig i m d  ~ ' ~ ~ I I ~ w ~ I I ~  the pc41d (nnrmal t h  t,lie 
magrietic field) at a distance of 0.1 O.2nun h r n  t l ic  p<~llrl, s i i r face [13].  The discontinuity 

was interpreted as being c.aiisrd I j y  a .I u B fiirce liiiiiliiig I t ic, cross-field Pxpansiorr aiid 
indicates significant ioriizatinii. The frw e l c c t n m  d e i i s i l  y i n  tlir region uf high uculral 
hydrogen density also appeared l o  h e  arioinali~,iisly higlr. RIv.asurcrnent,s uf H, and H4 
emission on t'1,7' by McNeill el, al. [ 141 were iulerpretcd a s  indicating an emission volume 
of = 1.8cm3. Assuming a spherical expansion, this lrads to a spherical shell of F~ = 2cm 
and thickiiess % 0.36 iiim. Similar nwasurcments by (lie ' llilt  C:roui> [15] along wit,h the 

--, ~+ 
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observation of thin striations along the magnetic field lines were interpreted as indicating 
that the transition from spherical expansion to flow along the field lines occurs at a much 
smaller radius. Separation of well-resolved striations of Y 7 m m  indicate that the radius of 
transition from spherical to parallel flow could be no more than a few millimeters. 

We have used two empirical models for the ionization radius. fixing the ionization radius 
and fixing the thickness of the neutral shield. From prelinunary tests of the model against 
JET data [16,17] and noting the variability of pellet size (from experimenl lo experiment 
and also during the ablation process itself), the option of a fixed thickness i s  preferable, 

T, = T, t A, (27) 
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4 ELECTRON AND FAST ION DISTRIBUTIONS 

The plasma electrons are assumed to have a Maxweliian distribution at the ambient 
The one-sided energy Hux for a density and temperature before the pellet i s  injected. 

Maxwellian is given by 

(28) 
4 

Q - ~ - ~ J e E e  
e -- 3 

where =: 3T,/2 is the average electron energy, J ,  = nee, /4 is the random partjc1.e flux 
integrated over one side of the distrihiition, and :: (8kT,/rrrn,)'/2 is the mean velocity. 
Now break up the distribution into energy groups. Let T z v/ute,  where vte (2kTe/rne)'/'; 
then the normalized density, average electron energy, and one-sided energy flux in the  
interval zj+l < z < z j  are 

For N .  energy groups, the z j  can be chosen so that l J e j  ::: l/Ne (i.e., each gronp has equal 
weight in the energy balance). These values of z j  c a n  then be used t c i  evaluate the energy 
weightirig for each group, E , j ,  for use in the energy flux attenuation through the ioiiized and 
neutral clouds. The choice of m e  group reduces the model to the original monoenergetic 
electron model. 

IJnder some operating cuodi tions in tokamak experinleiits, nontherrnai electron distriliu- 
tions lead to enhanred pellet ablation. n.maway electrons have heell sllown to be inipurthnt 
in several experiments---~tlie more detailed of these observations have heen on ISX-R [GI and 
TFTR [18]. Lower hybrid wave heating experiments on hlcat.or-C have shown a large pop- 
ulation of nonthermal electrons wi th  tail temperatures in the range of 30-100keV and Iiavc 
exhibited reduced pellet penetration [19]. It is possible to incorporate bn additional class of 
electrons for modeling the effects of nonthermal e1ectroii.s. Ifowever, a model for the energy 
and spatial distribiitions of these electrons is a nontrivial development; relativistic. effects 
may become irnportarit in evaluating energy degra,datiou by the cloud, and deep penetration 
to the pellet interior by a few very energetic electrons may result in hulk heating or pellet 
break-up rather than surface erosion. %'he runaway clectron tail may not he relevant to pel- 
let fueling of reactor plasmas, ljiit nnn-ohmically driven cnrrent may lead tn a n  Pdraricrd 
electron tail that could he important in evaluating pellet peiietratioti. 

For fast hydrogenic ions and alpha part.icIes, a set of ei1erg.y grrwp Iirmiidarics, E>,, 
and the ion density in each energy interval, n f j ,  are suKicierrt sp~xifir.atiniis alvng wit,h 
the number of grnups, N f .  This is compatible with iuforrriation availablr i r i  many plastna 
transport analysis cudes from either a timc-di-pcr~dent, i~ir a steady-state si~lut.Jrm of t,lir 
Fokker-Planck eqnation. We present here an emrnplr d Iiuw tlrr group striii:t,iirt= and 
density can be set up for a steady-stat,? approxirrlation fnl1,iaing the niult igr~~up method uf 
Ref. [20] for solving the slowing down p r o l h n ;  we nse this procedure iii evaluat,ing the fast, 
ion ablation rates in Section 7. 
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Let the total source strength of particles at energy Ef. be Pf watts integrated over the 
plasrua. The source profile can be characterized by a profile shape factor Hf(r), which is 

normalized to  the total plasma volume, V,, as 

Then the population in the highest -energy gruup, allowing for charge-exchange loss of hy- 
droEenic ions, is 

(33)  

For lower-energy groups, the population depends on the thermalization loss from the higher- 
energy group, rat,her than on the initial source strength at Ef., 

The group charge-exchange rate is determined by the background neutral hydrogen density, 
no, and the charge-exchange cross section evaluated at lhe velocity of the energetic fast 
hydrogen ion, 

(35) 
-1 

F~~~ = n o ( ~ ~ ) ) c z j  

The time needed to  slow down through velocity interval j is 

where v;j r (2kEjj/rnf)1/2 is the upper boundary 
relaxation time on electrons, 

interval j and 7f8 is the energy 

uC is the critical velocity at which energy relaxation on electrons and ions is equal, 

and [ Z ]  is the effective charge for ion collisions, 

where k is slimmed over thermal ion specics. 
The average energy and cine-sided energy flux for a group are calcrrlal,ed from Ihr group 

densities and energy briundarics assuming a stcarly~state distriliotion within each group 
in the absence of group sourcos or cliargr-exchang? I,rrms. Thr steady-state form of thc 
distribution within a group is f.Iie11 
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Cfj is determined by normalizing to the group density; that is, 

and then the average energy and one-sided energy flux within a group are 

For a large enough number of groups, the energy could he more simply approximated by 
the meat1 of the group boundary values; a similar treatment could be used for the energy 
flux. 
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5 SELF-LIMITING ABLATION IN THE 
COLLISIONLESS LIMIT 

Even though the time required for a pellet and its cloud to crnss a flux surface is very 
short (typically 7p0 = 5--10 ps), it i s  long enough, under some conditions, for the plasma 
electron distribution function far from the pellet to be significantly perturbed from its initial 
state. This perturbation results in a reduction iii the particle and energy fluxes to the  e el let 
cluud and therefore reduces pellet ablation. Tlus “self-linuting” ablation was evident i n  
early ISX-€3 experiments where the ablation rate took a severe dip as the pellet approached 
and crossed the magnetic axis [SI, and jt was speculated then that the major dips in the H, 
SigndlS away from the magnetic axis may be caused by rational flux surfaces. 

Two timescales for the plasma electrons far from the pellet are relevant, the electron- 
electron rollision time and the parallel flow time. If the flow time is shurt.er than 7p05 K 

significant fraction of the plasma electrons interact directly with t,he ablation cloud and a 
finite-plasma response must be c.onsidered in the ablation model. When the collision time is 
longer than 7p0, a collisionless response is appropriate for the plasma electrons. .A.m adiabatic 
response of the plasma electrons has been used in earlier modeling efforts [XI; this consists 
of a continual mixing of the cold electrons generated by ionization of the pellet wi1.h the 
hot plasma electroris while keeping the energy content either constant or reduced by the 
energy required for ionization. The electron distribution is assumed to he Maxwellian at all 
times; thus, the niodel i s  appropriate for a collisional plasma. A collisionless response will 
he shown to he more relevant Fur current toka,mak experjments. 

For the electron-elrctrnn collision time, currsidrr electruris above the thermal velocity 
of the initial Maxwellian distribntiuii. ‘l’hesr have the highest probability of reacliiug ilrr 
pollet and penet.rating the shield becanse of their higher energy and lower stopping csoss 
section. T h e  energy-scatterirrg time for an rlectroii of mrmalized energy 2 uz/:.?? is 

when z j 1. I h r  T, =: ZkeV, ne = 3 x 1019~1r3 (typical of current experiments), and 
The tail of the electron 

distribution is then collisionless. In earlier experiiiients where the electron temperature and 
pellet velocities were lower, 7: and rpo were cornparable and a collisional plasma r e s p ~ m w  

was dictated. 
If a significant number of tlie electrons on a given flux surface interact directly wit,li tlie 

pellet cloud during 7**, their deplrtion will dircctly reducx the ablation rate. Let f i  be the  
density of a, gronp of electrons wit,h one-sided particle flux j in a flux tuhe of voliruie A V .  
The rate of depletion of these electrons through impact with tliP prllct clirnd (nssnmrd to 

he a 1)erfer.t absorber) i s  given by 

z = 2, we obtain 7,$* E: zz 7 5 p ,  wliiclr is nnich longer than 7,,.. 

In a collisionless plasma, no source or loss tcrrris associat,cd with energy scattering arr n r d d  

on tlie right side of Eq. (45); the characteristic f low vrlocit) of 5* group of c~lectrons is  alsri 
coustant. Let the initial density and particle flux far from the pellet he ti and J ;  then, 

j ( t )  2 f i ( t ) V l l  (46) 
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where 

We may define an effective electron density, (kj, by averaging over the interaction time, T~.,, 

giving 

(49) 

The reduction factor in Eq. (49) applies as well to the particle aud energy fluxes to the 
pellet because of their linear dependence on density; thus, the reduced electron energy flux 
incident on the ionized cloud is related to the unperturbed electron energy flux by 

Applying the energy group strnctnve of Section 4,  we can evaluate the energy dependence 
of the depletion, Td/Tppo, for a set of nominal plasma conditions. The effective velocity at  
which electrons of energy group j intersect the ablation cloud can be approximated by 

which reduces to 6./4 in a monoenergptic electron model. 
The depletion on an irrational-q flux surface can be estimated by using an annular ring 

of plasma of thickness Z T ,  at a (circdar) plasma radius T in a torus of major radius R. Then 
At' = 8?r2TT,h!, s o  

( 5 2 )  

With T, = 2 keV, E,j = 2 ,  T = 0 . 4  m, h! ~7: 2.5 m, ro :: 0.01  m, and up = lo3  m / s ,  then 
r p 0 / ~ d  zz 0.17 and the averaged depletion is about 8%. Near the magnetic axis, depletion of 
electrons above thermal is almost complek 

In the vicinity of a rational flux surfare, the volume is also more restricted (e&, at 
the q = 1 surface A V  is reduced by T ~ / T  in the preceding example). Higher-order rational 
surfaces should be seen, but finite shear and finite cloud size eventually diminish the effect. 
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6 SOLUTION TECHNIQUE 

This method of solving the pellet ahlalion equations is conceptually the same as in earlier 
versions of the PELLET code [21]. The plasma is divided into a number of radial cells i i r  
which plasma properties are assurried uniform. The pellet path (st,raight-line t.rajectory) 
is mapped onto the plasma geometry [ZZ], deternixling the chord length through each cell, 
the cell volnmes, and the ambient plasma properties. From the chord lengths and pellet 
velocity, the time spent in each cell is determined. The pellet is then stepped along the 
trajectory, evolving the pellet radius by simultaneously satisfying the energy balance at the 
pellet surface, Eq. ( l ) ,  and the hydrodynarri.ics nf the neutral cloud, Eq. (2) .  A number 
of details of the solution method, however, have been modified to accommodate niull~iple 
electron groups, fast ions from neutral beam injection and fast alphas, the ionized portion 
of the shield, and the collisionless approximation for self-limiting ablation. 

After obtaining plasma geometry and pellet trajectory information, the group ener- 
gies and densities of the fast beam ions arid a l ~ ~ h a s  are predetermined for each cell ilsing 
Eqs. (32)-(43) or an equivalent time-dependent formalism 1201. The ambient electron deli- 
sity atid temperature in each cell are determined, and diniensionless energy group parame- 
ters, Eqs. (ZS)-(Rl), are also set. When the pellet enters a new cell, the ambient electron 
de1wit.y and temperatnre are adiabatically adjust.ed [21] if the pellet has passed through 
that cell in an earlier portion of the trajectory (e .g . ,  after passing through the magnetic 
axis). The assumptiorr here is that Ihe electrons will have had time to reestablish a. uniform 
Maxwelliari distribution over the magnetic surface during the interval between intersections 
wit11 that surfare, regardless of whether the collisional (3.r collisionless self-limiting appruxi- 
mation is used. 

In the collisionless self-limiting model, the electron group densities and energy flnxes are 
then rednced by the depletion factor, I3qs. (49) arid (SO), assiirrliiig irrational llux surfaces 
everywhere. Tn the collisional self-limiting model, the ambient electron density sild  temper^ 

ature in the cell are continuously adjusted [21]. The fast ion distribntions are assnnred tu he 
nnpertnrbed during the ablation process because their collisional a i d  depletion timescales 
are typically much longer than the pellet lifetime. 

The time evolution of the pellet radius is governed by a fourth-order Ruiige-Kiit ta 
routine that keeps the timestep small enough for pellet pxameters (and plasma pe,rameters 
in the collisional self-limiting approximation) to be changing weakly [ZJ.].  In each timestep, 
the line-integrated density in khe neutral clond is taken as the parameter of iteration until 
Eqs. ( I )  and (2) are simultaneously satisfied. A version of ZEILOIN [an], niodified Trir 
more rapid convergence by concentrating in the vicinity of a prior solution, detectnines the 
convergence. This numerical treatmeut differs from earlier versions of the pellet ablation 
model [4,21,5] that used the monoenergetic electron energy a( the pellet surface as t!ie 
iterating parameter. 

The electrons arc first passed through the icmiaed pnrtioii of thr shield; rcdnring the 
energy and energy flu in eacli energy gruiip nccurding tu Eqs. (23) aurl ( Z 5 j  rcspertiudy. 
This requires knowledge of the line-integrated dcrisity of t h r  ionized slrield, ~!3c1. (201, which 
depends on the ablation ratc, i’?. The line-integrated derisitg of thr  ionized shield is param- 
eterized in tcrrns of the line-integrated dcnsity of thr  neutral slrield, 

F; is set by an initial condition upon first entering the plasma and subsequently re4et from 
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the converged solution at the previous timestep. The electron energy and energy flux at 
the pellet surface are then determined from Eqs. (7)-(11) for carh energy gmiip, and fast 
hydrogenic ion and alpha energies are similarly determined by Eqs. (16) and (18). These 
are used to evaluate fP from Eqs. (1) and (2). If the two solutions do not meet Convergence 
criteria, the line-integrated density of the neutral shield is varied and the iteration proceeds. 

Upon convergence, Fi is reset and a new timestep is taken until the pellet passes through 
the cell or becomes fully ablated. After the pellet completes its trip through the cell, the 
net deposition of mass in that cell is determined from the change in pellet radius. 

The entire calculation (with multiple electron energy groups, fast neutral beam ions and 
alphas, and both ionized and neutral shields) typically takes less than 1 s of CPU time on 
a CBAY-1 computer and less than 5 s on a VAX 8600 (exclusive of plasma geometry and 
profile initialization and printed or graphic output). It is therefore convenient for routine 
data analysis and for incorporation in a transport code for rriodeling multiple pellet injection. 



7 DISCUSSION 

A more comprehensive treatment of electrorr distribution has long been viewed a6 an 
important step in improving the ueutral shielding mudel for pellet ablation. As shown 
in Fig. 2,  the stopping cross sectiorl for electrons falls off as E;~‘ above a lew keV. -4 
monoenergetic electron model that uses the Maxwellian-averaged electron energy of 3T,/2 
then leads to low values of  ablation rate in plasmas where temperatures exceed about 
1 keV. In early ohmic heatiirg experimeuts, this coudition was riot exceeded and tire neutral 
shielding model was substantially confirmed [l,lQ]. 111 inure recent experirnents, larger, 
higher-velocity pellets have penetrated to  regions of the plasma where elec.tron temperatures 
approach 4 keV, and the monoenergetic electron model generally predicts somewhat greater 
penetratinn than observed (171 

We use TFTR machine and pellet parameters as a baseline frir illustrating tlie various 
features and sensitivities of the revised pellet ahlatiun model. The machine parameters for 
all cases are: major radius, 2.57m; mjrior radius, 0.81.5 in; and plasma. vnlume, 33.7 m’. The 
density and electron temperature profiles and neutral heam parameters are from THANSP 
analysis of shot No. 1.4GY5 at a time just before injection of a siiigle pellet. This shut 
is of particular interest because its low density and the 2.5MW of ueutral beam iiijectioii 
initiated prior to pellet injectiorr provide a reference point for evaluating fast ion effects. The 
density profile is relatively broad with n,(O) -7 1.R x 1 0 1 ’ ~ r ~ ~ ~ 3 ,  and the electron temperature 
profile is roughly triangiilar with ‘Te(0) := 3.2 keV. In cases where the electron terrrperaturc 
is varied., we simply scale the magnitude with the central temperature while maintaining the 
same shape. The nomjnal pellet parameters of shot No. 14695 are nsed unless specifically 
noted ntherwise: rp  = 1.53mm, N = 8.9 x lozo,  and up = 1.4km/s. In the experiment, 
the pellet penetrated ahout GO% of the distance to t.lir axis and c.ontained nearly twice the 
mass of the original plasma. In tlie following, the new features nf the a l h t i o n  model art: 
added one a t  a time so their individual effects can be displayed. 

Figure 3 shows the reduction in pellet penetration as tlre number of electron enrrgy 
groups is increased. Fast beam ions art: rreglec.ted, so tlre one-grouI> results in Fig. 3a 
with adiabatic self-limiting ahlatioil rrpresent the standard rnod.el for most of our previoiis 
calculations. The increase t o  five groups greatly decreases the penetration, but above t m  
groups there is essentially no change iu penel,ration. The predicted penetration f c n  T,(O) ZL 
3.2 keV with multiple electron energy groups and the adiabatic. self-liuritiirg approximation 
is still above that observed experimentall,y. The adiabatic self-limiting effect is irriportanl in 
this case because of the high pellet-to-plasma inass ratio. Removal nf this constraint leads 
to the results in Fig. 311 where penetratiori is  below that observed experiineiitally. Plasma 
shielding, collisionless self-limiting ablation, and fast beam ion effects need to he considered 
before final conclusiuns c.an be drawn about agreement. I n  the remaining calculations, ten 
electron euergy groups are used; each group c.arries 10% of t  hc rlrrt,ron twrrgy iliix arcnrdiug 
to the prescript.ion for selecting the groups given i n  Sr r t i im 4.  

To test the effect of an ionized sliield, we arbitrarilv fix. t l i c  ral iu \if t,he line-iritegratrd 
density in the ionized cloud relativr to that in the neoi:ral cliriirl [i.?., Eq. (.M) is iiied ra,tlir.r 
than Eq. (20) to ralciilat,e the integrated line density in tlie ionized :.loi1d1. 111 tlirsr cases, 
we do not incliide any self-lin~iting effects and we use t,eir elect.ron energy grcuups. The 
ionized cloud leads to a reduced energy flux iucideut nu 1,lic ncubrsl cloud niid a sniallrr 
line-integrated neutral density, reducing the ablatiion rate as shown in Fig. 4. 

When the source strength at the pellet surface and the effective ioriizatiou radius are 
used to determine thr line density in the plasma shield, Eq. (2O), the results of Fig. 5 are 
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Figure 3: TncreasiIlg the numnber of clectro11 energy groiips in a multigroup treatment of 
the electron distribution function decreases the calculated pellet penet,ration depth  At ten 
groups the effect is nearly saturated. The one-gri~mp result is Lhe moiioenergetic iieiitral 
shieldiiig electron model with adiabatic self-limiting abIati<ui~. 
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Figure 4: Addition of an joiized slueld extending along the rnagiict,ic field rcdrirrn al>lit' r ,loll. 

A line-integrated density in the ionized shirld equal k c ~  t l iv  line-integrated drrisit,y in the 
neutral shield (F;  ;5 I . )  improves penetration by about 10%. Fl~rt11e.r increases in  the ionized 
shield lead to even greater pellet penetration. 
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Figure 5: Penetration is cnhanced as the thickness of t.lir neril.r;il gas laver i s  r ~ ~ l i ~ c i d  I)rl<iw 

about 2 cm because the ionized ablatant is constraiiied t n  a srrialler-diamct,er lobe. In the 
outer half of the plasma, collisionless self-limiting ablation (dashed ciirves) is important 
only if the ionization radius is very large. 
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Figure 6: Modest gains in pellet penetration are realized with increasing velocity. 
Pellet Velocity (krn/s) 

obtained. As the neiitral shield thickness, A,, is decreased helow =I. cm, plasma shielding 
becomes important hecause the ablatant is highly concentrated in a narrow tuhe. ‘I’he JET 
pellet injection results (16,171 are best modeled with A, := lnmi, which corresponds to 
significant plasma shielding. For larger effective ionization radii, the plasma shield is more 
diffuse and the nun-self-limiting results (solid curves) approach those of Fig. 4 in the lirnit 
Fi = 0. 

The dashed cnrves of Fig. 5 show the effect of inclnding collisionless sell-limiting ablation 
as expressed by Eq. (50). As the pellet r.loud size is increased, a larger fraction of the 
electrons interacts with the ablatant, and significant depletion of the energetic electrons 
leads to enhanced pellet penetration. Fur ionization radii above a few r.entimeters, the 
implicit assumption that all electrons intercepted by the cloud lose all their energy to the 
ablatant is nut valid hecause the ablatant is too diffuse to stop the electrons. At A, :: 1 mm, 
the effect of collisionless self-limiting ablation is negligible in these cases because the lxllet 
penetrates only the outer region of the plasrria wlicrc the ~ I P I . c P ~ ~ , P ~  plasnia vnlinnt i s  large 
(irrational flnx surfaaces are assumed). Self-limiting ablat.inrr does become inipnrtant riear 
the magnetic axis (in rases not presented here) and shonld also lie c.onsiclerable at luw-order 
rational surfaces although we have not attempted to mock4 t.his effert. 

The gain in penetration with increasing pellet velocity i s  shown in Fig. 6 for T?(O) = 3.2 ,  
5.0, and 10.0 keV, using A, .: 1 nun and ignoring fast  im ruritrihutioris. Although higher 
pellet velocity provides cmly a modest incrmse iii ~ienetrat , i<~ri ,  i t ,  ri~rnld br i rnpr tan t  fur 
increased control over the density pmfilc and fix avoidirrg high deposition and cooling at 
rational surfaces where MIID activity coiild he enhanced. 

Even thongh fast ions may represent only a small contrihntion to t,he one-sided energy 
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Anx in the plasma, they may lead to enhanced ablation at the pellet surface if the shield 
set up by the electrons is insuflicient to stop them. 'This is illustrated in Fig. 7 where tlie 
solutions for i., from Eqs. (1) and (2) are plotted against a dimensionless neutral cloud line 
densitv. 

(54) 

where rpo is  the initial pellet radius and nT is the molecular density of the solid pellet. This 
analysis is similar to that presented by Milora and Foster [4] except that the solution is 
expressed in terms of ?io (instead of the electron energy at the pellet surface) and that fast 
ions are included. 

For simplicity, we consider only neutral shielding effects arid a background plasma of 
T. = 0.2keV and ne = 5.0 x 1019m-3. The fast deuterium ions have a slowing-dawn 
distribution arid a source at E;, = 120 keV with an intensity of  0 .45  MW/m3. The solution 
for r, from Eq. (2)  is proportional to it" for very low it" arid ( iL0)2 '3 for high values. The 
solution of  Eq. (2) is inserisitivr to the addition of  fast ions in this example because the fast 
ions constitute a small contribution to tlie total energy flux. With a very low line-integrated 
neutral shield density, all the energy flux reaches the pellet surface, Q P  = Q ' ~ ;  the solution 
for r, from Eq. ( 1 )  is proportional to Q.' and independent of  the line-integrated neutral 
cloud density. By comparing the. solutions with and without fast ions in this limit, it can 
be seen that the one-sided fast ion energy flux in the plasma is very small, Q t  K 0:. 
As ?io is increased, the electrons are the first to be stopped; the critical line density is 
?izc = 1.0 x as seen from the solution without fast ion effects. The c r i t h 1  line density 
for 120-keV deuterium ions is much larger, fly, = 2.0 x and increases the self-consistent 
solution [the intersection of the solutions to Eqs. (1) and (2)]  from +, = 0.5m/s to 2.0m/s. 

There are two criteria for determining whether fast ions are important, and these can 
be expressed in relatively concise form from the neutral shielding solution. The first is that 
the neutral shield line density for stopping fast ions must he greatrr than that for stoppirig 
electrons. This critical value for hydrogenic ions can be obtained from Eq. (16) by setting 
ET = 0 for the most energetic ions, 

where the approximatinu is valid for all relevant neutral beam iujection energies. Similarly, 
the critical value for electrons is approximated by setting E,P = 0 in Eq. (6), 

where the approximation is valid for E," > 2 keV. E," is t,akrri as thc tnergy of  electrons 
in the tail of the distribution; t.hc average energy c d  tail electri.ins representing 10% of the 
energy Rur is E," = fi.4T.. The condition for fast ions t c  be important then leads to a 
constraint on E;, in terms of T,: 

A;E;, > 175l': ( 5 7 )  
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Figure 7: Pellet surface erosion rates from the energy siuurcc at tlir pcl lr t  sttrfacr givcn hy 
Eq. (1 )  and the neutral shield solution giveu by Eq. ( 2 )  as a I'nnrtirm of' the dimensionless 
neutral shield density show how fast ions with a low energy Nux caii increase pellet ahlatioji. 
The self-consistent solution is given hy the intersection of the two  sets of curves in each case. 
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It can be seen that,  with present beam injection energies, fast ions should be important 
only in the outer plasma region where 2'. 5 1 keV. This conclusion concurs wit,li that of 
Nakamura et al. [7]. 

The second condition is that  the fast ion energy flux to the pellet surface, Qf,  must be 
greater than the electron energy fliix to the pellet surface, 4:, in the absence of fast ions. 
This can be the case even if the one-sided fast ion energy flux in the plasma is msch lower 
than that of the electrons. Typically, the neutral shield reduces the electron energy flux 
by more than two orders of magnitude, as can be seen in Fig. 7; let this electron shielding 
factor be f.. Since we are looking for a regime in which the fast ions are unshielded [i.e., 
Eq. (57 )  is satisfied and f; = 11, we caii use the condition 

(58) 
Q: z Q,!. > QZ = feQ, t 

to  determine when fast beam ions become important. From the expressicms for the eilergy 
fluxes in Section 4, we obtain 

For the example in Fig. 7, Q:/Qi 0.07, which is an order of maguitudr greater than 
the electron shielding factor of fe = 0.007. The observation that fast ion effects are most 
prominent at low T,, Eq. ( 5 7 ) ,  and low n,, Eq. (59), is in accord with the conclusions of 
Nakamura et al. [7]. 

Tlw conditions given by Eqs. (57) and (59) assume only a neutral shield (or that the 
ions and electrons see the same shield). If a relatively large portion of the electron shielding 
comes from the ionized shield while fast ions see only the ueutral shield, the threshold 
for fast ion effects is reduced. Iri the outer plasma regions where fast ion effects may be 
expected, however, the neutral s h i ~ l d  is dominant arid the above corditions should yield a 
good estimate of the threshold for fast ion effects. If Eq. (57) is not satisfied, the fast ion 
energy flux must be comparable to  the elertron energy flux; the influence of the fast, ions is 
felt through the energy halauce in the neutral shield, Eq. (2) ,  and is a much weaker effect. 

Figure 8 shows the effect of increasing beam power on pellet penetration for the TFTR 
case being examined. The reference model consists of ten electron groups, a plasma shield 
determined by a neutral shield thickness of 1 nun, and collisiouless self-limiting ablation 
of the electrons. The plasma electron temperature and density profiles are kept constaut 
as the beam power is incrraspd. Ikuterium beam injection at Ei,, = 79 keV is used. The 
power splits for the full, half, and one-third energy components are 0.45 : 0.30 : 0.25 with 
the I f ( r )  profiles determind by the plasma density profile and TFTR beam geometry for 
shot No. 14695. Because t,he enhanced ablation from fast ions is concentrated in t,he edge 
region where charge-exchairge losses can play an importarit role in determining the fast iou 
population, we also show the effect of varyirig the Aux-surfarr-avPragt,[I ucnlral dcnsity at 
the plasma edge. With n.o(u) c 3.0 x 10'4r~1-3 as cxpccled frciui traiispiirt analysis uf this 
shot, the charge-exchange losses arc negligible and tlic cnlcrrlatrd ppuctrat,ic,ri w i th  2 .5  hlW 
is iu excellent agreement with the observed pe:retrat,iiin. Figrire 9 shrws a romparison of 
the time~dependent ablation ratr  curves with and without the 2.5 MW nf neutral beam 
heating. The fast ion eiihancerrienl iu  the oiit,er regiiiu is chararleristically observed OII the 
H, signals. Q'/Q,'~ 1 0 . 0 5 ~  0 .4  uvrr the  region o f  enhai i r td  ablatiori because of the very 
low iuitial plasma density. 

Threshold criteria for enhanced ablation by fast alphas similar to those derived above 
for fast beam ions can be used to  show that alpha particles undergoing classical, local 
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Figure 9: Fast ions from neutral heam iii,jection can lead to enhanced 
regions of TFTK plasmas. 

ablation in the outer 

thermalization should not contribute to pellet ahlation. 'l'hc. critical line-integrated density 
in the neutral shield for stopping 3.5-RIIeV alphas is obtained from Eq. (18) with E: L 0: 

Requiring this to be greatkr than the critical line-integrated density for stopping high- 
energy tail electrons leads to an upper limit on the local electron temperature for alphas to 
be important, 

?; 5 4.7keV (61) 
By using n , 2 ( u u ) ~ r / 4  as the lrlcal source strength f o r  fast alphas, it can he shown that the 
ratio of the one-sided energy fluxes iii t,lie plasma is 

for a classical, local slowing-down distrihutiort. Q.1 is m l y  0.2'2% of Q,' at T, = 4 . 7 k c V .  
Therefore, alphas may contribute tn t h e  ablatioii p r ~ i w s s  only i f  their  populaliun exceeds 
that expected from thermal reacticms ( c J . ~ . ,  wheti 1Jcarn-beam c>r beam-plasma interactions 
dominate or when large orbits or  direct losses carry energetic alphas to the outer regions of 
the plasma). 
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8 SUMMARY 

We have extended the original neutral shielding model by including a more complete 
treatment of electron and fast ion distributions and including a plasma shield extending 
along the magnetic field lines. The only “free” parameter in the model is the eRective 
ionization radius expressed in terms of the thickness of the neutral shield, A,. The value 
of A, required to match ex.perimenta1 results is quite small, but it appears to be supported 
by experimental observations. 

One difference between our model for the plasma shield and that of ICaufmann et al. 
is in the treatment of energy transport through the ionized shield. We treat the energetic 
electrons from the plasma as a distribution of test particles slowing down in a cold electron 
target, while Kaufmann et al. use a single fluid for the elec.trons and consider energy flow 
to be dominated by conduction. The single-fluid treatment of the electrons leads to a low 
value for energy flow in the outer portioris of the shield and thus a greatly reduced ablation 
rate, Our multiple energy group model is more appropriate for the outer portions of the 
shield, but it is not justifiable if the energy of plasma electrons is reduced to that of the 
ablatant electrons. A frill and proper treatment of the kinetics of the combined neutral 
and plasma shield remains to be done. Nevertheless, the niultigroup approximation has 
been successful in matching experimental results and provides a useful tool for predicting 
penetration distances under a wide range of plasma conditions. 

Many individual shots from ISX, PDX, Alcator-C, F’LT, D-111, and TFTR have been 
analyzed with the PELLET code during its development and are currently undwgoing more 
extensive analysis for a subsequerit report. The most systematic single-machine analysis t o  
date has been performed on JET; results of the analysis will be reported elsewhere 1171. 
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