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ABSTRACT 

A method 1s presented for calculating the evaporation rate of 

hydrogenlc pellets Immersed In an unmagnetlzed plasma with a supra-

thermal particle component of arbitrary distribution function. The 

computational procedure 1s based on hydrodynamlc solutions for the 

expansion of the gaseous cloud, obtained 1n a previous treatment that 

considered the effects of thermal particles only. The appropriate heat 

source terms, derived from the stopping power of the gaseous shield, are 

worked out for energetic ions produced by neutral beam Injection heating. 

The model predicts 27-cm penetration in a Poloidal Divsrtor Experiment 

(PDX) plasma, compared with experimentally measured values in the range 

of 29-32 cm. An application to the Tokamak Fusion Test Reactor (TFTR) 

gives an estimated 21-cm penetration for a 2.5-mm-diam tritium pellet 

injected at 2000 m/s into a 55-cm-bore plasma heated to a central 

electron temperature of 4 keV by 34 MW of neutral injection. 

v 



1 . INTRODUCTION 

In this paper we describe a modification to the ORNL version of the 

neutral gas shielding model that allows for an accounting of the effects 

of fast Ions 1n a manner consistent with the methodology of an earlier 

model that was developed to treat the ablation of hydrogenlc pellets by 

thermal electrons alone 1n an unmagnetized plasma.1"3 This new algo-

rithm retains the construct of the earlier version and the hydrodynamlc 

solutions that pertain for the expansion of the ablation products. 

The essential differences are that the heat flux terms are replaced by 

terms that include the combined effects of electrons and fast 1ons and 

that the fast ion component is allowed to have an arbitrary distribution 

function. The formalism is applicable to problems that include other 

non-Maxwellian components ( i . e . , suprathermal or slideaway electrons). 

The new model is compared with data from the Poloidal Divertor Experi-

ment (PDX) and a sample calculation for the Tukamek Fusion Test Reactor 

(TFTR) is presented. 

1 
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2. REVIEW 

The basic elements of the neutral gas shielding model are described 

in detail In Refs. 1-3. The model treats the cloud resulting from 

surface evaporation of molecular hydrogen as a stopping medium for 

plasma electrons. Electrons are prevented from Impacting the pellet 

surface at full energy by multiple elastic and inelastic collisions with 

the dense hydrogen cloud. The electron motion through the gas is 

treated as a monoenergetlc beam subject to a continuous slowlng-down 

process that degrades the electron energy.M Elastic collisions, which 

are important at low energy ('vlOO eV), further reduce the haat flux by 

backscatterlng and consequent removal of electrons from the Incident 

particle flux. In the present treatment, fast ions are also allowed to 

Impact the cloud, and tneir motion through the gaseous medium is 

similarly described by the continuous slowing-down approximation (elastic 

scattering is neglected). The energy lost in the collisions is treated 

as heat 1n the hydrodynamic equations that describe the expansion of the 

gas in terms of the Mach number M and the normalized density p and 

radius r as 

dM 1 / P n \ J drn 
(1 - M2) — = - ( - £ ) — e q r ( Y - l)p3r*M3(YM2 + 1) 

dr 2 \P / dt i e p 

dM 1 / P n \ 3 dr I"3 

e p 

(1) 

+ £ 1 = o f 
dr Y dr 

( 2 ) 
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where the mass density and radius are normalized to their respective 

values at the pellet surface (pp, r p ) . Here y 1s the gas specific heat 

ratio (7/5), pc is the pellet mass density, drp/dt 1s the surface 

recession rate, and qg (eV*s -1'kg -1) 1s the rate of heat deposition 1n 

the cloud per unit mass. The value of e is 1.6 x 10"19 joule/electron 

volt. In Ref. 3, numerical solutions were obtained for uniform heating 

(qe = constant) of the cloud - a situation that approximates the energy 

input from electrons. Penetrating electrons slow down via multiple 

inelastic collisions, according to 

a ^ - s W • <3> 

where m is the molecular mass of the cloud, Eg 1s the electron energy 

(in electron volts), and Le(Ee) 1s the stopping power for Incident 

electrons. I f we assume that the electron flux 1s a monoenergetlc beam 

(E = 3/2T ) and th-n elastic scattering 1s negligible ( I . e . , J = 6 c c 
particle flux = constant), then the heating term can be written as 

1 + H 1 D E
E 

= W - J e ^ ^ e - ^ (eV.s-i.kg-i) . (4) 

For electron energies between 10 eV and 2 keV, the stopping power varies 

Dy a factoi f 4, but the variation 1s slow in comparison to the rapid 

changes in the fluid parameters 1n general and the density 1n particular. 

This was the justification for the assumption of uniform heating in 

Ref. 3. Given the premise of uniform qe> inspection of Eqs. (1) and (2) 

reveals that the flow field is determined uniquely by the dlmenslonless 

parameter 
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(11) 

From the numerical solutions of Ref. 3, the shape factor jfw p dr was 

found to vary as 

which results in a linear relationship between the surface recession 

rate and the column density of mass between the pellet surface and the 

plasma, 

In the discussion that follows we assume that the hydrodynamlc solutions 

are unchanged when additional heat sources are considered. We merely 

replace qg in Eq. (7) with an applicable heat source term. 

The energy balance requirement at the pellet surface provides a 

relationship between the heat flux (Qep) at the pellet and the evapo-

ration rate, 

dr_ Q Aq —E. = —§£_§_ t (8) 
dt 4irr2Aps 

where A (eV*kg_1) is the heat of evaporation and is the effective 

cross section for interception of the plasma electrons Unr^ for a 

magnetized plasma). Finally, the surface heat flux Q is related to 

(6) 

(7) 
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the column density of mass and the plasma heat flux through the relation-

ships that describe the loss of energy of penetrating electrons. This 

is treated as a two-step process. Electrons 1n the Incident "beam" 

suffer inelastic collisions without loss of flux down to some inter-

mediate energy E* (taken to be 20 eV). At lower energies, elastic 

scattering and consequent particle removal are Included 1n the descrip-

tion of the slowlng-down process. 

Following Heaps,5 we write the energy flux Q at the pellet ep 

surface 1n terms of the flux at the position 1n the cloud where the 

energy 1s equal to E| and the Integrated mass in the Interval between 

the two locations, 

where C 1s a constant of order unity and ag = 2 x 10"20 m"2 1s a cross 

section with a value dependent on E*. The Integral is written in terms 

of the total column density: 

Q, C + 1 
(9) 

P 

(10) 

In the region between r* and the external plasma, elastic scattering has 

been neglected; consequently* we can use the slowing-down formulation of 

Miles et al.1* to evaluate the second Integral in Eq. (10); that is , 
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( 1 1 ) 

where Le(Efi) = (2.35 x 1018 + 4 x 1015Ee + 2 x lO^E"2)"1. With this 

result, the expression for the column density becomes 

The ablation rate dr^/dt follows from solving the system of Eqs. (7), 

(8), and (12). The authors of Ref. 3 used an average L eU e ) to evaluate 

qg 1n Eqs. (4) and (7) and took for Q* the expression from simple 

kinetic theory Q* = 2J x T* where T* = 2/3E* and J = (NQC is J Me eo e e ' e eo x e e o 
the particle flux of the background plasma (Ng is the electron number 

density and C" is the mean thermal speed). 

( 1 2 ) 
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3. GENERALIZED MODEL 

The model can now be generalized to Include additional heat source 

terms, although we restrict the analysis to fast 1ons 1n general and to 

those produced by neutral beam Injection 1n particular. We develop 

appropriate expressions for the heating term 1n Eq. (1), the surface 

heat flux 1n Eq. (8), and the slowlng-down function for Ions that 1s 

analogous to Eq. (3). Owing to differences 1n the stopping power of the 

cloud for 1ons and electrons, the condition for uniform q for both 

species is in general not satisfied. To account for the possibility 

that the influence of a species might not extend through the entire 

cloud, we define an average q that 1s equal to the ratio of the power 

dissipated 1n the column of gas between pellet and plasma to the corre-

sponding column mass, 

where dm = P dr and the second term represents the contribution of the 

fast 1ons. This approximation effectively distributes the heat (per 

unit mass) uniformly throughout the cloud. The error associated with 

this simplification is small because of the cube root dependence 1n 

Eq. (7). For electrons, which are treated as an equivalent monoenergetic 

beam, we use Eqs. (3) and (4) to obtain 

(13) 

f qa dm J / dE_ J (E - E ) J e eo J£ e eo eo ep' eox eo 
(14) 
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where E 1s taken to be either the energy of electrons that Impact the e p 

surface (1f they have sufficient energy to penetrate the cloud) or E* 

(1f they are stopped outside the surface) as determined by solving 

Eq. (3). 

For energetic 1ons we cannot write simple expressions for or 

the surface heat flux Qfp because the odty d1ctr1bution function 

f(V) 1s non-Maxwell1an and time-dependent, as determined by the slowlng-

down rate on the background plasma. We take for f(V) a simple solution 

to the Fokker-Planck equation for an isotropized beam with a volumetric 

source term S (M"3'S_1)t 

S TS for V > V(t) 
f(V) = 4 M V 3 + V3) § ( 1 5 ) 

0 for V < V(t) 

where i s [= 0.12M^Teo(keV)1-s/Neo(1019nT3)] is the Ion-electron momentum 

exchange time and V(t) is the lower velocity limit for the distribution 

function, defined in terms of the time t after the source is applied as 

-3t / f 
s (V3 + V3) - V3 , v o c' c ' 

(16) 

V(t)3 - e 5 (V3 + V3) - V3 , 

V(t) = 0 for t > -tf = f - nn (1 + V3/V3) . 

In Eq. (16), VQ is the velocity at which ions are injected (V2eEfo/mf), 

and Vc is the critical velocity at which they preferentially slow down 

on plasma ions (V£ = ZS.eeT^M-2/3^1). Here mf and mH refer to the 

fast ion and proton mass, Mp is the plasma atomic number, and E fo ir. the 
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Injection energy. As defined above, the distribution function evolves 

1n time up to t = T ^ , and consequently the ablation rate will essen-

t ial ly be independent of time for t > T ^ . The usual moments of the 

distribution function (N f, <E^>) can be readily performed analytically. 

From the analogy with the electron case, we also require a knowledge of 

the heat flux incident on the cloud and the residual ion heat flux 

at the pellet surface The former is given by 

Vg ti / 2 2 7i 
Qfn (eV-s" l-n-2) = / lm fV5f(V) dV f cos * sin * d$ f de 

f 0 e V(t) 2 f Jo Jo 

ST f V3 + Vr
3 

— "If UVJ - V( t ) ' ] - V' in - 2 £—V . 
12e I c V( ty + Vi I 

(17) 

Likewise, the heat flux at the pellet surface is given by 

St. r
V o 1 VJ 

QfD = — J — mfVi dV . (18) t p 2e V(t) 2 r p VJ + V' 

The velocities and V are related by the stopping power of the hydrogen 

cloud. As for electrons, we use an expression of the form 

D E , P 

where L f(E f) = a^f'** a n d a f = l - 9 3 x 1°"20 f o r i o n energies less than 

50 keV (Ref. 6). Integrating Eq. (19) gives the desired relationship 

between V and V in terms of the line density J p dr. I t follows that P 



1 0 

S T . 

<fp I V(t) 

'mfV2\3/5 

^ 2e / 

3 a f 
- ~ / p d r 
5 m ; 

5/3 \J3 

V3 + V3 
c 

dV , (20) 

where the Integration 1s performed only over the region where the 

integrand 1s positive ( i . e . , only for fast 1ons with sufficient energy 

to penetrate the cloud). Similar expressions are obtained for the con-

tributions from the one-half and one-third energy components of the 

beam. In the discussion that follows 1t 1s understood that all three 

energy components are Included 1n the 1on heat flux terms. 

We can now complete the expression for q, 

Je(Eeo " Eep> Qfo - Qfp 
j p dr J p dr 

(21) 

With the addition of the ion heat flux term, the energy balance at the 

pellet surface becomes 

d r
P _ W e * V f 

dt 4,r2xps 

(22) 

where Â  = 4*r2 is the pellet area exposed to the fast 1on heat flux 

(twice as large as the electron cross section because of the finite 

Larmor radius for ions). The description is completed by an expression 

that replaces Eq. (7), 

dr_ 1.25 
_ R = 
d t V s 

(Y - 1 ) 

— 2 — e q r 
1/3 

/ P dr , (23) 
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and by Eq. (12) , which relates Qgp to the known Q* and the column 

density, 

m Qi f
 Eeo dE 

/ p dr = — in (C + 1 ) f - - C + m J p - r f - y . 
3 e wep E* e l e ' 

The system 1s solved by numerical I terat ion. 
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4. CASE I ~ PDX 

A numerical simulation was performed for the conditions typical of 

experiments performed on PDX with single hydrogen pellets injected into 

neutral-beam-heated discharges. The parameters of this experiment are 

given in Table 1. The electron temperature and density profiles were 

taken from Thomson scattering measurements; the fast 1on source terms 

were obtained from a beam deposition calculation using known neutral 

beam geometry, power, energy, and species mix. The pellets for this 

case are large enough to have a significant impact on the plasma param-

eters. To account for possible perturbations 1n the electron tempera-

ture and density during ablation, the plasma was assumed to maintain 

thermal equilibrium with the cold fuel by a simple flux-surface-averaged 

dilution model described in Ref. 7. Experimentally 1t has been found 

that this interaction effectively reduces the electron temperature 

encountered by the pellet and considerably lengthens the pellet lifetime 

(and hence the penetration). The time scale for equilibration of the 

fast ions is much longer than the characteristic ablation time; con-

sequently, a nonperturbative model is employed for the fast ion contri-

bution. 

The results of the calculation are displayed in Table 2.* The 

plasma radius at which the pellet is consumed is 18 cm (where the pellet 

In the tables R = plasma radius (m), NEO = prepellet plasma density 
(nr3 ) , NF = fast ion density (m~3), TEO = prepellet electron tempera-
ture (eV), EF = average fast ion energy (eV), DN/DT = pellet source 
(s _ 1 ) , RP s pellet radius (m), NE • postpellet plasma density (nr3). 
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Table 1. PDX conditions 

Neutral beam power (D° •*• D+) 1.1 MW absorbed 
Injection energy, E fo 50 keV 
Fraction at EfQ; EfQ/2; EfQ/3 0.45; 0.30; 0.25 
Beam pulse 0.030 s 
Plasma minor radius, a 45 cm 
Plasma major radius, R 138 cm 
Central electron temperature l ino eV 
Central density 4 x 1019 nf3 

Plasma atomic number 2.1 
Pellet species H 2 

Pellet radius 0.85 mm 
Pellet atomic content 1.35 x 'lO20 

Pellet speed 900 m/s 
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Table 2. PDX simulation 

PELLET R A O I U S - .00088 METERS 
VELOCITY- 900. H/SEC 
MINOR RAO1US- 0.48 M 
MAJOR RAO I US- 1.38 M 
PELLET ATM. WEIGHT- 1.0 
PLASMA ATONIC NO.- 2.1 
BEAM POWER(MW)- 1.1 
BEAM VOLTACE(V)- 50000. 
BEAM ATOMIC NO.- 2. 
BEAM PULSE(S)- .030 

0 . 4 4 5 
0.43S 
0.425 
0. 4 IS 
0.405 
0.396 
0.305 
0.375 
0.365 
0.355 
0.346 
0.335 
0.325 
0.315 
0.305 
0.295 
0.205 
0.275 
0.265 
0.255 
0.245 
0.236 
0.225 
0.215 
0.205 
0.195 0.186 0. 175 
0. 166 
0.155 
0 . 1 4 5 
0.135 0.126 
0 . 1 1 5 0.106 
0 . 0 9 5 
0 . 0 8 5 
0 . 0 7 5 
0 . 0 6 5 
0 . 0 5 5 
0 . 0 4 5 
0 . 0 3 5 
0 . 0 2 5 
0 . 0 1 5 
0.005 

NE0 

.549E+JS 

. 1 7 4 E M 9 

.249E+19 

. 3 3 1 E M 9 

. 4 6 1 E M 9 

. 6 9 1 E M 9 

.764E*19 

.943E+19 

.112E-20 

.131E+20 

.160E+20 

.170E»20 

.190E+20 

.209E+20 

.229E+20 

.253E+20 

.276E+20 

. 297E+20 

. 315E + 20 

.331E+20 

.343E+20 

.355E+20 

. 353E+20 

. 371E+20 

. 376E+20 
,380E»20 
.383E+20 
.385E*20 
.387E+20 
.389E*20 
.391E+20 
.393E+20 
.396E+20 
.39BE+20 
.399E+20 
.400E*20 
.400E+20 
.400E+20 
.400E+20 
.400E+20 
.400E*20 
.400E+20 
.400E*20 
.400E*20 
.400E*20 

NF TEO EF ON/OT RP 
. 0 0 0 E 0 0 10. 0. .162E+22 0 .00085 
. 102E 16 46. 6352. .999E+22 0 .00085 
. 102E 16 62. 5747. . 155E+23 0 .00085 
• 159E 17 78. 6582. .742E+23 0 .00085 
. I34E 17 90. 6813. . 716E + 23 0 .00085 
. 120E 17 102. 7022. .693E+23 0 .00088 
.431E 17 112. 8080. .206E+24 0 .00084 
. 382E 17 121. 8250. .207E+24 0 .00084 
. 999E 17 136. 9987. .411E*24 0 .00083 
. 979E 17 153. 10299. .440E+24 0 .00082 
. 186E 18 175. 11332. . 617E + 24 0 .00081 
.193E 18 204. 11791. .672E»24 0 .00080 
. 306E 18 232. 12377. . 823E+24 0 .00078 
. 309E 18 259. 12739. . 958E+24 0.00076 
.31 IE 18 287. 13073. .878E+24 0 .00073 
. 404E 18 306. 13426. . 948E+24 0 .00070 
. 392E IB 325. 13635. . 927E+24 0 .0006 7 
. 504 E 18 348. 14066. .978E+24 0 .00063 
. 508E IB 375. 14333. .937E+24 0 .00059 
. 660E 18 407. 14760. .948E+24 0.00054 
.698E 18 461 . 15150. .880E+24 0 .00049 
. 828E 18 496. 15674. .811E+24 0 .0004 2 
. 874E 18 541 . 16032. .666E+24 0 .00035 
. 916E 18 587. 16366. .486E+24 0 .00025 
. 109E 19 627. 16842. .106E+24 0 .00012 
.113E 19 666. 17091. .000E +00 0 .00000 
. 135E 19 701 . 17413. .000E+00 0 .00000 
. 140E 19 736. 17614. .000E+00 0 .00000 
. 161E 19 770. 17980. .000E+00 0 .00000 
. 166E 19 804. 18166. .000E+00 0 .00000 
.217E 19 838. 19011. .000E+00 0 .00000 
. 218E 19 873. 19505. .000E+00 0 .00000 
.219E 19 909. 19959. .000E+00 0 .00000 
. 30SE 19 938. 20511. •000E*00 0 .00000 
. 306E 19 966. 20839. .000E+00 0 .00000 
.391E 19 992. 20828. .000E+00 0 .00000 
. 393E 19 1015. 21094. .000E+00 0 .00000 
. 433E 19 103S. 2119S. .000E+00 0 .00000 
. 434E 19 1048. 21332. .000E+00 0 .00000 
. 406E 19 1062. 21445. .000E+00 0 .00000 
. 407E 19 1075. 21575. .000E+00 0 .00000 
. 408E 19 1080. 21702. .000E + 0 0 0 .00000 
. 4S4E 19 1094. 22270. .000E*00 0 .00000 
. 455E 19 1098. 22314. .000E*00 0 .00000 
. 455E 19 2 100. 22330. .000E>00 0 .00000 

NE 

•723E+18 
.221E+19 
.323E+19 
.695E+19 
. 8 2 0 E M 9 
.948E+19 
. 185E+20 .206E+20 
.339E+20 
.380E+20 
.607E*20 
.56BE+20 
.690E+20 
. 746E + 20 
•793E*20 
. 876E + 20 
.904E>20 
.974E+20 
. 981E+20 
.10IF 21 
. 984E+20 
.938C + 20 
.816E+20 
.6351*20 
.41 IE +20 
.380E*20 
.383E+20 
.385E+20 
.387E+20 
.389E+20 
.391E+20 
.393E+20 
.396E+20 
.398E+20 
.399E+20 
.400E+20 
.400E+20 
. 400E + 20 
.400E+20 
.400E*20 
.400E+20 
. 400E+20 
. 400£*20 
.400E+20 
.400E+20 
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radius RP = 0 ) , giving a penetration of 27 cm. The large pel let increases 

the electron density above the i n i t i a l values by as much as a factor of 

2 local ly . The corresponding large electron temperature reduction and 

the low i n i t i a l level of Tg combine to ensure that the ablation is 

dominated by the fast ion component. The ions are fu l l y stacked in this 

case, owing to the fact that the beam pulse length exceeds t^ (^10 ms) 

everywhere. 

The experimentally measured pel let l i fe t ime for this case varied 

between 320 and 360 us, which corresponds to a penetration range of 

29-32 cm. The model underestimates the penetration, but the agreement 

is sat isfactory, considering the many uncertainties in the fast ion 

population and the simplicity of the model chosen for the distr ibution 

function. (Charge exchange and bad orbi t losses have be?n neglected.) 
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5. CASE I I - TFTR 

TFTR represents an Interesting challenge for pellet Injection. The 

electron temperature and injection power are high, and the beam voltage 

is 120 kV. These effects combine to give levels of fa t ion densities 

and energies that have not been approached present experiments. 

Tritium pellet injection into sur.h discharges has been proposed8-9 

primarily as a means to minimize the tritium inventory in the device and 

to enhance the neutron power output. In this section we consider the 

scenario described by Singer:9 injection of a large (2.5-mm-d1am) 

tritium pellet. Into a 55-cm-bore, precompresslon TFTR plasma that has 

been heated by 33.5 MW of deuterium neutral beam Injection. The pellet 

velocity was assumed to be 2 km/s, which 1s a modest extrapolation of 

the present state of the art for hydrogen gun-type injectors (1.4 km/s).10 

The conditions for the calculation are given in Table 3, and the results 

are presented in Table 4. The predicted penetration for this example is 

21 cm, giving an inverted postpellet density profile. At its deepest 

penetration the pellet experiences an electron temperature of 2 keV, 

but the ablation 1s primarily driven by the extraordinarily high levels 

of fast 1on density and energy (greater by factors of 10 and 3, 

respectively, than in the previous PDX exarrole). With the fast ion 

option suppressed, the penetration is 35 cm (in an actual experiment, 

the penetration would be far greater because in the absence of intense 

beam heating the electron temperatures would be very much lower). 

Accordingly, the penetration can be tailored by moving the pellet 

injection time with respect to the beam turnon or by ramping the beam 

power. I f pellet injection occurred at t < t f (^20 ms) into the beam 
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Table 3. TFTR conditions 

Neutral beam power (D° D+) 33.5 MW 
Injection energy E fo 120 keV 
Fraction at E f o; E fQ/2; EfQ/3 0.59 ; 0.22; 0.19 
Beam pulse 1.0 s 
Plasma minor radius, a 55 cm 
Plasma major radius, R 310 cm 
Central electron temperature 4290 ev 
Central electron density 6.4 X 1019 m-3 
Plasma atomic number 2.1 
Pellet species T2 

Pellet radius 1.25 mm 
Pellet speed 2,000-10,000 m/s 
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Table 4. TFTR simulation 

PELLET RADIUS- .00125 METERS 
VELOCITY- 2000. M/SEC 
MINOR RADIUS- 0 . 5 6 M 
MAJOR RADIUS- 3 . 1 0 M 
PELLET ATM. WEIGHT" 3 . 0 
PLASMA ATOMIC NO.- 2.1 
B E A M POWER(MW>- 33.5 
BEAM VOLTAGE(V>-120000. 
BEAM ATOMIC NO.- 2. 
B E A M PULSE(S > -1.000 

R N E 0 NF T E O 
0 .545 . 395E +19 . 1 6 0 E + 1 B 45 . 0 .535 . 11 B E - 2 P . 204E +1B 134 . 0 .525 . 197E + 2 0 - 2 2 1 E + 1 8 2 2 3 . 0 .515 . 2 4 2 E + 20 .211E+ 1 9 23. 0 . 506 . 2 7 5 E + 2 0 . 2 5 2 E + 1 9 4 2 7 . 0 .496 . 3 0 9 E + 2 0 .283E+ 1 9 53 2 . 0 . 4B5 . 342E+ 20 .306E +19 6 3 6 . 0 
0 
.476 . 3 7 5 E + 2 0 .324E+1 9 740. 0 

0 .455 . 4 0 4 E + 2 0 .508E + J9 0 4 8 . 0 .455 .4 2 0 E + 2 0 .553E +1 9 36 8 . 
0 .445 . 4 3 6 E + 2 0 .593E+ 1 9 10B9. 
0 .435 . 4 5 3 E + 2 0 .627E+ 1 9 1 209 . 
0 .425 .469E+2tf .657E +19 1330. 
0 .415 . 4 8 5 E + 2 0 .6B3E+1 9 i 450. 
0 . 405 . 4 9 6 E + 2 0 . B 0 8 E + 1 9 1569. 
0 . 395 . 5 0 6 E + 2 0 .841E +1 9 16B7. 
0 . 385 . 5 1 5 E + 2 0 871E+ 19 1805. 
0 .375 . 5 2 4 E + 2 0 . 8 9 8 E + 1 9 1923. 
0 .365 . 5 3 4 E + 2 0 .9Z3E+19 2041 . 
0 .355 • 5 4 3 E + 2 0 . 1 0 3 E + 2 0 2 1 5 5 . 
0 .345 . 5 4 9 E + 2 0 . 1 0 5 E + 2 0 2 * 5 7 . 0 .335 . 5 5 5 E + 20 . 1 0 7 E + 2 0 2 3 5 9 . 0 .325 • 561 E + 20 . 1 0 > E + 2 0 2461 . 0 .315 • 5 6 7 E + 2 0 . 1 1 1 E + 2 0 2 6 6 3 . 0 .306 . 5 7 3 E + 2 0 . 1 1 3 E + 2 0 2 6 6 5 . 0 .295 • 5 7 9 E + 2 0 . 1 2 7 E + 2 0 2754 . 
0 .265 . 5 8 5 6 + 2 0 . 1 2 8 E + 2 0 2 8 4 0 . 
0 .275 • 5 9 1 E + 2 0 . 1 2 9 E + 2 0 2 9 2 5 . 
0 .265 . 5 9 6 E + 2 0 . 1 3 1 E + 2 0 3 0 1 0 . 
0 .255 . 6 0 2 E + 2 0 . 1 3 2 E + 2 0 3 0 9 6 . 0 
0 
.245 . 6 0 7 E + 2 0 . 1 6 5 E + 2 0 3 1 7 8 . 0 

0 .235 .611E + 2 0 . 1 6 7 E + 2 0 3 2 4 9 . 
0 .226 . 6 1 6 E + 2 0 . 1 6 B E + 2 0 3 3 2 0 . 
0 
0 
.215 . 6 2 0 E + 2 0 . 1 6 9 E + Z 0 3 3 9 0 . 0 

0 .205 . 6 2 5 E + 2 0 . 1 7 0 E + 2 0 3461 . 
0 .195 • 6 2 9 E + 2 0 . 1 7 1 E + 2 0 3 6 3 2 . 
0 .185 . 6 3 3 E + 2 0 • 2 1 7 E + 2 0 3 5 B 7 . 
0 .175 . 6 3 7 E + 2 0 . 21BE + 2 0 3 6 3 6 . 
0 .165 . 6 4 0 E + 2 0 . 218E + 2 0 3 6 8 5 . 
0 .155 . 6 4 4 E + 2 0 . 219E + Z 0 3 7 3 4 . 
0, .145 • 6 4 8 E + 2 0 . 219E + 2 0 3783 . 
0. .135 . 6 5 2 E + 2 0 . J 5 3 E + Z 0 3 8 2 6 . 
0. .125 . 6 5 6 E + 2 0 . 2 5 2 E + 2 0 3 8 5 0 . 
0. .115 . 6 5 9 E + 2 0 . 2 5 2 E + 2 0 3 8 7 3 . 
0, . 105 . 6 6 3 E + 2 0 . 2 5 2 E + 2 0 3 8 9 7 . 
0. .095 . 6 6 6 E + 2 0 . 2 5 1 E + 2 0 3 9 2 0 . 
0. .065 . 6 7 0 E + 2 0 . 2 6 1 E + 2 0 3 9 4 4 . 
0. 0 7 6 . 6 6 7 E + 2 0 . 3 1 0 E + 2 0 3 9 9 6 . 
0. 0 6 5 . 6 6 1 E + 2 0 . 3 1 5 E + 2 0 4 0 5 8 . 
0. 0 5 5 . 6 5 5 E + 2 0 . 3 2 1 E + 2 0 4 1 2 0 , 
0. 0 4 6 . 6 S 0 E + 2 0 . 3 2 6 E + 2 0 4 1 8 2 . 
0. 0 3 6 . 6 4 4 E + Z 0 . 3 3 2 E + 2 0 4 2 4 4 . 
0. 0 2 5 • 6 4 0 E + 2 0 . 3 3 6 E + 2 0 4 2 9 0 . 
0. 0 1 5 . 6 4 0 E + 2 0 . 3 3 6 E + Z 0 4 2 9 0 . 
0. 006 . 6 4 0 E + 2 0 . 3 3 6 E + 2 0 4 2 9 0 . 

EF DN/DT RP NE 

12904. .B04E+24 0 .00125 .994E + i 9 
16506. . 126E + 25 0 .00126 •214E+20 
16689. .174E+25 0 .00124 .331E+20 
26587. . 44BE + 25 0 .00123 .590E+20 
28566 . 499E + 26 0 .00121 .670E+20 
30233. . 543E + 25 0 .00118 .744E+20 
31683. .570E+25 0 .00115 .808E+20 
32968. . 597E + 25 0 .00112 .871E+20 
35808. . 676E + 25 0 .00108 .973E+20 
37059. . 84E + 25 0 .00104 .100E+21 
38192. . 681E + 25 0 .00099 .103E+21 
39227. . 669E + 26 0 .00093 .104E+21 
40179. . 646E + 25 0 .00087 .104E+21 
41059. .607E+25 0 .00081 .103E+21 
43496. . 587E + 25 0 .0007 4 .102E+21 
44263. . 624E + 25 0 .00065 .971E+20 
449B1. •446E+25 0 .00056 .899E+20 
45654. .3S8E+25 0 .000it .805E+20 
462BB. .276E+25 0 .00031 .670E+20 
464 22. .636E+23 0 .00008 . 545E+20 
48919. .000E+00 0 .00000 .549E+20 
49392. .000E+00 0 .00000 . 555E + 20 
49843. .000E+00 0 .00000 • 561E + 20 
50273. •000E+00 0 .00000 .567E+20 
50686. .000E+00 0 .00000 .573E+20 
52381. .000E+00 0 .00000 .579E+20 
52702. .000E+00 0 .00000 .585E+20 
53011. .000E+00 0 .00000 .591E+20 
53310. .000E+00 0 .00000 .596E+20 
53599. .000E+00 0 .00000 .602E+20 
55185. •000E+00 0 .00000 .607E+20 
55410. .000E+00 0 .00000 .611E+20 
55629. .000E+00 0 .00000 .616E+20 
55841. .000E+00 0 .00000 .620E+20 
56048. .000E+00 0 .00000 .625E+20 
562S0. .000E+00 0 .00000 .629E+20 
57325. .000E+00 0 .00000 .633E+ 20 
57459. .000E+00 0 .00000 .637E+20 
57589. .000E+00 0 . 00000 .640E+20 
57718. .000E+00 0 .00000 .644E+20 
57844. .000E+00 0 .00000 .64BE+20 
58426. .000E+00 0 .00000 .652E+20 
58485. .000E+00 0 .00000 .656E+20 
58544. .000E+00 0 .00000 .659E+20 
58602. .0001*00 0 .00000 .663E+20 
58659. .000E+00 0 .00000 •666E+20 
58716. .000E+00 0 .00000 •670E+20 
59170. .000E+00 0 .00000 .667E+20 
59314. .000E+00 0 .00000 .661E+20 
59455. .000E+00 0 .00000 .656E+20 
59593. .000E+00 0 .00000 .650E+20 
59728. .0001*00 0 .00000 .644E+20 
59827. .0001*00 0 .00000 .640E+20 
59827. .000E+00 0 .00000 .640E+20 
59827. .000E+00 0 .00000 .000E+00 
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pulse, the electron temperatures and fast ion heat flux would both be 

reduced. Another possible method of enhancing the central region with 

tritium would be to inject a large, sacrificial pellet of deuterium, 

followed closely 1r, time by the tritium pellet The deuterium pellet 

would raise the plasma density 1n the edge region (the f irst 20 cm), 

which would thermal1ze the fast 1on component and reduce the electron 

temperature (the strong cooling due to dilution would probably exceed 

rethermalIzation from the slowing down of fast ions, as observed on 

1SX-B7). A careful analysis of these scenarios, which 1s outside the 

scope of this report, must await detailed transport code calculations. 

The alternative to these measures would be to increase the pellet 

speed to achieve central penetration. The results of a calculation for 

a pellet speed of 10 km/s are shown in Table 5. At this speed, the 

pellet penetrates to within a few centimeters of the minor axis, giving 

a centrally peaked density profile. Again, the optimal approach to this 

problem will depend not so much on these penetration calculations as on 

more elaborate calculations of the subsequent transport of the fuel and 

on further experimentation. 
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Table 5. TFTR simulation witn 10-km/s pellet speed 

P E L L E T R A D I U S - .00125 M E T E R S 
V E L O C I T V - 10000. M / S E C 
MINOR R A D I U S - 0 . B 5 H 
MAJOR R A D I U S - 3 . 1 0 M 
PE L L E T A T M . W E I G H T - 3 . 0 
PLA S M A A T O M I C NO.- 2.1 
BEAM P O W E R { M W ) - 33.5 
B E A M V O L T A G E ( V ) - 1 2 0 0 0 0 . 
B E A M A T O M I C NO.- 2. 
BEAM P U L S E I S ) - l . 0 0 0 

0 . 5 4 5 
0 . 5 3 5 
0 . 5 2 5 
0 . 5 1 5 
£ . 5 0 5 
0 . 4 9 5 
0. 485 
0 . 4 7 5 
0. 465 
0 . 4 5 5 
0. 445 
0 . 4 3 5 
0 . 4 2 5 
0 . 4 1 5 
0 . 4 0 5 
0 . 3 9 5 
0 . 3 8 5 
0 . 3 7 5 
0 . 3 S 5 
0 . 3 5 5 
0 . 3 4 5 
0 . 3 3 5 
0 . 3 2 5 
0 . 3 1 5 
0 . 3 0 5 
0 . 2 9 5 
0 . 2 8 5 
0 . 2 7 5 
0 . 2 5 5 
0 . 2 5 5 
0 . 2 4 5 
0 . 2 3 5 
0 . 2 2 5 
0 . 2 1 5 
0 . 2 0 5 
0. 195 
0. 185 
0 . 175 
0 . 165 
0 . 155 
0 . 1 4 5 
0. 135 
0. 125 
0 . 1 1 5 
0. 105 
0 . 0 9 5 
0 . 0 8 5 
0 . 0 7 5 
0 . 0 6 5 
0 . 0 5 S 
0 . 0 4 5 
0 . 0 3 5 0.02S 
0 . 0 1 5 
0 . 0 0 5 

NE0 
. 395E + 19 . I 18E+20 
. 1 9 7 E + 2 0 
. 242E + 20 
.275E+20 
.309E+20 
. 342E + .T0 
. 3 7 5 E + 2 0 
. 4 0 4 E + 2 0 
.4 2 0 E + 2 0 
. 4 3 6 E + 2 0 
. 4 5 3 E + 2 0 
. 4 6 9 E + 2 0 
. 4 8 5 E + 2 0 
.496E+20 
. 5 0 6 E + 2 0 
.515E+20 
.524E+20 
.534E+20 
.543E+20 
.549E+20 
.555E+20 .561E+20 
. 5 6 7 E + 2 0 
.573E+20 
.579E+20 
.585E+20 
.591E + 20 
. 5 9 6 E + 2 0 
.602E+20 
.607E+20 
. 6 1 1 E + 2 0 
.616E+20 
. 6 2 0 E + 2 0 
. 6 2 5 E + 2 0 
. 6 2 9 E + 2 0 
. 6 3 3 E + 2 0 
• 6 3 7 E + 2 0 
.S40E+20 
. 6 4 4 E + 2 0 
. 6 4 8 E + 2 0 
.652E 4 2 0 
. 6 5 6 E + 2 0 
• 6 5 9 E + 2 0 
. 6 6 3 E + 2 0 
. 6 6 6 E + 2 0 
. 6 7 0 E + 2 0 
. 6 6 7 E + 2 0 .66 IE+ 20 
. 6 5 5 E + 2 0 
. 6 6 0 E + 2 0 
. 6 4 4 E + 2 0 
.640E+20 
.640E+20 
. 6 4 0 E + 2 0 

NF TEO EF 

.160E*18 45. 12904. 

.204E+18 134. 16506. 

. 2 2 1 E * 1 8 223. 18689. 

.211E» 1 9 323. 2 6 5 8 7 . 

. 2 5 2 E M 9 427. 2 8 5 6 6 . 

. 283E+ 1 9 532. 3 0 2 3 3 . 

.306E+19 636. 3 1 6 8 3 . 

.324E+1g 740. 3 2 9 6 8 . 

. 5 0 8 E + 1 9 848. 3 5 8 0 8 . 
• 553E + 19 968. 3 7 0 5 9 . 
.S93E* 19 1089. 3 8 1 9 2 . 
.627E • 19 1209. 3 9 2 2 7 . 
. 6 5 7 E + 1 9 1330. 4 0 1 7 9 . 
.663E*19 1460. 4 1 0 5 9 . 
.808 E +19 1569. 4 3 4 9 6 . 
.841E+19 1687 . 4 4 2 6 3 . 
. 8 7 1 E • 1 9 1805. 44981 . 
.898E +19 1923. 4 5 6 5 4 . 
. 923E * 1 9 2041 . 4 6 2 8 8 . 
. 1 0 3 E + 2 0 2155. 4 8 4 2 2 . 
. 1 0 5 E + 2 0 2257. 4 8 9 1 9 . 
. 1 0 7 E + 2 0 2359. 4 9 3 9 2 . 
. 1 0 9 E + 2 0 2461 . 4 9 8 4 3 . 
. 1 1 1 E + 2 0 2563. 5 0 2 7 3 . 
. 1 1 3 E + 2 0 2665. 5 0 6 8 5 . 
. 1 2 7 E + 2 0 2754. 5 2 3 8 1 . 
. 1 2 8 E + 2 0 2 8 4 0 . 5 2 7 0 2 . 
. 1 2 9 E + 2 0 2925. 5 3 0 1 1 . 
. 1 3 1 E + 2 0 3010. 5 3 3 1 0 . 
. 1 3 2 E + 2 0 3096. 5 3 5 9 9 . 
. 1 6 5 E + 2 0 3 1 7 8 . 5 5 1 8 5 . 
. 1 6 7 E + 2 0 3249. 5 5 4 1 0 . 
. 1 6 8 E + 2 0 3320. 5 5 6 2 9 . 
. 1 6 9 E + 2 0 3390. 5 5 8 4 1 . 
. 1 7 0 E + Z 0 3461 . 5 6 0 4 8 . 
. 1 7 1 E + 2 0 3532. 56250. 
. 2 1 7 E + 2 0 3587. 5 7 3 2 5 . 
. 2 1 8 E + 2 0 3636. 5 7 4 5 9 . 
• 2 1 8 E + 2 0 3665. 5 7 5 8 9 . 
. 2 1 9 E + 2 0 3734. 5 7 7 1 8 . 
. 2 1 9 E + 2 0 37B3. 5 7 8 4 4 . 
. 2 5 3 E + 2 0 3826. 5 B 4 2 6 . 
. 2 5 2 E + 2 0 3850. 5 8 4 8 5 . 
. 2 5 2 E + 2 0 3873. 5 8 5 4 4 . 
. 2 5 2 E + 2 0 3897. 5 8 6 0 2 . 
.25 I E + 2 0 3920. 5 8 6 5 9 . 
. 2 5 1 E + 2 0 3944. 5 8 7 1 6 . 
. 3 1 0 E + 2 0 3996. 5 9 1 7 0 . 
• 3 1 5 E + 2 0 4058. 5 9 3 1 4 . 
. 3 2 1 E + 2 0 4 1 2 0 . S 9 4 5 5 . 
• 3 2 6 E + 2 0 4 1 8 2 . 5 9 5 9 3 . 
. 3 3 2 E + 2 0 4 2 4 4 . 5 9 7 2 8 . 
. 3 3 6 - + Z 0 4 2 9 0 . 5 9 B 2 7 . 
. 3 3 6 E + 2 0 4290. 5 9 8 2 7 . 
. 3 3 6 E + 2 0 4290. 5 9 8 2 7 . 

D N / D T 

8 1 6 E + 2 4 
131E+25 
181E+25 
4 6 3 E + 2 5 
5 2 9 E + 2 5 
5 8 8 E + 2 5 
6 4 2 E + 2 5 
6 8 7 E + 2 5 
8 0 7 E + 2 5 
8 5 7 E + 2 5 
9 0 2 E + 2 5 
9 4 6 E + 2 5 
9 8 6 E + 2 5 
100E+26 
107E+26 
109E+26 
111E+26 
113E+26 
114E+26 
118E+26 
119E + 26 
118E+26 
119E+26 
119E+26 
I 19E + 2S 
119E+26 
118E + 26 
II 7E + 23 
115E + 26 
1 13E + 26 
115E+26 
111E + 26 
109E+26 
107E+26 
103E+26 100E+26 
9 9 4 E + 2 5 
9 5 4 E + 2 5 
9 0 1 E + 2 5 
8 6 3 E + 2 5 
8 1 3E + 25 
7 7 7 E + 2 5 
7 2 4 E + 2 5 
6 6 1 E + 2 5 
6 0 5 E + 2 5 
5 4 5 E + 2 5 
4 8 1 E + 2 5 
433E+2B 
3 6 3 E + 2 5 
2 8 6 E + 2 5 
2 1 1 E + 2 5 
3 9 8 E + 2 4 
000E*00 
000E+00 
0 0 0 E + 0 0 

RP 

0.00125 0.00125 0.00125 
0.00126 0.00124 0.00124 0.00123 
0.00122 
0 .00122 
0.00121 
0.00120 0.00119 0.00118 0.00117 0.00116 0.00114 0.00113 
0.00112 
0.00110 0.00109 0.00107 0.^0106 0.00104 0.00102 0.00101 0.00099 0.00097 0.00095 0.00093 0.00091 0.00089 0.00087 0.00084 
0 . 0 0 0 8 2 0.00080 0.00077 0.00074 0.00072 0.00069 
0 . 0 0 0 6 6 0.00063 0.00059 0.00056 0.00053 0.00049 0.00045 0.00041 0.00036 0.00031 0.00025 0.00018 0.00009 
0.00000 
0.00000 
0.00000 

NE 

. 5 1 7 E + 1 9 

.138E*20 

. 2 2 5 E + 2 0 

.315E + 20 

.360E+20 

.405E+20 

. 449E + 20 

. 492E + 2 0 

. 5 4 5 E + 2 0 

. 5 7 3 E + 2 0 

.600E+20 

.628E+20 

.656E+20 

.680E+20 

.7095+20 

. 7 2 9 E + 2 0 

. 7 47E + 20 

. 7 6 6 E + 2 0 

. 785E + 20 

. 809E + 20 

. 8 2 6 E + 2 0 

. 839E + 20 

. 0 5 4 E + 2 0 .871E+20 
• 8 8 7 E + 2 0 .901E+20 
. 917E + 20 
. 9 3 0 E + 2 0 
. 9 4 3 E + 2 0 
. 9 5 6 E + 2 0 
. 979E + 20 
. 9 8 8 E + 2 0 
.100E+21 
.101E+21 
.102E+21 
.103E+21 
.106E+21 
.106E+21 
.107E+21 
.108E+21 
.108E+21 
.109E+21 
.110E+21 .110E+21 
.110E+21 
.109E+21 
.108E+21 
.107E+21 
.104E+21 
- 9 7 3 E + 2 0 
. 8 6 4 E + 2 0 
. 675E + 2 0 
. 6 4 0 E + 2 0 
. 64JCE + 20 .000E+00 
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6. CONCLUSIONS 

Although the algorithm presented 1s consistent with the previous 

treatment of ablation due to electrons alone and 1s in agreement with 

the single PDX result, i t is nevertheless provisional. The assumption 

of hydrodynamlc similarity, which was made in order to reformulate the 

scaling laws of the earlier treatment to account for the effects of fast 

ions, is basically untested. This question and others concerning the 

ion ablation model should be resolved 1n forthcoming experiments on the 

ISX-B and PDX devices. 
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