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Abstract

Existing ablation models yield acceptable results for thermal
plasmas at low and intermediate temperatures. Care should be
exercised in extrapolating these results to thermonuclear plasmas
because of the limitations inherent in these models:

(i) the neglect in the energy transportof the spectrum of stopping
lengths or penetration depths corresponding to different energy
carrier species and to different energy groups of a single species;
(ii) the neglect of the change of the initially spherical expan-
sion of the pellet substance into channel flow along magnetic
surfaces and the associated changes in gasdynamic and magnetic
shielding;

(iii) the neglect of parallel (to the magnetic field) heat con-

duction effects.




Uncertainties Inherent in Present Ablation Models

We shall start with a brief review of what is known about the
physics of pellet ablation and subsequently measure the ablation
models against this state of knowledge.

1. Pellet Ablation
1.1 Energy transfer to the pellet

A pellet injected into a plasma is exposed to bombardment by thermal
and non-thermal particles present in the recipient plasma. In fusion
devices of interest, thermal electrons, neutral-beam-produced ions,
alpha particles, and, in certain discharges, runaway electrons may
serve as energy carriers. The effect of thermal ions may be ne-
glected as long as electrostatic shielding remains negligible. In
the presence of a magnetic field, the particle fluxes incident at
the pellet surface may be anisotropic: plasma particles with gyro-
radii of the order of the pellet dimension (thermal electrons and
ions) pierce the pellet or the high-density gas cloud surrounding

it while moving along the magnetic field lines, whereas particles

of large gyro-radii (e.g. alpha particles) may strike the pellet
from all directions. The particles penetrating the pellet or its gas
mantle suffer collisions, thus transferring their energy, partially
or totally, to the pellet substance. The penetration depths and

thus the energy deposition profile are functions of the incident
particle energy. As is know, in the case of thermalized particles
with a half Maxwellian energy distribution, the main part of the energy
flux is carried by a relatively small number of particles of the
high-energy tail of the distribution function. These particles may
penetrate the ablatant appreciably deeper than those having the
average (thermal) energy of the plasma. The ablation, i.e. the remo-
val of subsequent molecular layers from the pellet surface, is a
result of the simultaneous action of particle groups of different
energies penetrating to different depths in the gas mantle and in

the pellet itself. The same is true of the case when different energy




carrier species, each with its own distribution function, are
present in the plasma. Simultaneous energy deposition at different
depths defines the rate of pellet ablation and the course of ex-
pansion of the ablated substance. Consequently, the build-up and
effectiveness of a shielding layer around the pellet, as discussed
in the next section, are functions of the species present in the
recipient plasma and at the energy distribution functions of each
of them.

1.2 Ablation hydrodynamics

Pellet particles are removed from the pellet surface as soon as

the energy transferred to them exceeds their binding energy (approx.
0.005 eV per atom for hydrogen isotopes). A dense and relatively
cold gas cloud forms around the pellet and intercepts most of the
incident plasma particles. The pressure (i.e. energy per unit volume)
may temporarily be much larger in this cloud than in the background
plasma. The high-density cold gas mantle may act as a transient
energy accumulator: the energy input rate to the cloud is deter-
mined by the directed or thermal velocities of the incident energy
carriers (thermal electrons or non-thermal particles), whereas the
energy removal rate is defined by the local expansion velocity of
the cold pellet particles. As a result of the large pressure gradients
developed, the particles removed from the pellet surface are
accelerated away from it. At the same time, hydrodynamic

shocks may penetrate and preheat the pellet. The expansion of the
pellet substance remains approximately spherically symmetric (de-
pending upon the symmetry of the incident energy flux) as long as
the bulk of the expanding gas is not ionized and does not interact
with the magnetic field.

In this initial phase, the pellet ablation and the expansion dy-
namics depend primarily on the heat deposition profile in the pellet
substance, e.g. on the penetration depths of the different energy
carrier species present in the plasma (thermal and non-thermal
electrons and ions, alpha particles, each with their own distribution

function).




As the expansion proceeds, pellet particles undergo collisions with
plasma particles and become ionized. Two alternative processes

may take place: direct ionization followed by dissociative recom-
bination or dissociation and subsequent ionization. The ionized
pellet particles interact with the magnetic field. This interaction
is manifested in two major effects:

(a) gradual deceleration and stopping of the transverse motion

of the ionized pellet substance and its "funnelling" into magnetic
flux tubes, i.e. the conversion of an initially spherically symmetric
motion into an approximately linear channel flow;

(b) "stretching" of the magnetic field lines by the _decelerating
pellet plasma. The degree of the magnetic field distortion (up to
complete expulsion of the magnetic field lines from the pellet sub-
stance) depends on the energy density of the pellet substance and
on the magnetic field strength, i.e. on the beta ratio. A third
effect, specific to toroidal magnetic field configurations with non-
uniform field distributions, is the radial drift of the ionized

high-beta pellet substance.

The conversion of the initially spherically symmetric expansion
into an approximately 1-D channel flow may cause a temporary pile-up
of the pellet substance in the transition zone, thus plugging the
entrance region of the channel and resulting in a significant in-
crease of the gasdynamic shielding of the pellet against the inci-
dent energy flux carried by particles moving with sufficiently small gyro-radii
along the magnetic field lines. Diffusion across the field lines,
of course, modifies the 1-D channel flow picture, but the trans-
verse diffusion rate is expected to be much smaller than the axial
velocity of the particles. According to experimental observations /14,16/
to He radiation traces in particular, the pellet substance expands
preferentially along the magnetic field lines. Transition from
spherical expansion to a linear channel flow thus seems to be the
dominant flow process for at least the first phase of the pellet

substance expansion.




The expulsion of the magnetic field lines from the pellet substance
reduces the incident flux of those energy carriers that are con-

fined to magnetic field lines (i.e. particles with sufficiently
small gyro radii).

2. Ablation Models

2.1 Calculation of the energy flux affecting the pellet surface
In the published ablation calculations, thermal electrons of a
single (average) temperature are considered to be the only energy

carriers. The energy deposition rate has been determined by cal-

culating the energy depletion of a monoenergetic beam of test par-
ticles. (The method was originally proposed by Gralnick /1/ and in
a refined form by Parks et al. /2/. See also Parks and Turnball /3/,
or Milora and Foster /4/.) According to /3/,
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(2)

where E; and Q. denote the electron energy and energy flux carried
by the electrons, ng is the neutral particle density, (;T and L are
the effective back-scattering cross-section and the energy loss

function of the incident electrons in the neutral gas specified.

Thermal conduction effects have been neglected in all neutral gas
shielding approximations. It was shown in /5/ that the temperature
gradients obtained in this (hydrodynamic) approximation at the pellet
surface yield conduction flux values comparable with those stemming

from egs. (1) and (2), i.e. the neglect of thermal conductivity is
a posteriori not justified.

It should be noted, however, that the inclusion of the usual thermal

conduction term would not necessarily automatically resolve the




inconsistency. Indeed, the assumption of local thermal conduction
is only valid if the mean free path of the energy carriers is suf-
ficiently small, compared with the gradient length. In the opposite
case, hot electrons residing in the high-temperature wing of the
gradient may transport energy to the cold region even though the
conduction flux based on the local temperature values is negligible
there. To prove this point, calculations were performed /6/, in
which a linear channel geometry was assumed, with a high-density
cold gas residing at the left boundary and a high-temperature plasma
in the rest of the channel (see Fig. 1). From each station X of
the channel test particles were "launched" in the direction of the
cold gas, starting with the local (thermal) electron temperature

T (x) and density ng (x) values. The initial flux and energy of the
test particles is thus given by r'(x) -4ﬂ¢(X)U}*h(x) and
Ee(x) = ,Z_uz \._(;) . While traversing the colder region, the flux

and energy of the test particles reduce according to the expressions

L) = L - J@m/fax)ax"
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(3)

The energy flux carried by these particles can be calculated at

any intermediate station as
Qe (®) = T, (x)Ee(x) . (4)

The collision terms defining the flux and energy reduction rates

were given in the form
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where the collision cross-sections and the loss function were
calculated as functions of the test particle energy. Let us denote
the flux and energy of the test particles arriving at the x= 0
left boundary by asterisk (#). These quantities are functions of
the station x at which the test particles were launched. The
values of r:{x) and G%(x)are shown in Fig. 1b as functions of the

x coordinate. The curves correspond to the n,, ng, T4, and Tg
distributions shown in the same figure ( T} =» sl e

As can be seen, electrons residing in the high-temperature wing of
the gradient (thus not necessarily those of the undisturbed plasma)
may contribute more to the energy flux at X= 0 than those residing
closer to the origin of the coordinate system (and, as a matter of
fact, more than the electrons of the undisturbed hot plasma).
Electron-ion collisions were found in these calculations to be as

important as electron-neutral collisions.

Figure 2 is a plot of the electron mean free path length and of the
ratio of classical conduction (Spitzer-Harm) and free flux limit
heat flux values. The corresponding electron temperature and densi-
ty distributions are shown in the same figure. As can be seen, in
the low-density high-temperature wing of the gradient, the mean free
path is considerably larger than the gradient length, even for
thermal particles. The Spitzer-Harm conductive flux value exceeds
the free flux limit by a factor of 4 in this region.

Another disputable point in the neutral shielding ablation models

is the assumption of monoenergetic particle beams in the context of
egs. (1) and (2). The energy deposition profile obtainable by
integrating these equations over the temperature range of a

Maxwellian (or any other) energy distribution may be quite different
from that corresponding to an average energy. Different particle
energies mean different spatial deposition bands and thus modification
of the ablation dynamics. Figure 3 shows the location of the
deposition bands for a given neutral density distribution and three
different beam energies /7/. This effect may gain particular

relevance if various energy carriers, thermal and non-thermal, are




present in a plasma. No calculations accounting for these
phenomena have yet been performed.

2.2 Neutral shielding approximation

As can be seen from eq. (1.1), the depletion of the electron energy
is defined by the line density integral

Eep %
jdE.,/L(ee) = JMad-l',

6)
Eeo (

where subscripts p and o (oree ) correspond to the pellet surface and undisturbed plas-
ma, respectively. Inall neutral gas shielding approximations available, the neutral
density distribution appearing in (6) is calculatedby means of 1D spherical gasdynamic
expansion models. However, as has been discussed in Sec. 1.2, the initially spherical
flow is fumelled into flux tubes along the toroidal magnetic field. The temporal va-
riation of the line integral (6) and thus of the thickness of the shielding layer
should be different in funnelled flows than in the spherical expansion models used.

To check this ansatz, computations were made with a channel flow
gasdynamic code which has a cold particle source at the left-hand
boundary and fully takes the ionization dynamics into account.

The strength of the particle source was calculated from the local
electron density and electron temperature values by means of the
neutral shielding model /3/. The channel cross-section (constant
area) and the channel length, i.e. the size of the plasma reservoir,
were prescribed (input parameters estimated from the observed cross-
sections of ablation clouds and the length of toroidal flux tubes).
As can be seen from Fig. 4, as a result of the pile-up of the high-
density shielding mass in the inlet section of the channel, the
ablation rate rapidly decreases (i.e. within the residence time of
the pellet in the flux tube) from its initial value to a fraction

of the value resulting from the spherical neutral gas shielding model.
Of course, the exact value of the effective flux tube cross-section
is not known and the effect of cross-field diffusion was neglected.
Nevertheless, the obvious difference between the spherical expansion
result and the asymptotic value resulting from linear expansion warrant
care in calculations of this kind.




2.3 Magnetic shielding

The phenomenon and implications of magnetic shielding have been
discussed in Sec. 1.2. The available neutral shielding models are
based on spherical gasdynamic expansion in the absence of any mag-
netic field and thus cannot account for the phenomena discussed.
Various attempts have been made to estimate the relevance of mag-
netic shielding, starting with Rose's balloon model /8/, in which it
was assumed that the ablated material instantaneously ionizes and
expands by blowing a diamagnetic balloon around the pellet.

Chang /9/ allowed for partial penetration of the magnetic field into
the pellet substance and analyzed the corresponding nozzle flow in

a magnetic flux tube of variable cross-section with the help of a

set of conservation equations.

It was shown in /10/ that the magnetic Reynolds number based on

the cloud parameters surrounding the pellet Ry = G}lo val

plays a decisive role in defining the rate of convection of the
magnetic field lines away from the pellet and their re-diffusion,

i.e. the magnitude of magnetic shielding. Parks /11/ calculated the
distortion of a magnetic field near a pellet by prescribing a

certain velocity distribution and considering the above-mentioned

two processes. An expression was proposed in /10/ for estimating

the energy flux reduction factor'q caused by magnetic shielding

(by taking only thermal electrons into account): Jl = ‘ZC 4’7,4'1,1’..,,@,,,),
where fp {1, e and Ry denote the pellet radius, ionization
radius, electron gyro-radius, and magnetic Reynolds number, respec-
tively. The estimated values of VL were found to lie between 0.1

and 0.5, depending on the plasma parameters assumed. It should be
noted that none of the existing magnetic shielding approximations

and estimates represent a self-consistent treatment of the electro-
magnetic -hydrodynamic problem. The real magnitude of magnetic
shielding could only be determined by means of (at least) 2D cal-
culations based on the simultaneous solution of Maxwell's equations and
the gasdynamic equations. In 1D calculations, correction factors

such as‘7 may be used as an approximation.




3. Experiments

Numerous experimental data are available on pellet injection in
tokamak discharges. Best documented are the data obtained on

ISX-B /12/ and PDX /13/. A rather useful and informative source
work on pellet fuelling experiments as well as on the comparison

of ablation theory with measurements based on ISX-B results is /14/.
The experiments reported were performed at electron temperatures

0.8 keV to 1.1 keV and electron densities 1019 m=3 to 3 x 1019 m~3
(To(o} 2 .0.8 keV,; ne(o) :2:x% 1079 m~3 in the case of PDX) with

or without NB injection. The relevant observations gathered in

these experiments are briefly summarized here.

(a) The emission of Hg radiation seems to yield a reliable measure
of the ablation rate (a systematic comparison with line density
measurements performed in ISX-B has been given in /14/).

Besides information on the ablation rate, He measurements provide
information on the size and preferential direction of expansion

of the partially ionized ablatant.

(b) As has been reported, pellet ablation in ohmic discharges of
low and intermediate temperatures and intermediate densities can
be fairly well described in terms of the neutral shielding model,
in spite of some relevant differences between observations and the

basic assumptions of the model. These differences are as follows:

(b1) A nearly periodic, and usually large-scale, oscillation has
been observed in the He« emission. Correlation between the ob-
served Hec emission oscillations and the appearance of bright
streaks along the magnetic field lines was reported in /14/.

The origin of these oscillations is not yet clear. They might

be caused (i) by a periodic blow-off of the shielding gas cloud,
i.e. by gasdynamic oscillations, or (ii) by the passage of the
pellet over rational and irrational magnetic flux surfaces and the
associated variation of the energy flux incident on the pellet,
or (iii) by irregqgular pellet shape and/or irregular (tumbling)
pellet motion along the flight path.




On the basis of (b1), a definite correlation between the location
of the rational magnetic surfaces and the bright streaks in the

radial H, distribution was proposed by Biichl /15/.

(b2) An impediment of the ablatant flow perpendicular to the
magnetic field was reported in /14/ on the basis of Hx emission
and interferometric measurements. The funnelling of the flow in
magnetic flux tubes may explain the periodic bright streaks re-
ported in /14/ and /15/.

(c) A statistical evaluation of the ISX-B pellet experiments

was given in /14/ both for "low" ( ~ 1019 m=3) and"high" (~ 3x1019m'3)
densities. The results (figs. 5.7 to 5.9 of /14/) demonstrate that,
although neutral shielding theory may yield, on the whole,

acceptable results, the ablation details, i.e. the time evolution

of the shielding dynamics, cannot be reproduced by this model;

this makes the extrapolaribility of the corresponding results

rather uncertain.

(d) The neutral shielding model does not yield correct results

if non-thermal particles such as runaway electrons or NB ions are
present in the plasma. In the case of runaways, a volumetric ex-
pansion or "blow-up" of the pellet has been observed (shadowgraphs
and interferograms reported in /14/). Apparently, runaways pene-
trating or traversing the pellet cause a process that is different
from the usual surface ablation. The same holds probably for

other non-thermal particles as well, provided their penetration

depths appreciably differ from that of thermal particles.

(e) At elevated plasma temperatures, the observed ablation rates
are up to an order of magnitude smaller than those calculated with
the neutral shielding model /14/. It is believed that at higher
temperatures magnetic shielding (partial expulsion of the magnetic
field lines from the ablated substance and funnelling the flow in
toroidal flux tubes) play an increased role.




(f) Unexpectedly high ionization degrees have been measured inter-
ferometrically in the ablation cloud: apprx. 20 % with
Nepax ~ 1026 m=3 /14/. The presence of neutral particles has not

been taken into account in these interferograms.

(g) There are a number of observations that may not have anything
to do directly with pellet ablation, but are worth mentioning from
the point of view of pellet-plasma interaction (i.e. indirect
effect on the ablation rate). Such observations are as follows
f12, 13)s

g.1 If MHD activities are present in the recipient plasma (Mirnov

oscillations), the ablation rate is reduced.

g.2 If saw-tooth oscillations are present in ohmic discharges,

they are damped by the ablated substance.

g.3 In NB-heated plasma, if MHD activities are present, they
are damped by the pellet. At the same time, saw-tooth

oscillations may be excited.

g.4 With regard to the pellet penetration depth: shallow
penetration may cause large sustained increase of Mirnov
oscillations. Intermediate penetration may cause central
current peaking and appearance of saw-tooth oscillations.
Deep penetration was observed to cause from time to time

short bursts of large-amplitude Mirnov oscillations.

g5 The local plasma parameters such as electron temperature
and electron density may suffer almost instantaneous
changes at locations far from the site of pellet ablation
(more correctly: from the site of visible Hg emission). The
cause of this phenomenon is not yet clear: either particles
are deposited in regions far from the Hg emission, or part
of the ablated and ionized particles diffuse at anomalously

high rates. The observed local charge exchange intensity




does not seem to be sufficient to explain the sizable

particle transport.

4. Conclusions

(a) The existing neutral shielding ablation models yield results
that agree, within tolerable limits, with the majority of
measurements performed at low and intermediate plasma tempe-
ratures.

(b) Care should be exercised in extrapolating these results to
thermonuclear plasma conditions because of at least two
major limitations inherent in these models:

(b.1) limitation of the energy transport to the pellet to
transport by monoenergetic particles (thermal electrons),
and neglect of the spectrum of stopping lengths and pene-
tration depths corresponding to different energy carrier

species and to different energy groups of a single species.

(b.2) The neglect of magnetic shielding effects manifested
in the change of the initially spherical expansion of the
pellet substance into channel flow along magnetic flux
surfaces (i.e. the change of the gasdynamic shielding
efficiency) and in the partial expulsion of the magnetic
flux lines from the pellet substance and the corresponding
reduction of the incident particle and energy fluxes affec-
ting the pellet.

An ablation model applicable to thermonuclear plasmas should pro-

vide reliable approximations to these two major phenomena.
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F1g.2: Electron mean free path length JE and heat flux ratlo
qSH/qFL (Spitzer-Haerm and free flux limit) profiles
for the momentary ng and T, distributions shown.
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