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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 Maxwellian 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 plasma shield. Unlike electrons, fast ions can enter the neutral shield directly without
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 ablation
rate unless their population exceeds that expected from local clagsical thermalization. Fast
beam ions, however, may enhance ablation in the plasma periphery if their population is high
enough. Seclf-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.

vii






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 process is helpful
for understanding present experiments and is crucial for planning new experiments and de-
termining pellet injector 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 and computational assumptions
have heen made in computer adaptations of the model, sertous questions have remained
about the accuracy of predictions concerning pellet penetration in higher-temperature,
lower-collisionality plasmas. Enhanced ablation by fast ions from auxiliary heating or by
fast alphas from deuterium-tritium (I)-T) fusion reactions is also an effect that needs to be
quantified.

The Parks-Turnbull-Foster [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 fuli treatment of the hydrodynamic equations for the gas
shield, The distinguishing feature of the Milora-Foster model is the use of an empirical
relationship between the electron energy flux incident on the neutral shicld and the line-
integrated neutral density in the shield. 'Vhis empirical relationship was obtained from full
solutions to the hydrodynamic equations for spherical expansion of the neutral gas under
conditions of uniform volumetric heating by the incideut electrons. Detailed information
about the radial structure of the neutral gas shield is sacrificed for computational efficiency,
but the net pellet ablation rate is the same. Both models assume only incident electrons
with a monoenergetic distribution to simplify the evaluation of the energy flux to the pellet
surface from the electron-stopping cross sections in neutral hydrogen gas.

Milora [5] proposed extending the Milora-Foster model by including energy fluxes from
fast ions and alphas in the empirical relationship for the neutral cloud solution and evaluat-
ing the additional energy Auxes to the pellet surface from hydrogen and alpha-stopping cross
sections in the neutral shield. The results were at least in qualitative agreement with ISX-B
observations of enhanced ablation during neutral beam injection heating [6]. Nakamura et
al. [7] used Milora’s arguments for including {ast jions to extend the Parks-Turnbull-Foster
treatment of the hydrodynamic equations. They found that the uniform heating approxi-
mation is valid except when the range of electrons in the nentral cloud is much shorter than
that of the fast ions while the incident energy fluxes are comparable (T, < L keV), that is,
when a large amount of the electron energy is deposited on the surace of the neutral clond.
This nonuniform heating, however, may be attributable in part to treating the incident elec-
tron and ion distributions as monvenergetic; a full treatment of these distribution functions
would tend to smear out the heating.

None of these models takes into account the enhanced shielding that occurs when the
ablatant becomes ionized and constrained to How in a tube along the magnetic field. Kauf-
mann et al. [8] used a single-velocity, two-temperature, partially ionized, compressible,
ideal-gas approximation to describe the flow of ionized ablatant along the magnetic field
lines. The critical element in the model is in obtaining the flow of electron energy through
the ionized ablatant. A conduction model was nsed that treated ablatant electrons and
plasmna electrons as a single, continuous fluid. This resulted in very effective shielding with
ablation rates reduced by an order of magnitude from the the neutral 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 by the magnetic field and therefore must
penetrate both the ionized and neutral shields. Fast ions with their large gyroradii may
directly enter the neutral cloud normal to the magnetic field.

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

Qur work uses the Milora-Foster neutral shielding model as a starting point (i.e., we use
the uniform heating approximation for nentral shield solution). We extend the treatment
of incident plasma electrons from a monoenergetic distribution to a multiple energy group
formulation, and we include fast ions in a similar way. This multigroup treatment of the
incident plasma distribution functions allows incorporation of “self-limiting” ablation in the
collisionless plasma limit. By self-limiting ablation we mean any reduction in ablation caused
by a finite plasma; the electron-electron collision timescale in the plasma is typically longer
than the time for a pellet to cross a magnetic surface, so a collisionless model is appropriate
for present experiments. Once the neutral gas becomes ionized, it is constrained to flow
along the magnetic field, increasing the shielding for incident electrons, as illustrated in
Fig. 1. The inclusion of the plasma shield is similar to the treatment by Kanfmann et al.
[8], except that we model the flow of electron energy through the ionized and neutral shields
in a convective energy flux limit rather than a conductive (Spitzer-Harm) limit. These
physics enhanceiments are made to the neutral shielding model while still maintaining a
computationally efficient model for analyzing experimental results.

The basic equations governing the neutral shield are reviewed in Section 2 and then
expanded in Section 3 to include a cold plasma shield extending along the magnetic field.
The plasma electron and fast ion distributions are presented in Section 4, and the relevant
timescales for depletion of energetic particles for self-limiting ablation in the collisionless
limit are evaluated in Section 5. Computational techniques for solving the extended set of
equations are given in Section 6, and the effects of varinus physical extensions of the mode!
are evaluated in Section 7.



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 surrounding the pellet includes an energy balance at
the pellet surface (assumed to be spherical for computational simplicity even though it is
typically a cylinder of nominally equal length and diameter) [3,4]

(%’) N = = ATnl(4nri)i, = dxrlQP (1)
where A™ is the molecular heat of sublimation, N is the atomic ablation rate at the pellet
surface, n™ is the molecular density of the solid, =, is the pellet radins, and QF is ihe
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 be
the case for very energetic particles (e.g., runaway electrons). The molecular densities of
solid (Hy, D2, Ta) are (2.63, 2.98, 3.15) x 10 m~#, and the heats of sublimation are
(10.7, 15.2, 17.5) x 10 ®keV at their respective triple points [9]. The solution is not
sensitive to A" when it is much smaller than the energy of the incident plasma electrons
[4]; throughout this work, AT = 10" % keV.

Hydrodynamic solutions of the neutral cloud expansion involve mass, momentum, and
energy balances. A fit to the solution obtained for uniform heating by electrons in the
neuntral cloud is given by [4]

M ndi 1 1/3
Tp = ._,1_25‘1\:: v [qorp('r )]

2rpny

(2)
where q° is the net energy flux normalized to the line-integrated density in the neutral cloud,

0. (@7-07) 3
2A4pm,, f7 7 nedl @)

fil

g

¥ = 7/5 is the ratio of specific heats for hydrogen gas, m, is the mass of a proton, 4, is the
atomic mass number of the pellet species, @7 is the incident energy flux averaged over the
surface of the neutral cloud, n° is the atomic density in the neutral cloud, r, is the radins
of the neutral cloud, and the integral represents the line-integrated density of the neutral
cloud. All units are in mks except temperatures and energies, which are in keV except
where the Boltzmann constant k is used to imply that k7 is in joules.

Equations (1) and (2) can be combined to eliminate 7, leaving a single equation involv-
ing QF, Q°, and fr'; nodl. The following analysis shows how Q° is determined by the plasma
conditions and how QP is related to (J° through f:; " 1°dl to complete the set of equations.

First, consider incident particles of arbitrary energy (the distribution of incident energies
is discussed in Section 4). Consider the energetic clectrons and ions from the plasma to be
test particles that are degraded in energy by collisions with the target. The stopping cross
section, o, is defined such that

-- e (17 (/l)

where n is the target density, { is the path length, and ¥ is the test particle energy.
For electrons above a critical energy, £, ~ 0.1keV, a fit to experimental measurerments
of the stopping cross section in molecular hydrogen is given by [4]

(s}

1 2
Fg = e 1 keV felectron 5
273} JI' ﬂ'e.?Ee / ( )



where ¢, = 4.7x10%! and a,» = 8.0x 102!, A term that is important only below 0.1 keV has
been dropped from the expression of Ref. {4] to permit an analytic solution for the energy
of an electron at the pellet surface in terms of its energy at the meutral cloud surface.
Substituting Fq. (5} into Eq. (4) and integrating with the boundary conditions E.(r,) = E?
and E.(rp) = EP gives

an(Bg - BY) + "B - BP) = f " nedi (6)

r

which can be solved for E7 in terms of the initial energy and line-integrated density in the

neutral cloud, o . . :
. . 2 9 To
P @1 4 (a_‘_; 4 Eg) - f nedl (7)
Aen Qo2 Qg3

Tp

Equation (7) is valid up to a line-integrated density that reduces EP below B

To T g T2 *
/ nedl < f ndl = a (B2 - B7) + "B - B (8)
Tp T
The total energy flux in this convective flow regime is proportional to the particle energy and
the incident particle flux (which is constant in steady state to avoid particle accumulation);
thus,
EP

Q2 - 0 )

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]

= C+1
_ , 1
Qe C+ exp{ae(f:; nedl - [ nedl) /2] (10)

T

: (11)

where a, = 1.8 x 10 ?* m? /molecule is the elastic scattering coefficient and C is a constant
of order unity; we use €' == 2.

An effective stopping cross section in the elastic scattering regime can be defined from
Eq. (10) with rp, — »

o o P dQ. (12)

The stopping cross sections of Eqs. (5) and (12} are shown in Fig. 2; the fits for the two
regimes cross at 0.075keV, but we use 0.1 keV for the transition.

If plasma ions are ignored in the ablation process, electrons are taken as monoenergetic,
and there is no additional shielding by a cold, dense plasma outside the neutral cloud, the
ablation problem is fully specified and equations can be solved directly [4]. The incident
energy for a Maxwellian distribution is £ = 37,./2, and the effective one-sided energy flux
incident on the neutral cloud is

Q. 11 (., ) n, T, '8k’l;)1/2
C o - = ED oo
de 2 23( 4 ¢ 4 (Tl"!’ne (13)
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Figure 2: Stopping cross sections for electrons, hydrogenic ions, and helinm ions.  Solid
curves represent experimental data for stopping in hydrogen gas, lc)ng—dashed curves are
fits to the experimental data, and short-dashed curves are theoretical values for Coulomb
stopping in a cold electron plasma. :



where the factor of 2 for the effective Alux arises from the fact that electrons are constrained
to flow along the magnetic field lines; the surface area normal to the electron flow is only
half of the total surface area of the neutral cloud. The incident particle and energy 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 summing the fast ion and electron
energy fluxes (5]

Q = Qe + Qi s QQ_ (14)

where contributions from fast alphas have also been included.

The stopping cross section for hydrogenic ions in neutral hydrogen [11] can be approxi-
mated by

o
a;

~ 1 2

S ai /v En + o m” keV /atom (15}
where a;; = 61.86 x 10%°, a;5 = 6.658 x 10°, and Ej = E;/A; keV is the energy per nucleon
of the energetic ion. Both the data of Ref. [11] and the fit of Eq. (15) are shown in Fig. 2.
The fit is valid in the range of 10 < Ej, < 60keV, which is appropriate for most current
neutral beam injection experiments. Above 60keV per nucleon, the fitted cross section is
too large and underestimates the effect of beam ions. Below 10keV per nucleon, no data are
available, but the cross section should scale as \/F), as in the fitted expression. Integrating
Eq. (4) over the cross section given in Eq. (15) and then solving for E? in terms of £ and
the line-integrated density of the neutral cloud yields

ET = (-1 +V1+e) (16)
2 /E? (B = [["n°dla;)
e oML e 1T
b b2
- ai v Ai
@2

The stopping cross section for energetic helium in neutral hydrogen [11] is approximated
by :
0% = ao1(Fyet )*" m* keV /atom (17)

where ag; = 1.01 x 10722, a4y = 0.325, and Fye — E.(4/4,) keV is the effective energy
for He* so the expression is applicable to energetic He® in minority ion cyclotron resonance
heating (ICRH) experiments. The range data of Ref. [11] are converted to a stopping cross
section by 1/¢ = n(dR/dE) with the derivative evaluated from a spline fit to the range data.
Figure 2 shows both the data {the oscillations are due to differentiation of the data) and
the fit of Eq. (17). The fit is valid in the range 50keV < Fy . < 2MeV. Above 2MeV the
fitted cross section is too large and therefore overestimates the eflectiveness of the neutral
shield. Substituting Eq. (17) into Eq. (4) and integrating gives

1/‘( i Wft,r:)
} (18)

EP — Eg(l—-ﬂ-uz) (1 = ag2)ag / ’ ndl

r

The expressions for ¢f and of have been chosen such that Fq. (1) can be integrated
and then solved analytically for the energy at the pellet surface in terms of the energy
incident on the cloud. In extending the range of the fits, it wonld be desirable—from a
computational standpoint— to rnaintain this analytic relationship.



3 THE COLD PLASMA SHIELD

Once the ablated hydrogen becomes ionized, it is constrained to flow along the magnetic
field lines where it offers additional shielding. In the case of electrens {whose gyro-orbits
are much smaller than the pellet and therefore closely follow 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 the plasma electrous and fast ions as test particles
incident on the cold plasma target, use the free-streaming limit for the test particle current,
and use Coulomb scattering to reduce the energy of the incident particles.

Assume that the ablatani makes a transition from nominally spherical flow to flow along
the magnetic field at the effective ionization radius 7,. In steady state (on the timescale of
the neutral cloud forination), the rate of ablation at the pellet surface, N, is equal to the
outgoing plasma flux times the cross-sectional area of the tube

N = nto(2rr?) ' (19)

where v is the streaming velocity of the cold plasma, nt is its density, and the factor of 2
arises from the flow in both directions away from the pellet. Taking a tube with a constant
cross section, using v == dl/df, and integrating over time and distance along the tube yields
an expression for the line-integrated density of the cold, dense plasmna,

o N
[ 71+ dl e (20}

Y ALl

where v, is the pellet velocity, and the time required for the neutral cloud to cross a flux

surface,
2r,
Tpo = (21)
Up
has been used for the time interval.
Converting the expression for energy relaxation by Coulomb scattering on a cold target

to a stopping cross section gives

9 2 2 172
Ty = 1078 (:%':) %é‘;‘iﬁ)};uﬁ m* keV /particle (22)

where a denotes the incidenl energetic particles, b is the target particles, and A, is the
Coulomb logarithm. The subscripts a and b apply to either ions or electrons. From the
mass dependence, it can be seen that the cold electrons in the outflowing cold plasina are
primarily respounsible for the energy degradation of the incident ions and electrons. When
Agp 22 10 is used, the Coulomb stopping cross sections match onto the experimental valnes
of stopping cross sections {or electrons, hydrogenic ions, and alphas at very high energies, as
shown in Fig. 2. In other words, at high enough incident particle energies, it does not matter
whether the electrons in the target are free or bound--—-Coulomb relaxation predominates.

'The Coulomb stopping cross section can be used in Eq. (4) to obtain analytic expressions
for the energies of electrons, fast ions, and alphas entering the neutral cloud aleng the
magnetic field lines in terms of their energies in the bulk plasma. Letting oy = Cu/ B,
gives

0 - Bt 20w [ ntdl (23)



where F, is the energy incident on the ionized cloud and £2 is the emergy incident on
the neutral cloud. The Coulomb stopping cross sections for ions and alphas in the energy
ranges of interest 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 fleld. However, the gyro-orbits of fast ions and
alphas are much larger than the ionization radius so they can directly enter the neutral
cloud normal to the magnetic field. Thus, it is possible to approximate the effective fast ion
and alpha energy fluxes to the neutral clonud as

~o Qi,a

= (21)

where the factor of 2 arises from considering the component of the 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

go = Qc B

¢ 2 E,
where the factor of 2 in this case comes from the constraint that electrons enter only along
the ficld lines. The energy flux incident on the cold plasma, @}, is the one-sided enérgy
flux in the unperturbed plasma unless finite plasma corrections (self-limiting ablation) are
required; this is discussed further in Section 5.

Equations (20) and (23)-(25) allow us to obtain values of the fluxes incident on the
neutral cloud in terms of the external plasma parameters if the effective neutral cloud radius
is known. The ionization radius can be obtained from a full solution of the hydrodynamic
equations with the appropriate atomic physics included, but that is beyond the level of
the current model. A simpler alternative is to apply a maecroscopic energy balance on the
neutral cloud, matching the incident energy flux over the surface to the power required to
ionize the ablatant

(25)

NE;W = Qo4ﬁi‘g (26)

We have not been successful in obtaining a stable computational scheme that gives reliable
results when this equation is included; the solution tends to collapse toward r, == 0 where
a very small level of ablation supports a large line density in a narrow, cold plasma tube.
Clearly, a constraint is needed to maintain the effective ionization radius greater than the
pellet radius.

Other alternatives are to use the results of a more complete model for cloud expansion
that includes the requusite atomic physics for evaluating the eflfective ionization radius or to
use direct experimental measurements of the ionization radius. Kaufmann et al. [8] used the
empirical approximation », = 2.br, drawn from the critical radins of Parks [12], which gives
7, = bmm for ASDEX pellet injection conditions. Calculations were perforimed over the
range of 1.7 < 7, < 5.6 mm. Holographic interferometry of pellets in ISX-B showed strong
discontinuities in the electron density preceding and following the pellet (normal to the
magpetic field) at a distance of 0.1--0.2mm from the pellet surface [13]. The discontinuity

was interpreted as being caused by a T < B foree lirniting the cross-field expansion and
indicates significant ionization. The free clectron density in the region of high neutral
hydrogen density also appeared to be anomalously high. Mecasurements of H, and Hg
emission on PLT by McNeill et al. {14} were interpreted as indicating an emission volume
of ~ 1.8 cm® Assuming a spherical expansion, this leads to a spherical shell of 7, = 2cm
and thickness = 0.36 mm. Similar measurements by the TFR Group {15] along with the



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 =~ 7mm 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 {or the ionization radius: fixing the ionization radius
and fixing the thickness of the neutral shield. From preliminary tests of the model against
JET data [16,17] and noting the variability of pellet size (from experiment to experiment
and also during the ablation process itself), the option of a fixed thickness is preferable,

e = Tp+ A, (27)
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4 ELECTRON AND FAST ION DISTRIBUTIONS

The plasma electrons are assumed to have a Maxwellian distribution at the ambient
density and temperature before the pellet is injected. The one-sided energy flux for a

Maxwellian is given by
4 b
Qe == 3JeEf (28)

where B, = 37./2 is the average electron energy, J, = n.%. /4 is the random particle flux
integrated over one side of the distribution, and @, = (8kT,/7m.)"/* is the mean velocity.
Now break up the distribution into energy gronps. Let = v/v¢., where v, = (2k'l"efmﬂ)1/2;
then the normalized density, average electron energy, and one-sided energy flux in the
interval ;42 < 2 < z; are

Ties 2 ' o
g = = | e ert(e) (29)
@541
. B, 1 L a? N
Yej E; < A [ 5\7?(43?3 +6z)e™” + erf(m)] (30)
Tit+1
R QPJ . . 1:4) _;,.2 Ty
- = [1+z"+ " e 7 31
Q ¥ Qe 2 n ( )

For N. energy groups, the z; can be chosen so that Qej = 1/ N, (i-e., each group has equal
weight in the energy balance). These values of z; can then be used to evaluate the energy
weighting for each group, E‘ej, for use in the energy flux attenuation through the ionized and
neutral clouds. The choice of one group reduces the model to the original monocenergetic
electron model.

Under some operating conditions in tokarnak experiments, nonthermal electron distribu-
tions lead to enhanced pellet ablation. Runaway electrons have been shown to be important
in several experiments---the more detailed of these observations have been on ISX-B [6] and
TFTR [18]. Lower hybrid wave heating experiments on Alcator-C have shown a large pop-
ulation of nonthermal electrons with tail temperatures in the range of 30-100keV and have
exhibited reduced pellet penectration {19]. It is possible to incorporate an additional class of
electrons for modeling the effects of nonthermal electrons. However, a model for the energy
and spatial distributions of these electrons is a nontrivial development; relativistic effects
may become important in evaluating energy degradation by the cloud, and deep penetration
to the pellet interior by a few very energetic electrons may result in bulk heating or pellet
break-up rather than surface erosion. The runaway electron tail may not be relevant to pel-
let fueling of reactor plasmas, but non-ohmically driven current may lead to an enhanced
electron tail that could be important in evaluating pellet penetration.

For fast hydrogenic ions and alpha particles, a set of energy gronp boundaries, Ej:j;
and the ion density in each energy interval, ny;, are sufficient specifications along with
the number of groups, Ny. This is compatible with information available in many plasma
transport analysis codes from either a time-dependent or a steady-state solution of the
Fokker-Planck equation. We present here an example of how the group structure and
density can be set up for a steady-state approximation following the multigroup method of
Ref. [20] for solving the slowing down problem; we use this procedure in evaluating the fast
ion ablation rates in Section T.
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Let the total source strength of particles at energy Ey, be P; watts integrated over the
plasma. The source profile can be characterized by a profile shape factor H{r), which is
normalized to the total plasma volume, V), as

1
Hy(r)dv =1
v, L,, #r) (32)

Then the population in the highest-energy group, allowing for charge-exchange loss of hy-
drogenic ions, is
He(r}P
Ny = o )Py - (33)

For lower-energy groups, the population depends on the thermalization loss from the higher-
energy group, rather than on the initial source strength at Ey,,
g 1

S (34)
Tfaj—1 (TCfE} + Tfa'lj)

fj =

The group charge-exchange rate is determined by the background neutral hydrogen density,
n,, and the charge-exchange cross section evaluated at the velocity of the encrgetic fast
hydrogen ion,

T:le = N0V erj {35)

The time needed to slow down through velocity interval § is
b y3 .3
(Ufj) + vg

Tf,j - 7":);.5 11} [—ﬁ""' ] (36)

(U?'J‘-H )24 v

where Uf}j = (QkE’}j/mf)l/z is the upper boundary of interval j and 14, is the energy
relaxation time on clectrons,

o AVEm e 1
fo 3 my  (dwe,)? (kT,)3/2

(37)

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

o T ( 3"-“-8—) (2]t (38)

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

YR neZE/ A

2] = (30)

e
where k is summed over thermal jon species.

The average energy and one-sided enrtergy flux for a group are calculated from the group
densities and energy boundaries assuming a steady-state distribution within each group
in the absence of group sources or charge-exchange terms. The steady-stale form of the
distribution within a group is then

Cyj

v? + o}

fi(v) = (40)
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Cy; is determined by normalizing to the group density; that is,

3ng;
Cyi = "“""“—‘(;;»;%.?;:,,—3'“ (41)
drin | it
{(v3j41)° 402
and then the average energy and one-sided energy flux within a group are
2 (v 1
Ey; = ~/ m v fi(v)do (42)
USERA I
T ”;-
k)
Q= [ mptfio)do (13)
2 v}

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

Even though the time required for a pellet and its cloud to cross a Hlux surface is very
short (typically Tp, & 5--10 ps), it is 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 in the particle and energy fluxes to the peilet
cloud and therefore reduces pellet ablation. This “self-limiting” ablation was evident in
early ISX-B experiments where the ablation rate took a severe dip as the pellet approached
and crossed the magnetic axis [6], and it was specn)ated then that the major dips in the H,
signals away from the magnetic axis may be caused by rational flux surfaces.

Two timescales for the plasina electrons far {rom the pellet are relevant, the election-
electron collision time and the parallel flow time. If the flow time is shorter than 7, &
significant fraction of the plasma electrons interact directly with the ablation cloud and a
finite-plasma response must be considered in the ablation model. When the collision time is
longer than 7,,, a collisionless response is appropriate for the plasma electrons. An adiabatic
response of the plasma electrons has been used in earlier modeling efforts [21]; this consists
of a continual mixing of the cold electrons generated by ionization of the pellet with the
hot plasma electrons while keeping the energy content either coustant or reduced by the
energy required for ionization. The electron distribution is assumed to be Maxwellian at all
times; thus, the model is appropriate for a collisional plasma. A collisionless response will
be shown to be more relevant {or current tokamak eiperiments.

For the electron-electron collision time, consider electrons above the thermal velocity
of the initial Maxwellian distribution. These have the highest probability of reaching the
pellet and penetrating the shield because of their higher energy and lower stopping cross
section. The energy-scattering time for an electron of normalized energy ® = v /vl is

E . (4#60)277151}3‘. /2 (44)
i Bretd o n,

when ¢ > 1. For T, = 2keV, n, = 3 x 10%m * (typical of current experiments), and
z = 2, we obtain 7% = 75 ps, which is much longer than 7,,. The tail of the electron
distribution is then collisionless. In earlier experiinents where the electron temperature and
pellet velocities were lower, 75 and 1, were comparable and a collisional plasma respanse
was dictated. '

If a significant number of the electrons on a given flux surface interact directly with the
pellet cloud during Tp,, their depletion will directly reduce the ablation rate. Let & be the
density of a gronp of electrons with one-sided particle flux J in a flux tnbe of volume AV .
The rate of depletion of these electrons through impact with the pellet cloud (assumed to

be a perfect absorber) is given by

e L tLL Ta) (45)

In a collisionless plasia, no source or loss terms assoclated with energy scattering are needed
on the right side of Eq. (45); the characteristic flow velocity of a group of electrons is also
constant. Let the initial density and particle flux far from the pellet be n and J; then,

J() ~ a(t) (46)
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Solving Eq. (45) for @ gives

i(t) = ne~t/7 (47)
where ( 2)
2ar
-1 __ e ]
Ty =Y AV (48)

We may define an effective electron density, (72}, by averaging over the interaction time, 7,,
giving

Q?. = T (1 i) (49)

The reduction factor in Eq. (49) applies as well to the particle and 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

QU =Q. " (1-e ) 50)

po

Applying the energy group structure of Section 4, we can evaluate the energy dependence
of the depletion, 74/7,,, 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

v Fes U -
SN Bl PRI -
‘U” == 1 \/Ee. 1 '\/FEJ (51)

which reduces to %, /4 in a monoenergetic electron model,

The depletion on an irrational-g fiux surface can be estimated by using an annular ring
of plasma of thickness 2r, at a (circular) plasma radius r in a torus of major radius £. Then
AV = 8xirr, R, so

Too Ve [ TH

By —2 (52)

T, U 87r
d P

With T, = 2 keV, Egj = 2,7 = 04 m, R = 25 m, r, == 0.01 m, and v, = 10° m/s, then
Tpo/Ta 72 0.17 and the averaged depletion is about 8%. Near the magnetic axis, depletion of
clectrons above thermal is almost complete.

In the vicinity of a rational flux surface, the volume is also more restricted (e.g., at
the ¢ = 1 surface AV is reduced by r,/r 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 ablation equations is conceptually the same as in earlier
versions of the PELLET code [21]. The plasma is divided into a number of radial cells in
which plasma properties are assumed uniform. The pellet path (straight-line trajectory)
is mapped onto the plasma geometry [22], determining the chord length through each cell,
the cell volumes, and the ambient plasma properties. Fram the chord lengths and peliet
velocity, the time spent in each cell is determined. T'he pellet is then stepped along the
trajectory, evolving the pellet radius by simultancously satisfying the energy balance at the
pellet surface, I5q. (1), and the hydrodynamics of the neutral clond, Eq. (2}). A number
of details of the solution method, however, have been modified to accommeodate multiple
electron groups, fast ions from neutral beam injection and fast alphas, the tonized 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 and alphas are predetermined for each cell using
Eqs. (32)-(43) or an equivalent time-dependent formalism [20}. The ambient electron den-
sity and temperature in each cell are determined, and dimensionless energy group parame-
ters, BEqs. (29)-(31), are also set. When the pellet enters a new cell, the ambient electron
density and temperature are adiabatically adjusted [21] if the pellet has passed through
that cell in an earlier portion of the trajectory (e.g., after passing through the magnetic
axis). ''he assumption here is that the electrons will have had tinme to reestablish a uniforra
Maxwellian distribution over the magnetic surface during the interval between intersections
with that surface, regardless of whether the collisional or collisionless self-limiting approxi-
mation is used,

In the collisionless self-limiting model, the electron group densities and energy fluxes are
then reduced by the depletion factor, Eqs. (49) and (50), assuming irrational flux surfaces
everywhere. In the collistonal self-limiting model, the ambient electron density and temper-
ature in the cell are continnously adjusted [21]. The fast ion distributions are assuwmed to he
unperturbed during the ablation process because their collisional and depletion timescales
are typically much louger than the pellet lifetime.

The time evolution of the pellet radius is governed by a fourth.order Runge-Kutta
routine that keeps the timestep stnall enough for pellet parameters (and plasma parameters
in the collisional self-limiting approximation) to be changing weakly [21]. In each timestep,
the line-integrated density in the neuntral cloud is taken as the parameter of iteration until
Egs. (1) and (2) are sunultancously satisfied. A version of ZEROIN [23], modified for
more rapid convergence by concentrabing in the vicinity of a prior solution, deterinines the
convergence. This numerical treatment differs from earlier versions of the pellet ablation
model {4,21,5] that used the monoenergetic electron energy at the pellet surface as the
iterating parameter.

The electrons are first passed through the ionized portion of the shield, reducing the
encrgy and energy flux in each energy group according to Bqs. (23) and (25) respectively.
This requires knowledge of the line-integrated density of the icnized shield, ¥ (20}, which
depends on the ablation rate, N. The line-integrated density of the ionized shield is param-
eterized in terms of the line-integrated density of the neutral shield,

F; :/ n*‘a’.l// "o (53)
Ty ry

F; is set by an initial condition upon first entering the plasma and subsequently reset 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 each energy group, and fast
hydrogenic ion and alpha energies are similarly deterinined by Eqgs. (16) and (18). These
are used to evaluate 7, from Eqgs. (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, F; 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 bearn ions and
alphas, and both ionized and neutral shields) typically takes less than 1 s of CPU time on
a CRAY-1 computer and less than 5s 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 modeling multiple pellet injection.
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7 DISCUSSION

A more comprehensive treatment of electron distribution has long been viewed as an
important step in improving the neutral shielding model for pellet ablation. As shown
in Fig. 2, the stopping cross section for clectrons falls off as £ above a few keV. A
monoenergetic electron model that uses the Maxwellian-averaged electron energy of 37./2
then leads to low values of ablation rate in plasmas where temperatures exceed about
1keV. In early ohmic heating experiments, this condition was not exceeded and the neutral
shielding model was substantially confirsmed [1,19]. In more recent experiments, larger,
higher-velocity pellets have penetrated to regions of the plasma where electron temperatures
approach 4 keV, and the monoenergetic electron model generally predicts somewhat greater
penetration than obsetved [17].

We use TFTR machine and pellet parameters as a baseline for illustrating the various
features and sensitivities of the revised pellet ablation model. The machine parameters for
all cases are: major radius, 2.57 m; minor radius, 0.815 m; and plasma volume, 32.7 m?. The
density and electron temperature profiles and neutral heam parameters are from TRANSP
analysis of shot No. 14695 at a time just before injection of a single pellet. This shot
is of particular interest because its low density and the 2.5 MW of neutral beam injection
initiated prior to pellet injection provide a reference point for evaluating fast ion effects. The
density profile is relatively broad with n.(0) = 1.8 x 10*® 113, and the electron temperature
profile is roughly triangular with 7,.(0) = 3.2keV. In cases where the electron temperature
is varied, we simply scale the magnitude with the central temperature while maintaining the
same shape. The nominal pellet parameters of shot No. 14695 are used unless specifically
noted otherwise: r, = 1.53mm, N = 8.9 x 10%% and v, = l.4km/s. In the experiment,
the pellet penetrated about 60% of the distance to the axis and contained nearly twice the
mass of the original plasma. In the following, the new features of the ablation model are
added one at a time so their individual effects can be displayed.

Figure 3 shows the reduction in pellet penetration as the number of electron energy
groups is increased. Fast beam ions are neglected, so the one-group results in Fig. 3a
with adiabatic self-limiting ablation represent the standard model for most of our previous
calculations. The increase to five groups greatly decreases the penetration, bul above ten
groups there is essentially no change in penetration. The predicted penetration for T.(0) ==
3.2keV with multiple electron energy groups and the adiabatic self-limiting approximation
is still above that observed experimentally. The adiabatic self-limiting effect is important in
this case because of the high pellet-to-plasma mass ratio. Removal of this constraint leads
to the results in Fig. 3b where penetration is below that observed experitnentally. Plasina
shielding, collisionless self-limiting ablation; and fast beam ion effects need to be considered
before final conclusions can be drawn about agreement. In the remaining calculations, ten
electron energy groups are used; each group carries 10% of the electron energy flux according
to the prescription for selecting the groups given in Section 4.

To test the effect of an ionized shield, we arbitrarily fix the ratio of the line-integrated
density in the ionized cloud relative to that in the nentral cloud {i.e., Eq. (53) is used rather
than £q. (20) to calculate the integrated line density in the ionized cloudl. [In these cases,
we do not include any self-limiting effecis and we use ten electron energy groups. The
ionized cloud leads to a reduced energy flux incident on the neutral cloud and a smaller
line-integrated neutral density, reducing the ablation rate as shown in Fig. 4.

When the source strength at the pellet surface and the effective ionization radius are
used to determine the line density in the plasma shield, Eq. (20}, the results of Fig. 5 are
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Figure 3: Increasing the number of electron energy groups in a multigroup treatment of
the electron distribution function decreases the calculated peliet penetration depth. At ten
groups the effect is nearly saturated. The one-group result is the monoenergetic nentral
shielding electron model with adiabatic self-limiting ablation.
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obtained. As the neutral shield thickness, A,, is decreased below ~1 ¢m, plasma shielding
becomes important because the ablatant is highly concenirated in a narrow tube. The JET
pellet injection results [16,17] are best modeled with A, = 1 mm, which corresponds to
significant plasma shielding. For larger effective ionization radii, the plasma shield is more
diffuse and the non-self-limiting results (solid curves) approach those of Fig. 4 in the limit
F =0

The dashed curves of Fig. 5 show the effect of including collisionless self-limiting ablation
as expressed by Eq. (50). As the pellet cloud 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. For ionization radii above a few centimeters, the
implicit assumption that all electrons intercepted by the cloud lose all their energy to the
ablatant is not valid because 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 pellet
penetrates only the cuter region of the plasma where the intercepted plasma volume is large
(irrational flux surfaces are assumed). Self-limiting ablation dves become important near
the magnetic axis (in cases not presented here) and should also be considerable at low-order
rational surfaces although we have not attempted to model this eflect.

The gain in penetration with increasing pellet velocity 1s shown in Fig. 6 for 7.(0) = 3.2,
5.0, and 10.0keV, using A, = 1 mm and ignoring fast ion countributions. Although higher
pellet velocity provides only a modest increase in penetration, it could be importang for
increased control over the density profile and for avoiding high deposition and cooling at
rational surfaces where MHD activity could be enhanced.

Even though fast ions may represent only a small contribution to the one-sided energy
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fiux in the plasma, they may lead to enhanced ablation at the pellet surface if the shield
sel up by the electrons is insufficient to stop them. This is illustrated in Fig. 7 where the
solutions for 7, from Eqs. (1) and (2) are plotied against a dimensionless neutral cloud line
density,

7% = SE (54)

where ry,, is the initial pellet radius and n7* 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 A° (instead of the electron energy at the pellet surface) and that fast
ions are included.

For simplicity, we consider only neutral shielding effects and a background plasma of
T. = 0.2keV and n, = 5.0 x 10'®m~3. The fast deuterium ions have a slowing-down
distribution and a source at E;, = 120keV with an intensity of 0.45 MW /m3. The solution
for #, from Eq. (2) is proportional to #4° for very low #° and (2°)*/? for high values, The
solution of Eq. (2) is insensitive to the addition of fast ions in this example because the fast
ions constitute a small contributton to the total energy flux. With a very low line-integrated
neutial shield density, all the energy flux reaches the pellet surface, Q7 = @ 1; the solution
for 7, from Eq. (1) is proportional to @* and independent of the line-integrated neutral
cloud density. By comparing the solutions with and without fast jons in this limit, it can
be seen that the one-sided fast ion energy flux in the plasma is very small, @] « @/F.
As A° is increased, the electrons are the first to be stopped; the critical line density is
A2, 7z 1.0 x 107 as seen from the solution without fast ion effects. The critical line density
for 120-keV deuterium ions is much larger, A2, & 2.0 x 1073, and increases the self-consistent
solution [the intersection of the solutions to Egs. (1) and (2)] from #, == 0.5 m/s to 2.0 m/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 nentral shield line density for stopping fast ions must be greater than that for stopping
electrons. This critical value for hydrogenic ions can be obtained from Eq. (16) by setting
E? = 0 for the most energetic ions,

/n"di

where the approximation is valid for all relevant neutral beam injection energies. Similarly,
the critical value for electrons is approximated by setting E¥ = 0 in Eq. {6},
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where the approximation is valid for £2 > 2keV. E? is taken as the cnergy of electrons
in the tail of the distribution; the average energy of fail electrons representing 10% of the
energy flux is K2 = 6.4T,. The condition for fast ions to be hmportant then leads to a
constraint on E;, in terms of T,:

AiEyp > 17578 (57)
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Figure 7: Pellet surface erosion rates from the energy source at the pellet surface given by
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The self-consistent solution is given by 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 T, < 1keV. This conclusion concurs with that of
Nakamura et al. [7].

The second condition is that the fast ion energy flux to the pellet surface, @, must be
greater than the electron energy flux to the pellet surface, @7, in the absence of fast ions.
This can be the case even if the one-sided fast ion energy flux in the plasma is much lower
than that of the electrons. Typically, the nentral 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; = 1], we can use the condition

QP =Q) >QF = f.of (58)

to deterrnine when fast beam ions become important. From the expressions for the energy
fluxes in Section 4, we obtain

Q; : s H(r)b 1
i 951 x 10T (A BN
Q< ) Vpnl ( K (59)

For the example in Fig. 7, @} /QF = 0.07, which is an order of magnitude greater than
the electron shielding factor of f, = 0.007. The observation that fast ion effects are most
prominent at low T., Eq. (57), and low n., Eq. (89), is in accord with the conclusions of
Nakamura et al. [7].

The 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 neutral shield, the threshold
for fast ion effects is reduced. In the outer plasma regions where fast ion effects may be
cxpected, however, the neutral shield is dominant and the above conditions 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 electron energy flux; the influence of the fast ions is
felt through the cnergy balance 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 1inm, and collisionless sell-limiting ablation
of the electrons. The plasma electron temperature and density profiles are kept constant
as the beam power is increased. Deuterium bearn injection at E;, = 79keV is used. The
power splits for the full, half, and one-third energy components are 0.45 : 0.30 : 0.25 with
the H(r} profiles determined by the plasma density profile and TFTR beam geometry for
shot No. 14695. Because the enhanced ablation from fast ions is concentrated in the edge
region where charge-exchange losses can play an important role in determining the fast ion
population, we also show the effect of varying the Aux-surface-averaged neutral density at
the plasma edge. With ny(a) = 3.0 x 10" m~? as expected from transport analysis of this
shot, the charge-exchange losses are negligible and the calculated penetration with 25 MW
is in excellent agreement with the observed penetration. Figure 9 shows a comparison of
the time dependent ablation rate curves with and without the 2.5 MW of neutral beam
heating. The fast ion enhancement in the outer region is characteristically observed on the
H, signals. Q}/Q} ~ 0.05-0.4 uver the region of enhanced ablation because of the very
low initial 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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thermalization should not contribute to pellet ablation. The critical line-integrated density
in the neutral shield for stopping 3.5-MeV alphas is obtained from Eq. (18) with Ef = O:

fn"dl

Eo(l*ﬂuzl
o

[o744 G'al(]- - aaZ)

= 3.6 x 10**m™? (60)

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

T, < 4.7keV (61)

By using n2{ov)pr/4 as the local source strength for fast alphas, it can be shown that the
ratio of the one-sided energy fluxes in the plasma is

QL

QF
for a classical, local slowing-down distribution. @} is only 0.22% of Q} at T = 4.7keV.
Therefore, alphas may contribute to the ablation process only if their population exceeds
that expected from thermal reactions (e.g., when beam-beam or beam-plasma interactions
dominate or when large orbits or direct losses carry energetic alphas to the outer regions of
the plasma).

o (FuipT (62)
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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 effective
ionization radius expressed in terms of the thickness of the neutral shield, A,. The value
of A, required to match experimental results is quite smali, but it appears to be supported
by experimental observations.

One difference between our model for the plasma shield and that of Kaufmann 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 celd electron
target, while Kaufmann et al. use a single fluid for the electrons 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 portions 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 full and proper treatment of the kinetics of the combined neutral
and plasma shield remains to be done. Nevertheless, the multigroup 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, PLT, D-11I, and TFTR have been
analyzed with the PELLET code during its development and are currently undergoing more
extensive analysis for a subsequent report. The most systematic single-machine analysis to
date has been performed on JET; results of the analysis will be reported elsewhere [17].
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