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ABSTRACT

The subject of this study is the spatial and time evolution of initially low-temperature
high-density particle clouds in magnetically confined hot plasmas, such as those produ-
ced by ablating cryogenic hydrogen pellets in fusion machines. Particular attention is
given to such physical processes as heating of the cloud by the energy fluxes carried by
incident plasma particles (classical flux-limited energy transport by thermal electrons
along the magnetic field lines, anomalous heat conduction across them), gasdynamic
expansion with _; X g—produced deceleration in the transverse direction, finite-rate io-
nization and recombination (collisional and radiative) processes, and magnetic field
convection and diffusion.

The results show the existence of a distinct structure in the ablatant cloud surrounding
an ablating pellet: a hollow temperature profile coupled to a peaked density profile in
the plane normal to the magnetic field direction. The separation distance between the
high- and low-temperature and density layers is typically the ionization or confinement
radius. Also the flutes developing preferentially at the cloud surface have, at a certain
phase of their development, the same wavelength. The temperature and the density
variations from the cloud interior to the cloud periphery may exceed two orders of

magnitude. The lifetime of this structure is measured on hydrodynamic time scales.




I. INTRODUCTION

An essential problem attracting growing attention in current fusion-oriented plasma
physics research is how to replenish particles lost from the plasma volume. The same
problem is expected to appear, most likely in a more demanding form, in future ma-
gnetic confinement fusion reactors. There are two basic methods currently in use for
introducing fresh particles into the plasma volume: gas blow-in (gas puffing) and injec-
tion of cryogenic hydrogen isotope pellets into the plasma [1, 2]. Gas blow-in, which is
the simplest fuelling method, and which is currently being used in all operational toka-
maks, supplies particles to just the outer plasma regions . The relatively low-energy gas
stream interacting with the hot plasma particles already becomes ionized and confined
to magnetic flux surfaces in the plasma boundary layer. The transport of the injected
particles to the plasma core proceeds on a diffusion time scale which, compared with
typical pellet injection velocities and associated times, is rather long. Furthermore,
the pile-up of the particles in the outer discharge layer may cause increased divertor
loading and, at the same time, prevent the formation of peaking density profiles. A
further method by which particles are supplied to the plasma from exterior sources is
the injection of high-energy neutral particle beams into the plasma, primarily for the
purpose of increasing the global plasma energy. This method is also being considered
as an auxiliary means of particle fuelling for some specific scenarios. Refuelling by

means of low-energy particle beams or by plasmoid ("compact torus”) injection are
some other alternatives.

The results of numerous experimental and theoretical investigations show that the
performance characteristics of present and future tokamaks may be substantially in-
creased by supplying a sufficiently large number of fresh fuel particles direct to the
plasma core (see, for example, Alcator-C [3], JET [4], ASDEX [5], TFTR [6], and
D-III [7]). In particular, the production of centrally peaked density profiles in tokamak
plasmas was found to substantially reduce particle and energy transport in the central
plasma region and thus improve the global confinement properties. The density and
beta limits observed in pellet-fueled tokamaks were also found to be higher than those
in gas-fuelled machines. MHD and sawtooth activities can be notably affected (e.g.
suppressed in some cases) by pellet injection. Hence increased attention is being de-
voted to fuelling by pellet injection. (A detailed review of the state of the art of pellet
injection and associated toroidal confinement phenomena may be found in Ref. [8].)

The basic process that determines the effectiveness of pellet fuelling, i.e. the lifetime
and penetration depth of cryogenic pellets in hot plasmas, is the pellet erosion or
ablation process. This process is of a self-regulating nature: it involves the interaction
of the ambient plasma particles with the pellet surface (particle slow-down, energy
deposition, surface erosion, and phase transition phenomena), and the build-up of a
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buffer layer around the pellet that shields it from the incident particle and energy fluxes.
The more effective the shielding, the slower is the ablation process, and vice versa. The
physical properties of the ablatant cloud play a decisive role in determining the ablation
rate. Hence, from the point of view of predictive (reactor scenario) calculations, there

is a strong need for a thorough understanding of all physical phenomena substantially
affecting the ablation process.

There have been a number of physical models proposed for describing the pellet abla-
tion process, the best known being the so-called neutral gas shielding ablation model
(see Refs. [9, 10, and 11]). This model is based on a one-dimensional spherically sym-
metric solution of the corresponding hydrodynamic equations. The energy transfer
from the undisturbed plasma (the analysis is restricted to thermal electrons as energy
carriers) to the cloud surrounding the pellet is calculated by means of stopping length
calculations taking elastic and inelastic collisions into account. The violation of the
condition of spherical symmetry by the presence of the magnetic field was neglected
in these analyses. The effect of the magnetic confinement of the ionized ablatant was
estimated in Ref. [12], in which the dynamics of a one-dimensional channel flow (i.e.
flow confined to a magnetic flux tube) with a mass source active at the inlet section of
the channel was considered. The strength of the mass source, i.e. the ablation rate, was
calculated as a function of the local plasma parameters at the channel inlet by means
of the Parks-Turnbull formula [10] (“plasma shielding”). The results of this analysis
showed the significant effect of the magnetic confinement of the shielding cloud on the
ablation rate and thus warranted increased attention to this problem. The neutral gas
shielding model was subsequently revised [13] by assuming an ad hoc ionization radius
for the ablatant, and that the ionized pellet particles pile up in a channel whose cross-
section is defined by this ionization radius. Neither the dimensions nor the parameters
of the shielding cloud surrounding the pellet are calculated in this model.

The first estimate of the cloud characteristics was given in Ref. [14 | on the basis of
zero-dimensional conservation equations (particle, momentum, and energy) by taking
finite-rate ionization and magnetic confinement into account. Cloud temperatures and
densities of the order of 1 to 3 eV and 10%2*m~—2 were predicted by this analysis. Parks
[15] calculated the distortion of the magnetic field near ablating pellets for the physical
domain where the ; x B force is much smaller than the gasdynamic force grad(p)
by neglecting the flow-field interaction. Under these conditions, he found that the
magnetic field distortion and the associated magnetic shielding effect are modest. The
problem of magnetic shielding was also addressed by Kuteev et al. [16], and by Zavala
and Kammash [17]. The question of ablatant expansion and interaction of this high-
density partially ionized substance with the magnetic field was recently re-addressed
by means of a self-consistent Lagrangian MHD model [18]. The cloud parameters

computed in [18b] are in good agreement with measured data reported for PLT [19],
TFR [20], TEXT [21], and TFTR [22]. '
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In recent work, Durst [23; see also 21] experimentally investigated the evolution of
the ablatant cloud surrounding the pellet. Durst’s results show that pellet shielding
cannot be viewed as a quasi-equilibrium process: oscillations in the ablation rate are
most likely due to oscillations in the pellet shielding, i.e. to the “structures” evolving
in the shielding cloud. A notable result of Durst’s investigations is the fact that, at
least for the range of pellet velocities he investigated (vpet = 700 to 800 m/s), the
shape and structure of the ablatant cloud surrounding a moving pellet are not sensitive
to the exact location of the pellet in the cloud, as long as it is not about to cross the
ionized shell. After crossing the ionization layer, a new “bubble” is blown around the
pellet and the cloud evolution is repeated.

Realistic predictions concerning pellet lifetimes, penetration depths, and the required
injection velocities for fusion-grade plasmas call for a thorough understanding of the
details of those physical processes that determine or substantially affect the lifetime
of pellets in hot plasmas. The evolution of the shielding cloud surrounding the pellet
is one of these details. In the present work, quantitative information is provided on
the variation of the plasmoid state parameters across the shielding cloud surrounding
a stationary or slowly moving mass source (e.g. ablating pellet).

II. PHYSICAL MODEL

Let us now briefly describe what is believed to happen when a pellet is injected into
a plasma. A cryogenic hydrogen isotope pellet exposed to a hot plasma is heated
primarily by the plasma particles, both thermal and non-thermal, incident on the
pellet surface. Radiation is believed to affect the pellet much less than the energy
fluxes carried by the incident particles. The pellet heating may thus be a surface
phenomenon or, in the case of high-energy non-thermal particles, a volume process.
In the first case, pellet ablation is equivalent to the sequential removal of molecular
layers from the pellet surface. In the second case, pellet heating is usually manifested
in an explosion-like mass disintegration. The ablated particles form a dense layer
enveloping the pellet. The energy carriers originating from the undisturbed plasma may
be partially or totally intercepted by this cloud, and, if this is the case, the pellet “sees”
just the cloud layers adjacent to its surface. This low-temperature high-density cloud
is heated by the incident plasma particles. In the absence of non-thermal particles, the
energy flux carried by the electrons dominates over the flux carried by the ions. As the
temperature and the pressure of the cloud increase, the cloud expands: this expansion
remains unaffected by the magnetic field (i.e. remains spherically symmetric) as long
as the particles remain neutral. During this initial expansion phase, both the total
magnetic flux enclosed by the cloud and the energy transfer to the cloud increase
proportionally to the cloud dimensions.



At some time instant, the cloud particles begin to become ionized and to interact
with the magnetic field, i.e. their radial expansion becomes decelerated and eventually
comes to a full stop. For tokamak plasma parameter ranges and particle deposition
rates (e.g. ablation‘ra.tes) of current interest, the stopping radii vary in the mm
range (up to a few cm for reactor-grade plasma parameters). The associated stopping
times are in the us range. The expanding partially or fully ionized cloud - referred to
hereafter as “plasmoid” - distorts the magnetic field: a transient magnetic cavity may
form inside the cloud. Since the gyro-radii of the thermal plasma electrons are usually
much smaller than the cloud radius, a reduction of the enclosed average magnetic field
is equivalent to a reduction of the energy flux affecting the cloud and the pellet. (The
rate of heat input is no longer proportional to the surface area normal to and pierced by
the magnetic field lines.) This phenomenon is usually referred to as magnetic shielding.

The radial deceleration and the stopping of the transverse expansion may be followed
by a few overdamped compressive oscillations with a characteristic frequency that is
defined by the respective Alfvén time: f~! ~ 74 = Rpmaz/va, where Rpmq. is the
maximum cloud radius attained and v4 is the Alfvén velocity based on the cloud
density and the applied magnetic field strength [18]. The cause of these oscillations is
the periodic interchange of the energies stored in the displaced magnetic field and in
the plasmoid. While the dynamic processes associated with the ionization and radial
confinement processes are characterized by the relatively short Alfvén time scale (us
range), the subsequent phase of axial expansion is associated with a notably larger
hydrodynamic time scale defined by the heat input and gasdynamic expansion rates.
The rediffusion of the magnetic field into the ionized cloud occurs on the resistive
diffusion time scale, which is of the same order of magnitude as, or larger than, the
hydrodynamic time scale (ms range). Because of this relatively slow time variation,
this second phase that follows the radial deceleration and confinement processes shall
be referred to as the “quasi-steady” or “quasi-equilibrium” phase. During this phase,
the plasmoid is “funnelled” into a magnetic flux tube whose radius is given by the
plasmoid radius prevailing at the end of the Alfvén oscillations.

The system of equations used for defining the model is analogous to that presented
in [18b]: a single-velocity, single-temperature, three-species fluid approximation is used
in which the number densities of the species (neutrals, ions, and electrons) are related
and defined by means of finite ionization and recombination rates. Allowance is made
for the interaction of the conducting cloud with the magnetic field and for the distortion
of the applied magnetic field by the expanding plasmoid.

The basic set of magnetohydrodynamic conservation equations used is as follows (the
MKS/ISU system of units is used throughout this work):
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heavy-particle conservation:
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S+ V() =t (1)
where np = ng + ni ;
electron conservation: 5
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momentum conservation:
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conservation of total energy:
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These equations are supplemented by
Maxwell’s equations:

ng:#o;s (5)
. 9B
o 2 6
V x 5 (6)
Ohm’s law: .
j=0(E +7x B), (8)

a magnetic field diffusion equation (which follows from Maxwell’s equations):

%B.:Vx(ﬁ'xﬁ)+V-(me§), 9)
and an equation of state:
pr = (nkT)x, ki=rejija;s (10)

p= ('n., + n; + ng)kT

= (14 a)npkT. H

In the above equations, subscripts e, i, a, b, and s denote, respectively, electrons, ions,
neutrals, heavy particles, and particles supplied by the mass source. In the single-
velocity approximation used, the momentum conservation equation (3) represents the
sum of the momentum balance equations written for the components 2, e, and i,
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respectively. The quantity g, appearing in this equation represents artificial viscosity.
The particle source strength n, is assumed to be given, whereas n., as will be seen, is
calculated on the basis of the plasmoid properties. The cloud density p is given by p =
NgMg + nim; + n.m. =~ npm,, where m, is the mass of the neutral atoms considered.
Since the present calculations are limited to deuterium, and only dissociative ionization
is taken into account, it follows that Dy — 2D + 2n,, and n; = n..

The term ¢;,: appearing in the total energy equation represents internal energy sources:
it shall be replaced in our case by a term representing the power per unit volume
expended on ionization: gint = —€;f, €; being the energy spent on ionization (plus
dissociation) of an atom. The magnetic field diffusion coefficient x,, appearing in eq.
(9) is defined by the local value of the electrical conductivity:

Xow = o 0E (12)

whereas in the calculation of ¢ both electron-neutral and electron-ion collisions are
taken into account:

2
nee
o= — ’ (13)
mel}e '
Ve = Veg + Vei « (14)
The ionization rate equation is of the form
fle = NeNg Qe — nzniﬁc + ngay, —nenify , (15)

where a and 8 denote the ionization and recombination rates, and the subscripts ¢ and
v collisional and radiative processes, respectively. Detailed equilibrium is assumed and,
because of the high collisionality, the equilibrium electron (ion) density is defined in
terms of the Saha equation (n..qt = n.g). In the present work, an effective ionization
energy €; =~ 30 eV is assumed (with allowance for the radiative energy losses associated
with the successive excitation and de-excitation processes preceding a single ionization
event). Hence, taking advantage of the condition of detailed equilibrium, the ionization
rate equation reduces to

Ne = (ﬁ3bnc + ﬁu)(nzs = nf), (16)

where B3, = f. is the three-body recombination coefficient [24], and S, is taken from

Ref. [25]. The collision frequencies v, and v.; are taken from Refs. [15] and [26],
respectively.

By subtracting the kinetic and magnetic energy constituents from the total energy, one
obtains an equation for the internal energy conservation:

d v g i 4
L)-FV-(;T-p:v—l-)=—V-q—e¢n=—(P+qu)V°"

(
ot‘y—1
T (17)
il +m,(v,—~v)2]ﬁ'.,.
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Unlike in all previous spherically symmetric model calculations in which only the heat
flux carried by plasma particles confined to and moving along the magnetic field lines
was taken into account, in the present model also the transverse conductive heat flux
affecting the pellet cloud is accounted for [18 ]. Indeed, the pellet hose is expanding
not in a vacuum, but in a background plasma of rather high temperature. The lateral
cloud surface exposed to the surrounding plasma increases in time. The heat fluxes
affecting the cloud in the axial and transverse directions are calculated differently: the
axial heat flux is defined in terms of the energy flux carried by the thermal electrons
along the magnetic field lines, whereas the heat flux in the direction perpendicular
to the magnetic field is assumed to be a conductive heat flux defined in terms of an
effective thermal conduction across the magnetic field lines. For the first case, a flux-
limiting factor of f,, = 0.5 has been assumed, i.e. q) = fe, (%n,vcth E.). Computations
performed with this value yielded rather good correspondence with experimentally
observed properties [18b]. With regard to the transverse heat flux, an empirical relation
consisting of the weighted average of the local thermal conductivities of the neutral gas
and electron components, with the local ionization degree as weighting factor, has been
used (see [18 |). The value of the transverse electron conductivity x., was deduced from
experiments aimed at measurement of the heat pulse propagation speeds in tokamak
plasmas. Such pulses were produced by, for example, injecting pellets into the plasma
[27]. In accordance with Gondhalekar [27], x., & 1 m2/s was used in the present
calculations. Axial heat transport by particles other than thermal electrons as well as
radial heat transport by particles with sufficiently large gyro-radii (ions) and/or ion
conduction have been neglected in these calculations. Admittedly, the combination of
the values of fell and x., , and the neglect of all other energy transport channels is, to a
certain extent, arbitrary; only their combined effect was checked against experimental
observations ([8], [18b ]). Reliable selection of these factors would require series of
experiments aimed at determining these quantities.

One will note that the lateral surface of the expanding plasmoid, or at least a major
portion of it, is all the time exposed to the background plasma. Owing to axial expan-
sion, this surface continously increases in time. Hence the integrated transverse energy
flux may become larger than the axial energy input. In this sense there is no difference
between rational and irrational g-surfaces; hence suggestions relating the appearance
of striations to the limited length of flux tubes (energy reservoirs) at rational g-surfaces
may need to be reconsidered.

To model the radial expansion, ionization, deceleration, and magnetic confinement
processes accurately, a 1.5-D multi-cell Lagrangian model has been developed [28] .
The radial distributions of the cloud parameters and of the enclosed magnetic field are
computed in a self-consistent manner by taking into account the axial (field-aligned)
expansion of each Lagrangian cell. This computer model is applied here to various par-
ticle deposition scenarios. Note that the questions of pellet heating, pellet erosion, and
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pellet disintegration are not considered in the present work. The analysis is limited to
the evolution of the cloud formed around the pellet by the ablated pellet particles. The
pellet itself is replaced in this model by a mass source (particle source) of given size
and given strength. The calculations are performed for a stationary particle source,
which, in view of the fact that the average cloud expansion velocities exceed the en-
visaged pellet flight velocities by a factor of roughly 10, seems to be an admissible
approximation.

For the sake of numerical convenience, the expanding and partially ionized particle
cloud is subdivided into a discrete number of nested annular volume elements, each
annulus representing a Lagrangian cell. The uniform magnetic field applied is assumed
to be parallel to the axis of the annulus: B = 2B(r,t). The applied magnetic field is
spatially uniform: B (t = 0) = const = 2B,. Since the energy flux due to the plasma
particles that affect the cloud is assumed to be identical in the +2 and —2Z directions,
the z = 0 plane is assumed to be a symmetry plane and only the 0 < z domain is
considered (i.e. half of the total cloud mass). The initial cloud geometry is given in
the form of a regular cylinder z(k) = const = 2,,0 < r(€) < rp, where k is the index of
a cell (of intrinsic cell properties or cell length) and £ is the index of a cell boundary;
Tp = Tsrc Tepresents a fictitious source (pellet) radius.

For times 0 < t < 7,,. the mass source is turned on, and all Lagrangian cells with
inner radii not exceeding the source radius Tp = Tarc = const = Ry4(t = 0) are sup-
phed with cold neutral particles at a rate proportional to their area-coverage ratio:

,,c(k) = Neorc @y (k)/ALsrc, where N,y is the total mass source strength (equiva-
lent pellet ablation rate), a; (k) is the end surface of the Lagrangian cell covered by
(i.e. within the limits of) the source radius, and A ,,. = wr: is the total lateral sur-
face of the particle-emitting region. When, in the course of radial expansion, the inner
radius of an annular cell becomes larger than Tarc, the number of particles supplied
to this cell is cut to zero. It is assumed that the nested cylindrical annuli retain their
initial geometry during the entire cloud expansion, i.e. their boundaries remain nested
straight and concentric cylinders. This means, from a mathematical point of view,
that the dynamics of the radial expansion is decoupled from that of the axial motion
(although, as can be seen from the energy equation, the flow work term used in the
calculation of the pressure and/or temperature of a Lagrangian cell takes both the
radial and the axial motions into account). Since the primary objective of the present
work is to obtain information on the radial structures in ionizing particle clouds expan-
ding in magnetic fields, calculating the axial flow dynamics has the primary purpose
of correcting the radial distributions for the effects of axial expansion, and, secondly,
of obtaining information on the rate of cloud expansion in the axial direction (length
of the structures, etc) as well. Note that the plasmoid expansion in the fux tubes
along the magnetic field lines may be viewed as constant-area channel flow with heat
addition. The maxima of the respective parallel flow velocities are therefore limited in
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this work to the local sonic velocities.

It is of interest to see how the conclusions obtained in the single-cell Lagrangian appro-
ximation of [18] become modified in the multi-cell approximation of [28] as used in this
work. The major difference between the two approximations is the allowance made for
spatially nonuniform ionization (owing to the direct contact between the hot plasma
and the outermost plasmoid layer) and the resulting ionization wave propagating to-
ward the plasmoid center (symmetry axis). The radial variations of the ionization
state, Lorentz force, magnetic field pressure, etc. taken into account in the present
work, affect and modify to some extent the dynamic characteristics of the transition
phase and the “quasi-steady” or “quasi-equilibrium” plasmoid properties computed
in [18]. Besides its obvious academic interest, the question of radial structures in ab-
latant clouds has an essential practical application: A pellet injected into a plasma in
a direction perpendicular to the magnetic field with a velocity much lower than the
average cloud expansion velocity traverses its own shielding cloud. As Durst’s study
[23, 21] shows, any structures in the medium located ahead of the pellet may affect the

local ablation and thus particle deposition rates, the pellet lifetime, and the attainable
penetration depths.

The method of solution applied to the above equations is standard: a time- and space-
centered explicit finite-difference method to the momentum equations and an implicit
method to the radial distributions of the temperature (internal energy) and magnetic
field, the latter over the resistive portion of the ablatant cloud. Instantaneous magnetic
flux redistribution was assumed for its cold, non-conducting inner core. The interface
between the conducting and non-conducting cloud regions moves, of course, inward as
the ionization wave captures the inner regions. Details of the Lagrangian formalism
used as well as of the numerics involved are given in [28].

The computational model thus defined was applied to a sequence of particle deposition

scenarios with a systematic permutation of the four basic input parameters within the
ranges indicated:

Ambient plasma (e.g. electron) temperature: 1 < T (keV) < 10,

Ambient plasma (e.g. electron) density : 10'® < n.e (m™3%) < 10%°,
Applied magnetic field strength :1 < B, (tesla) < 4, and
Particle deposition rate Foo7 028 HZuiNgEE (5= e BI0ER

The particle deposition rates selected correspond to ablation rates expected in the
central region of large present and next-generation tokamaks.
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III. RESULTS OF CALCULATIONS

3.1 Plasmoid evolution: a representative scenario

As a representative or reference case we shall consider a scenario with the following
set of initial parameter values:

Background plasma temperature i 0t . = BikeV,
Background plasma density (D*) : n® =10 m~3,
Magnetic field strength 2By 8=2.51esla;
Total number of D° particles

deposited in the half-cloud s Npsp~ = 1.6 x 108,
Duration of particle deposition ! Tere = 20 us,
Temperature of particles deposited : 7T, =15°K,
Density of particles deposited LMty = 6% 1025 m T,
Velocity of the source particles s ¢l rasiOhmyfs:

The time variation of some representative quantities, such as the total number of heavy
particles (D° + D) present in the half-cloud, the cloud radius, the average (mass-
weighted) cloud temperature and cloud density, and the average ionization degree, are
shown in Fig. 1 for the first 25 us of the cloud evolution. As can be seen, the mass of
the cloud continuously increases until 7 = 20 us, and the bulk ionization degree reaches
~ 1.0 at 7 = 16 pus, remaining at this value for the rest of the mass addition phase.
The radius of the cloud reaches a “quasi-steady” value of ~ 4.5 mm in about 1 us (the
ionization time of the outer plasmoid layer). The bulk plasmoid temperature first
sharply increases (the kinetic energy increases only slowly because of inertia effects)
and, owing to gasdynamic expansion and ionization processes, changes relatively slowly
during the subsequent mass addition phase. The bulk plasmoid density decreases
exponentially during the first expansion phase but changes relatively slowly for times
7 greater than 5 ps. The enclosed total magnetic flux (not shown) rapidly increases
as long as the outer cloud layers remain unionized (volume sweeping), and remains
practically constant (frozen-in) afterwards. A slow increase of the enclosed magnetic
flux can be observed at later times, which is due to magnetic field rediffusion.

The time evolutions of the radial distributions of the cloud pressure, radial Mach
number (based on the radial expansion velocity and the local sonic velocity), and local
ionization degree are shown in Figs. 2, 3, and 4, respectively, for the duration of the
mass addition phase (20 pus). As can be seen, the radial Mach number may reach
values greater than unity. Noteworthy is the fact that sonic and supersonic velocities
were always found to be limited to the neutral gas expansion domain. As soon as
the outer cloud layer becomes ionized, the local expansion velocity drops practically
to zero there. All major changes that determine the “quasi-steady” characteristics
of the plasmoid are completed during the initial expansion phase associated with the
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ionization of the outer cloud layer, and the practically full stop of the radial expansion.
Hence a quasi-steady state is associated only with the axial (and not the spherical)
expansion phase. The calculated axial velocities (vith the sonic limitation imposed)
are in agreement with experimental observations [23].

A time sequence of the radial electron density distribution is shown in Fig. 5. The
inward motion of an ionization wave is apparent. The peak of the electron density
maximum remains all the time shifted to the left of the locus of the ionization degree
maximum, i.e. to the side with lower temperature and higher heavy-particle density. In
this example, the peak value of the electron density remains approximately constant (~
1024 m—3), while its position is continuously shifted toward the centre of the plasmoid.
In the wake of the electron density curve, i.e. on the high-temperature side of the
electron density peak, the electron density decreases, both in time and space, because
of the axial expansion effects. At the locus of the electron density maximum, the
plasmoid is not yet fully ionized.

The length-to-diameter ratios L/D of cloud regions with ionization degrees a < 0.99
are tabulated in Table 1 for the time at which the maximum radius is reached for a
variety of experimental conditions. The length of the neutral cloud fraction is defined
here as the mass-weighted average length of all not fully ionized Lagrangian cells. The
cloud region in which the particles are not yet fully ionized is the source region of Hy
radiation emission. Hence the length-to-diameter ratios shown here can be compared
with experimentally observed values. As can be seen, under very different scenario
conditions (the number of particles deposited changes by two orders of magnitude, the
applied magnetic field strength by a factor of 4) this ratio varies between ~ 3 and
~ 19. For realistic input parameter ranges, the computed values are in agreement with
the cloud geometries observed in pellet experiments (see, for example, the CCD and
framing camera pictures of Durst [23], or the striations presented by Wurden et al.

[29]).
3.2 Field-aligned structures

Owing to the fact that only the outermost plasmoid layer (the outer Lagrangian cell)
is in direct contact with the plasma in the radial direction, a conductive heat wave
followed by an ionization wave is expected to propagate from the plasmoid periphery
toward the symmetry axis. At the same time, since the peripheral layers are being
heated at a higher rate than the central ones, they expand in the axial direction,
thus causing a rapid density reduction at the plasmoid periphery. There are thus two
counteracting physical processes acting at the plasma periphery: the stopping and
pile-up of the outward-streaming high-density cloud layers at the ionization radius;
the high axial expansion and density reduction rates produced there by the enhanced
heat input and the resulting higher temperatures and the associated higher pressure
gradients acting along the magnetic field lines. As has been mentioned in the model
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description, the axial flow velocity is limited in this analysis to the local sonic velocity a:
w; = min(w,,a). Without this limitation, the density reduction due to axial expansion
in the peripheral plasmoid layers could be still faster.

The time evolutions of the radial heavy-particle density, temperature, electron density,
and magnetic field strength conforming to the representative scenario discussed are
reproduced in Figs. 6 to 9 in a continuous manner for the first 3 us of the cloud
expansion time. One can clearly see the growth of the cloud radius up to a time
= 1 us, and the transition to a quasi-steady state. As can be seen, the heavy-particle
density distribution remains qualitatively “self-similar” during the entire expansion
Phase (see Fig. 6): it peaks all the time at the centre and decreases monotonically
toward the periphery. Hence density reduction due to axial expansion not only balances
but also overrides the pile-up of the mass at the ionization radius. This distribution is
contrasted by the inverted (hollow) temperature profile (see Fig. 7), the temperature
remaining all the time highest at the plasmoid boundary and lowest at the axis of
symmetry. (The background plasma temperature is not shown in this figure.) The
lifetime and steepness of this hollow temperature profile is determined by the balance
between the supply of cold particles to the cloud interior and the heat input rate by
thermal diffusion at the cloud periphery. The electron density distribution (see Fig. 8)
initially displays a deep hole at the plasmoid axis (for technical reasons, a lower limit
was imposed on the electron densities plotted (10'® m~3); the actual electron density
approaches zero in this region). This “hole” first expands together with the cold gas
volume and then, after the heat flux also penetrates the central plasmoid region, the
hollow electron density profile becomes filled up. Obviously, the ionization degree
distribution that corresponds to these density and temperature profiles will be similar
to the temperature curve with maximum at the plasmoid boundary and minimum at
its centre line (see Fig. 4, employing a different time scale). After full ionization is
reached, the electron density profile becomes identical to the heavy-particle density
profile.

The enclosed magnetic field (Fig. 9) remains spatially uniform and constant in time
as long as the cloud remains unionized and expands unaffected by the presence of the
magnetic field. Once the outer layer becomes ionized, the enclosed magnetic field is
practically frozen-in, and the variation of the interior magnetic field strength is now
governed by the motion of the plasma boundary. As can be seen from F ig. 9, the
magnetic field strength rapidly decreases in time as the plasmoid radius approaches
its maximum value, and then follows the overdamped compressive oscillations of the
plasmoid boundary as the transition to the quasi-steady state takes place. At the
same time, rediffusion of the magnetic field sets in at the plasmoid boundary. Since
the initial plasmoid temperature (electrical conductivity) is rather low, the rediffusion
is rapid at the begining and becomes rather slow (measured on the resistive diffusion
time scale) at later times.
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In summary, the exp;anding cloud displays a rather characteristic structure during the
first phase of its expansion: hollow temperature profile associated with an inward-
bound thermal wave (temperature, ionization degree), and an electron density peak
that precedes the ionization wave. As time goes on, the temperature distribution beco-
mes more and more filled up at the plasmoid axis and the electron density distribution,
once its peak (or the ionization front) reaches the plasmoid axis, becomes identical to
the heavy-particle distribution. The heavy-particle distribution remains peaked all
the time. The characteristic dimension of the structures thus created in the direction
transverse to the magnetic field is given roughly by the ionization radius.

Another phenomenon that may be responsible for field-aligned structures in pellet
clouds is the onset of flutes. Indeed, the high-density plasmoid radially decelerating
in a magnetically confined low-density plasma is subject to the MHD version of the
classical Rayleigh-Taylor instability, i.e. to flute instability. Earlier investigations
performed in the single-cell Lagrangian approximation [185] showed that in a certain
expansion phase the wavelength of the flutes expected becomes of the order of the
plasmoid radius. In this work, the radial distribution of the local flute wavelengths
as well as their time evolution is calculated on the basis of the theory proposed for
theta pinches [30]. The ratio of the calculated flute wavelength and the local radius
is shown in Fig. 10 for the plasmoid domain in which the local ionization degree
exceeds 1/100, and for different time instants. (The input parameters correspond
to the representative scenario discussed above.) Note that the cut-off value of the
ionization degree (1/100) was selected in a rather arbitrary manner: the theory offered
in [30] is, strictly speaking, only applicable to fully ionized plasmas. Hence only the
peripheral portions of the curves (r = Rciq) shown in Fig. 10, which correspond to fully
ionized states, can be used with certainty. As can be seen, the wavelengths of flutes
always have their maxima at the plasmoid periphery (locus of ion density minimum).
This maximum increases in time. At some time instant;' which usually lies in the
quasi-steady expansion phase, the ratio A/r reaches the value of 7, which is equivalent
to an m = 2 poloidal disturbance. In this case the field-aligned structure again has
a characteristic wavelength defined by the cloud radius, e.g. by the ionization radius.
The flutes may thus amplify, during a certain expansion phase, the striated structure
associated with the confinement of the ablated particles at the ionization radius. The
net effect of flutes may be a sudden and localized ejection of substantial cloud mass
fractions (ionized and unionized particles) from the cloud interior. Thus the traces of
localized light bursts seen in Fig. 4 of Ref.[23 ] outside the cloud boundaries may be
due to R.-T. instability.

Noteworthy is the radial variation of the thermal energy flux carried by the cloud elec-
trons. The results of calculations show that this quantity increases radially outward
and, within the first 10 to 20 ps of the cloud expunsion time, it grows also in time at
any radial position. For example, in the case of the representative scenario previously
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discussed, the ratio gjcja/g|.0 (subscript “0” denotes here background plasma parame-
ters) reaches, at the end of 10 us , the value of approximately 0.4 at the cloud centre
and approximately 10 at the cloud periphery, i.e. the effective thermal energy flux
stored in the peripheral cloud region is in this case an order of magnitude larger than
that of the undisturbed plasma. The pellet is most likely (depending upon its flight
velocity) going to cross this layer.

3.3 Source strength, magnetic field, and plasma parameter effects

Numerous scenario calculations were made with systematic variation of the four basic
input parameters: N,,c, ne0, Teo, and By, respectively. In each scenario run, the cloud
characteristics were monitored at the moment of reaching the maximum cloud radius,
and at time instants after the quasi-steady state had been reached (i.e. at 10 us and
20 ps of the cloud expansion time).

We shall give here a brief description of the effects of the major input parameters on the
basic cloud characteristics, as seen from the results of calculations. One should bear
in mind that the basic cloud parameter that was found to affect all other quasi-steady
characteristics is the stopping or confinement radius. The stopping time associated
with the radial confinement of the plasmoid (7(Rectd = Rmaz)) is closely related to the
ionization time of the outer plasmoid layer and is a complex function of various factors
(rate of mass deposition, heat input rate, and magnetic field strength).

Let us now consider the effect of the rate of mass release or particle source strength.
The results of calculations show that the cloud radius increases as the number of par-
ticles deposited. This is so because it takes longer to ionize a larger number of neutral
particles and thus the cloud has a longer time to expand before interaction with the
magnetic field begins. The bulk (mass-averaged) cloud temperature of the plasmoid no-
tably decreases whereas the average density increases with increasing mass deposition
rate, the latter in spite of the larger cloud cross-sections inherent at higher deposition
rates. The bulk ionization degree attained at the moment of radial confinement de-
creases with increasing source strength. It is noteworthy that the radial expansion of
the plasmoid comes to a full stop at relatively low average ionization degree values (
0.67 to 0.17 for the cases discussed). Of course, the outer plasmoid layer is already
ionized at this time. Figure 11 shows the variation of the maximum cloud radius as
a function of the number of particles deposited during the source-on time (all other
input data correspond to the representative case discussed above). The radius values
at 10 us and 20 us expansion time (showing the relatively slow change of the radius
during the gasdynamic expansion phase) are also displayed in this figure. Note that
pellet penetration depths computed with the help of calculated ionization radii, wich
were then fed back into the neutral-gas-plasma-shielding ablation model of Houlberg et
al. [13] have shown good correspondence with measured values (see p. 255, Ref.[8] ).
With regard to the effect of the source strength on the diamagnetic state of the cloud,
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the results show that the average magnetic field trapped at the moment of radial con-
finement decreases with increasing source strength. This is a consequence of the larger
initial radial momentum gained in the absence of early ionization: after a frozen-in
state has been reached at the plasma periphery, the expanding neutral core continues

to push this ionized layer outward, thus further reducing the average magnetic field
inside the cloud. :

With regard to heat flux (background plasma parameters) and magnetic field effects,
the time necessary for ionization of the outer plasmoid shells is a function of the balance
between the deposition rate of the cold particles and the heat flux available for heating
and ionizing these particles. On the other hand, the confinement radius of the plasmoid
layers (and thus the value of all quasi-steady plasmoid parameters) is defined by the
balance between the pressure build-up (pressure gradients) and the retarding j X B
forces, both of which are again functions of the energy inprut rate (the latter through
the electrical conductivity value). In addition, the retarding force is also a function
of the magnetic field strength and its distribution as well. The results of calculations
show that the “quasi-steady” plasmoid properties are complex functions of all these
parameters combined. At low and intermediate plasma temperatures (T fresboke V.
for the set of representative pellet and plasma parameters considered), the ionization
time and hence the vacuum expansion time preceding the moment of interaction with
the magnetic field rapidly decrease with increasing incident heat flux. At the same
time, the rate of pressure build-up is not sufficient to balance the 7 X B force (except
at rather low magnetic field strengths) , and the maximum attainable plasmoid radius
continuously decreases with increasing plasma temperature. The stronger the magne-
tic field, the more pronounced is this effect. At higher energy input rates the pressure
build-up is sufficient to prevent further radius reduction or even makes the plasmoid
radius grow slightly as the ambient plasma temperature, in spite of the reduced ioni-
zation time. The variations of both the maximum attainable and the “quasi-steady”
plasmoid radii with the strength of the magnetic field applied are quite pronounced:
the stronger the magnetic field the smaller is the stopping radius. The dependence of
the average plasmoid density and the bulk plasmoid temperature on the magnetic field
strength (i.e. on the magnitude of the stopping radius) is pronounced: the higher the
m.f. strength, and thus the smaller the plasmoid radius, the higher is the bulk plas-
moid density and the lower is the bulk plasmoid temperature. The plasmoid density,
just as the plasmoid radius, is a relatively weak function of the background plasma
temperature. More pronounced is the heat flux dependence of the bulk plasmoid tem-
perature. The variation of the volume-averaged cloud density with the background
plasma temperature is shown in Fig. 12 for four different magnetic field strengths
(again, all other input parameters correspond to the representative case).

With regard to the diamagnetic state of the plasmoid, the plasmoid becomes pro-
nouncedly diamagnetic when subjected to higher heat fluxes (plasma temperatures),
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particularly at lower magnetic field strengths. The reason for such behaviour is ob-
vious: higher plasma temperatures means shorter ionization times at the plasma
periphery; hence a frozen-in state is reached at an earlier time instant. Furthermore,
lower applied magnetic field strengths allow further 'gasdynamic expansion during the
frozen-in state. As a last example, the reduced and volume-averaged magnetic field (
averaged “magnetic shielding factor”) is shown in Fig. 13 as a function of the back-
ground plasma temperature and the magnetic field strength for the time instant of the
radial confinement. For further computational results the reader is referred to Ref.[28

I

IV. DISCUSSION AND CONCLUSIONS

4.1 Field-aligned structures

Following a short transient spherical expansion phase, the pellet cloud undergoes a
quasi-steady linear expansion along the magnetic field lines. This quasi-steady phase
is characterized by the presence of field-aligned structures in the cloud state parame-
ter distributions. The separation distance between the field-aligned inhomogeneities
evolving during the cloud expansion and ionization processes is related to the only cha-
racteristic length inherent in this process: the ionization radius. Gaussian (peaked)
density profiles and inverted (hollow) temperature profiles result with function value
variation of several orders of magnitude from the plasmoid centre to the plasmoid
periphery. Also the structure of the field-aligned flutes that develop at the plasmoid
boundary coincides, at some time instant, with an m = 2 poloidal disturbance pat-
tern, again with the ionization (confinement) radius as characteristic separation length
between them. The lifetime of these structures is measured on hydrodynamic and
resistive diffusion time scales.

4.2 Effect of pellet motion

Since the average expansion velocity of the cloud surrounding the pellet is usually
much larger than the pellet flight velocity, a pellet crossing its own ablatant cloud is
not likely to affect the cloud structure as long as it is not in direct contact with the
high-temperature ionized outer shell. However, during passage through the ionization
layer, however short this time period may be, the pellet is exposed to heat fluxes that
may be considerably higher than those experienced in the interior of the cloud (see Sect.
3.2). Once the pellet is outside the ionization shell, a new low-temperature gas bubble
is blown around it and the cloud evolution is expected to repeat itself. Obviously,
the ablation rate and the associated cloud expansion dynamics may become strongly
modulated by the periodic passages through the high-temperature cloud layers. The
alteration of the cloud expansion dynamics and of the ablation rate during the pellet
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flight across the ionization shell has not yet been quantitatively clarified. Similarly, also
the cloud structures associated with pellet velocities comparable to cloud expansion
velocities remain to be investigated.

4.3 Consequences for pellet ablation models

There are no simple or analytical means of quantitatively predicting the physical pro-
perties of shielding clouds surrounding ablating pellets. It is possible, of course, by
making rather drastic simplifying assumptions regarding the shielding effect, to derive
some scaling laws for the pellet penetration depth (8], but no reliable predictions can
be made on the basis of these laws. It is also possible to set up empirical or semi-
empirical relations for the ablation rate and to validate these models (i.e. to select
the values of some free parameters entering these relations) on the basis of experi-
mental results. These models cannot, however, be applied, with a sufficent degree of
certainty, to predictive calculations either. Experience shows that validating ablation
models and fitting calculated pellet penetration depths, density profiles, etc. to measu-
red ones [31], [32], [33], are rather difficult tasks. Uncertainties and/or scattering in
some of the crucial experimental data, such as the actual pellet mass interacting with
the plasma, the true pellet velocity and its possible temporal variation, the electron
temperature profile immediately prior to pellet injection, etc., make validation rather
difficult. Ablation rates and pellet penetration depths observed in different tokamaks
were reproduced by means of different ablation models, which, however, are not sup-
posed to be machine-specific. The experimental observations of Durst et al. 21 | and
others, as well as the results of the present and previous calculations (18 ], indicate that
ablation is an inherently transient process determined on the whole by the evolution
of the shielding cloud around it and by the modulation of the cloud characteristics
(in space and time) by the presence of the magnetic field (the magnetic confinement
of the ionized fraction of the cloud). Hence an ablation model that is predestined
for predictive pellet penetration calculations in fusion-grade plasmas should take these
aspects into account. Besides, the development of such a model should be accompanied
by experiments with accurate measurements of all essential data concerning not only
the pellet-plasma interaction but also the shielding cloud evolution processes. The
shielding cloud models, too, need verification or validation.
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Table 1. Length-to-diameter ratio L /D of the not fully ionized region (mass-
weighted average length of cells with a < 0.99, which is the region of possible
H, radiation emission, divided by the cloud diameter) at the moment when
the maximum cloud radius is reached for different ablation scenarios.

a) The total number of particles Njis deposited within 7,y = 20us is varied*:

Npis L/D
2.0 x 1018 19.3
5.5 x 10!8 13.7
1.6 x 101° 9.3
4.4 x 10'° 4.8
1:3:% 1029 2.9

b) The applied magnetic field strength B, and plasma temperature are varied*:

B(tesla) L/D L/D
(5 keV) (7 keV)

1.0 2.8 2.6

2.0 7.3 =7

3.0 10.7 11.0

4.0 12.0 13.6

* All other conditions are identical to those specified for the “representative case”.
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Figure 1: Time variation of representative cloud parameters for the first 25 ps.
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Figure 2: Time evolution of the radial pressure distribution during the mass addition

phase.
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Figure 3: Time evolution of the radial distribution of the transverse flow Mach
number during the mass addition phase.
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Figure 5: ime sequence of radial electron density distributions for the first 8 us of
the cloud expansion.




Figure 6: Time evolution of the heavy-particle density distribution during the first

3 us of the cloud expansion.
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Figure 8: Time evolution of the electron density distribution during the first 3 us of
the cloud expansion.
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Figure 9: Time evolution of the magnetic field strength distribution during the first
3 pus of the cloud expansion.
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Figure 10: Radial distribution of the normalized wavelength of flutes at various time
:nstants for the cloud domain with a local jonization degree greater than 0.01.
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Figure 12: Cloud density after expansion time 20 us as a function of plasma tempe-
rature and magnetic field strength.



Figure 13: Diamagnetic state (average magnetic shielding factor) at 7 = 7(Rmaz) 28
a function of plasma temperature and magnetic field strength.
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