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ABSTRACT

A method is presented for calculating the evaporation rate of
hydrogenic pellets immersed in an unmagnetized plasma with a supra-
thermal particle component of arbitrary distribution function. The
computational procedure 1s based on hydrodynamic solutions for the
expansion of the gaseous cloud, obtained in 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 Divertor 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 injaction.



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 in a manner consistent with the methodology of an earlier
mode] that was developed to treat the ablation of hydrogenic pellets by
thermal electrons alone in an unmagnetized plasma.!-3 This new algo-
rithm retains the construct of the earlier version and the hydrodynamic
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 fons and
that the fast ion component is allowed to have an arbitrary distribution
function. The formalism is applicable to prnblems 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 Tukamék Fusion Test Reactor

(TFTR) is presented.
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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 muitiple elastic aﬁd inelastic collisions with
the dense hydrogen cloud. The electron motion through the gas is
treated as a monoenergetic beam subject to a continuous slowing-down
process that degrades the electron energy." Elastic collisions, which
are important at low energy (~100 eV), further reduce the h:at flux by
backscattering and conseouent removal of electrons from thc incident
particle flux. In the present treatment, fast ions are also allowed to
impact the cloud, and their motion through the gaseous medium is
similarly described by the continuous slowing-down approximation (elastic
scattering is neglected). The energy lost in the collisious is treated
as heat in the hydrodynamic equations that describe the expansion of the
gas in terms of the Mach number M and the normalized density 5 and

radius r as

dr |~3
-—2! eqerp(y - 1)p3F6M3(yM2Z + 1)
|

dr 2 \og dt
- E—M(l +I;lr-12) , (1)
r 2
a2 ~
4 (sre)-1 + = eip)r =0, (2)
dr v dF



where the mass density and radius are normalized to their respective
values at the pellet surface (pp. rp). Here v is the gas specific heat
ratfo (7/5), Pe is the pellet mass density, drp/dt is the surface
recession rate, and q (eVes-l.kg=1) 1s the rate of heat deposition in

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

dEe P
ar = m Le(Ee) (ev'm-l) ’ (3)

where m is the molecular mass of the cloud, Ee is the electron energy
(in electron volts), and Le(Ee) is the stopping power for incident
electrons. If we assume that the electron flux is a monoenergetic beam
(Ee = 3/2Te) and th~t elastic scattering is negligible (i.e., J_ =

e
particle flux = constant), then the heating term can be written as

] 1 dE L,(Eg)

= — . 3 X — e: -
% " o v (EeJe) o Je I = e

— (eVes=l.kg~l) . (4)

For electron energies between 10 eV and 2 keV, the stopping power varies
py a facton i 4, but the variation is slow in comparizon to the rapid
changes in the fluid parameters in ceneral and the density in particular.
This was the justification for the assumption of uniform heating in

Ref. 3. Given the premise of uniform q , inspection of Egs. (1) and (2)
reveals that the flow field is determined uniquely by the dimensionless

parameter



dr_|-3
EEE de"p - (8)

A

From the numerical solutions of Ref. 3, the shape factor {m o dr was

found to vary as

[ ¢f = (1.2501/3)1, (6)

which results in a 1inear relationship between the surface recession

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

plasma,
dr ].25(1*-] )1/3[00 ) -
H_R = —\—5—eq.r p dr (m/s) - 7
t rpps 2 ep rp

In the discussion that follows we assume that the hydrodynamic solutions
are unchanged when additional heat sources are considered. We merely
repiace q, in Eq. (7) with an applicable heat source term.

The energy balance requirement at the pellet surface provides a
relationship between the heat flux (er) at the pellet and the evapo-

ration rate,

dr Q. A

—P-_€pe | (8)
dt 4nr§Aps

where A (eV-kg~!) is the heat of evaporation and A, is the effective

cross section for interception of the plasma electrons (an% for a

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



the column density of mass and the plasma heat flux through the relaiion-
ships that describe the 1oss of energy of penétratlng electrons. This
is treated as a two-step process. Electrons in the incident "beam"
suffer inelastic collisions without loss of flux down to some inter-
medfate energy E; (taken to be 20 eV). At lower energies, elastic
scattering and consequent particle removal are included in the descrip-
tion of the slowing-down process.

Following Heaps,” we write the energy flux er at the pellet
surface in terms of the flux at the position in the cloud where the
energy is equal to E; and the integrated mass in the interval between

the two locations,

er ) C+1 (9)
- ag r* ’
Q; C+ exp(E— /. 0 dr)
"p

where C is a constant of order unity and ag = 2 x 10720 m~2 is a cross
section with a value dependent on E;. The integral is written in terms

of the total column density:

o oo

r*
/ p dr = ]’ p dr - ]. p dr (kgem~2) . (10)
"o "o r*

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.“ to evaluate the second integral in Eq. (10); that is,



fmod“f"feocg;%g, (1)

where Le(Ee) = (2.35 x 1018 + 4 x 1015Ee + 2 x 1021E;2)'1. With this

result, the expression for the column density becomes

m eo dE
jnp dr = —n [(C + 1) - ] +m ]. (12)

e

The ablation rate drp/dt follows from solving the system of Eqs. (7),
(8), and (12). The authors of Ref. 3 used an average Le(Ee) to evaluate
e 1n Egs. (4) and (7) and took for Q3 the expression from simple
kinetic theory Q; = ZJeo X T;, where T; = 2/3E; and Jeo = (Necé/4)o is
the particle flux of the background plasma (Ne is the electron number

density and E; is the mean thermal speed).



3. GENERALIZED MODEL

The model can now be generalized to include additional heat source
terms, although we restrict the analysis to fast ions in general and to
those produced by neutral beam injection in particular. We develop
appropriate expressions for the heating term in Eq. (1), the surface
heat flux in Eq. (8), and the slowing-down function for ions that is
analogous to Eq. (3). Owing to differences in the stopping power of the
cloud for ions and electrons, the condition for uniform g 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 is equal to the ratio of the power
dissipated in the column of gas between pellet and plasma to the corre-
sponding column mass,

q=[qedm+]qfdm’ (]3)

[ dn

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

fast ions. 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 in

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

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

E

] eo
]-qe dn  Jgq E dEg  Jgq(Egq - Eep)
= <P = (14)

| dm [odr [oar




where Eep 1s taken to be either the energy of electrons that impact the
surface (1f they have sufficient energy to peretrate the cloud) or E;
(1f they are stopped outside the surface) as determined by solving

Eq. (3).

For energetic ions we cannot write simpl. expressions for q¢ Or
the surface heat flux pr because the ocity dictribution function
f(v) 1s non-Maxwellian and time-dependent, as determined by the slowing-
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),

STS

—— for V > V(t)
f(v) = 4n(V + VC)

, (15)
0 for V < V(t)

where 1 [= 0.12M1Te0(keV)‘-S/Neo(1019m‘3)] is the fon-electron momentum
exchange time and V(t) is the lower velocity 1imit for the distribution
function, defined in terms of the time t after the sonurce is applied as

-3t/

S 3 3y . y3
e (V0 + Vc) '

V(t)? 3,

(16)

-

0 for to> g = 35 en (1 + vg/vg) .

[}

V(t)

In Eq. (16), V, is the velocity at which ions are injected (VQEE;;-mf),
and VC is the critical velocity at which they preferentially slow down
on plasma ions (Vé = 25.6eTeoM52/3mg1). Here m¢ and myy refer to the
fast ion and proton mass, Mp is the plasma atomic number, and Efo i< the



injection energy. As defined above, the distribution function evolves
in time up to t = Tes and consequently the ablation rate will essen-
tially be independent of time for t > Tge The usual moments of the
distribution function (Nf, <Ef>) 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 Qfo and the residual ion heat flux

at the pellet surface pr. The former is given by

v
o} n/2 n
Qg (eVes™iem™?) = % J;(t) % meVSE(V) dV j- cos ¢ sin ¢ d¢./
0 0
St V3 4+ y3 (17)
= -—é-mf vy - V(t)4] - V2 in -° __c
12e v(t)? + Vé

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

VJ
. s .[ —_— V. (18)
2e  “V(t) 2 'p Vi+ vl

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

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

dEf [o]
a = LelEe) 5 s (19)

where Lf(Ef) = afE$°“ and ag = 1.93 x 10°%0 for ion energies less than
50 keV (Ref. 6). Integrating Eq. (19) gives the desired relationship

between Vp and V in terms of the line density f o dr. It follows that



v

Q - - p d‘ dv [ 20

where the integration is performed only over the region where the
integrand is positive (i.e., only for fast ions 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 it is understood that all three
energy components are included in the ion heat flux terms.

We can now complete the expression for q,

Je(Egy - Eep) + O - Oy .

/pdr‘ fpdr‘

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

q = (21)

pellet surface becomes

dfp _ erAe + prAf , (22)
dt 4nrglps

where Af = 4rr§ is the pellet area exposed to the fast ion 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 [(Y -1) ]1/3
P - eqr o dr , (23)
dt oPs 2 p /




N

and by Eq. (12), which relates er to the known Qg and the column

density,
foar=3 [( 0§ C] L% 5 (24)
pdr = — an |(C + = - +m . 2
% Qep E* LelEq

The system is solved by numerical iteration.
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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 ion 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 in 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 it has been found
that this interaction effectively reduces the electron temperature
encountered by the pellet and considerably lengthens the peilet 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

;Ih the tables R = plasma radius (m), NEO = prepellet plasma density
(m=3), 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 = pellet radius (m), NE = postpellet plasma density (m=3).
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Table 1. PDX conditions

Neutral beam power (D% + D*)
Injection energy, Efo
Fraction at E¢ 5 Eg /25 Ec /3
Beam pulse

Plasma minor radius, a
Plasma major radius, R
Central electron temperature
Central density

Plasma atomic number

Pellet species

Pellet radius

Pellet atomic content

Pellet speed

1.1 MW absorbed
50 keV

0.45; 0.30; 0.25
0.030 s

45 cm

138 cm

1100 eV

4 x 1019 3
2.1

H>

0.85 mm

1.35 x 1020

900 m/s
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PDX simulation
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radius RP = 0), giving a penetration of 27 cm. The large pellet increases
the electron density above the initial values by as much as a factor of

2 locally. The corresponding large electron temperature reduction and

the Tow initial level of Te combine to ensure that the ablation is
dominated by the fast ion component. The ions are fully stacked in this
case, owing to the fact that the beam pulse length exceeds t (~10 ms)
everywhere.

The experimentally measured pellet lifetime 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 satisfactory, considering the many uncertainties in the fast ion
populaticn and the simplicity of the model chosen for the distribution

function. (Charge exchange and bad orbit losses have been neglected.)



16

5. CASE II — TFTR

TFTR represents an interesting challenge for pellet injection. The
electron temperature and injection power are high, and the beam /ultage
is 120 kV. These effects combine to give levels of fa-t ion densities
and energies that have not been approached ;n present experiments.
Tritium pellet injection into such discharges has been proposed®:.?
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:2 injection of a large (2.5-mm-diam)
tritium pellet intn a 55-cm-bore, precompression 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 is 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 is primarily driven by the extraordinarily high levels
of fast ion density and energy (greater by factors of 10 and 3,
respectively, than in the previous PDX examole). 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. If pellet injection occurred at t < 1. (~20 ms) into the beam
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Table 3. TFTR conditions

Neutral beam power (DO + D*) 33.5 MW
Injection energy Efo 120 keV
Fraction at Ec s Efo/Z; Ef°/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 1012 m=3
Plasma atomic number 2.1

Pellet species T,

Pellet radius 1.25 mm

Pellet speed 2,000~10,000 m/s




Table 4,
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TFTR simulation
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pulse, the electron temperatures and fast fon 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 1ir. time by the tritium pellet The deuterium pellet
would raise the plasma density in the edge region (the first 20 cm),
which would thermalize the fast ion 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
ISX-B7). A careful analysis of these scenarios, which is 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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6. CONCLUSIONS

Although the algorithm presented is consistent with the previous
treatment of ablation due to electrons alone and is 1n agreement with
the single PDX result, it is nevertheless provisional. The assumption
of hydrodynamic similarity, which was made in order to reformulate the
scaling laws of the earlier treatment to account for the effects of fast
jons, is basically untested. This question and others concerning the

ion ablation model should be resolved in forthcoming experiments on the
ISX-B and PDX devices.
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