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L Introduction

In thermonuclear fusion research, pellet plasma interaction occurs in two important

areas: One is the so-called inertial confinement and the second one is the injection

of pellets in a magnetically confined plasma. In inertial confinement, a spherical

target of a few millimeters diameter filled with a deuterium-tritium mixture - the

pellet - is bombarded with a well focussed high power beam of either photons

(laser-beam, indirectly by laser beam initiated incoherent X-ray radiation) or

particles (electron-, light ion- or heavy ion-beam). The beam energy has to be in the

order of Mega-Joule for a time span of several nanoseconds. The beam heats the

outer surface of the pellet and forms an expanding plasma cloud. The expansion

establishes a reaction-force directed towards the pellet center and initiates a

compression wave into the pellet. To reach a positive energy balance, i.e. to

extract more fusion power from the pellet than has been put in by the beam, it is

necessary to compress the pellet center to a density of over one thousand times

the solid state density. Under this condition the inertia of the pellet matter keeps

the material together long enough for obtaining the desired burning rate. Inertial

confinement attracts much attention from the military side and, therefore, some

aspects are still classified. In the following, inertial confinement will not be

discussed.

The primary goal of the pellet injection into magnetically confined plasmas

is the fuelling of the discharge. Here, the pellets are hydrogen or deuterium ice

pieces with a volume of typically a few cubic-millimeters; the number of atoms of

such pellets is a substantial fraction of the total number of particles in the

discharge. Fuelling by peliet injection is complementary to the conventlonallvused
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gas injection fuelling, The fuelling allows the stationary regulation of a discharge

density, if the device has a balanced particle sink. !n short pulse machines the sink

is either simply the wall, a pumped limiter or a pumped divertor. In long pulse

discharges like the planned ITER device, wall pumping eventually saturates, so that

active exhaust systems are necessary. Gas injection has the disadvantage, that the

ionization processes take place close to the plasma edge. This leads to a strong

reduction of the probability for the fuelling gas to penetrate into the central plasma.

The gas remains at the plasma boundary; this is equivalent to a iow fue!!ing

efficiency and a high neutral particle pressure at the plasma boundary. The low

fuelling efficiency in a fusion reactor means that an undesired high amount of

tritium gas has to be introduced into the machine; the tritium recycles in the

plasma boundary of the discharge and is extracted together with the helium ash.

The high recycling is connected with a high gas pressure at the plasma edge and

this high neutral density deteriorates the plasma confinement, This negative effect

can be avoided by injecting a pellet deeply into a fusion plasma. The influence of

the pellet injection on the plasma performance wi!! be discussed in chapter III. In

chapter II the effects directly associated with the penetration into the discharge are

treated.

The injection of pellets into a plasma leads to an enormous heat transfer

from the plasma to the pellet. For "normal" heat fluxes, the heat deposition to a

solid surface and the heat propagation into the solid is described by the well-known

heat equation. If, however, the incoming heat flux is so high that the surface

material is evaporated before the heat sufficiently penetrates into the bulk, a new

effect, the so-called 'gas shielding', is observed. In everyday life this effect is
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known as the Leidenfrost phenomenon 11.1, L21 and it occurs if e.q. a droplet of

water falls on a hot plate. The water contracts to a ball so that the contact surface

to the hot plate is minimum. The calefaction leads to the formation of a vapor

cloud at the contact point, which lifts the droplet from the hot plate and inhibits

the heat transition by orders of magnitude.

If the shielding effect would be neglected and it would be assumed that the

water (1 mm thick) remains in contact to e.g. a 500 0 C plate, then the droplet

would evaporate within less than a second. The actual evaporation time of the

droplet is extended because during extreme heating the evaporation from the

surface leads to an isolating protection gas film between the plate and the droplet.

Some properties of the leidenfrost phenomenon are very specific and cannot be

generalized like e.g. the flow pattern of the gas layer supporting the droplet from

the hot plate. Other features like the protection cloud, however, are so general that

they are also of importance for the pellet ablation process in the plasma.

II. Peilet Ablation

!!.A interaction of Single Particles with Solid Hydrogen

Before coming to the ablation models, first the interaction processes

between incoming single particles of different energies with a hydrogen (ice) target

are discussed. For most conditions in a magnetic fusion device, the largest fraction

of the energy is transported and deposited by the electrons from the hot plasma

to the pellet; the ions are shielded effictively by the cloud and the photon density

in typical fusion plasmas is too low. An important exception may be discharges

with high neutral beam heating power Isee III.D/. The interaction between a beam
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and hydrogen is characterized by the stopping cross section {-dE/dx}. Fig. 11.1 gives

an overviev of the stopping cross section for electron impact and proton impact on

a H2 (provided by J. Schou). At particle energies below 0.5 keY the electron cross

section dominant and at higher energies the influence of the ions becomes

dominant. The stopping power taken from Anderson and Ziegler agrees well with

the curves from Bergeson ans sereson except for the Deuterium-Deuterium case.

The reason for the discrepancy is not yet known.

An electron beam injected into a solid target is attenuated both by inelastic

collisions with the electrons in the solid, which leads to excitation and ionization

processes, and by elastic collisions with the atomic nuclei. The beam particle

interaction is treated in review articles III.A.1, II.A.2/. Forthe hydrogen target each

ion-electron ionization pair requires an energy of about 38 eV III.A.3/.

The penetration depth into solid hydrogen or the mean projected range R of

an election beam in the keY range has been investigated by Valkealahti at al,

III.A.41 and it can be described as

(n.1 )

This value is derived from computer code calculations and includes scattering on

nuclei; it is 1/0.75 times larger than the value in the gas phase. According to this

formula electrons of 1 keY have a range of n- '" 5.3.1017 moleculss/crrr' which

is equivalent to p·1 '" 1.7· 10.5 g/cm2 or a penetration depth of about 2· 10.4 cm

in condensed hydrogen. it wiil be shown later that by far most of these electrons

(99.99 % !1.E.14/l are absorbed from the ablated cloud and do not reach the pellet
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surface. High energy electrons in the 100 keV range are produced in low and

medium density tokamak discharges, where e.g. resonant waves, launched from

the outside, accelerate a group of electrons, so that these particles carry most of

the plasma current ("slide away" electrons) - so-called current drive experiments.

Under these conditions, the electrons penetrate through the cloud and deposit their

energy inside the pellets. This can lead to a quick destruction of the pellets. Finally,

runaway electrons with an energy of several MeV can be created in discharges

with very low electron densities (ne ,,;; 1019 m-3); these electrons can pass the

pellet without destroying it.

If the effect of the cloud can be neglected, the erosion due to sputtering can

be studied IIi.A.5/. Measurements performed at an electron energy of 2 keV show

that one incoming electron sputters about 10 hydrogen atoms from a target. The

collision rate of the plasma ions with the pellet target is by the factor (me I mil 1/2

smaller than the electron coilision rate. Nevertheless, the sputtering due to ions is

more effective because the sputtering yield of ions amounts to 103 atoms per

incoming ion III.A.6, !I.A.7/. The sputtering is primarily not based on knock all'

collisions with the nulcei like in most other materials but due to electrnic excitation

and subsequent decay into repulsive states; it is effective because the binding

energy, which is equal to the sublimation energy, is very low and ranges from

8.655 meV for solid H2 to 14.8 meV for T2 .

If a typical pellet with a hydrogen content of about 5· 1020 atoms is injected

into a hot plasma, its observed lifetime there amounts to about 0.5 rns, This

corresponds to an erosion rate of about 1024 S-l. We compare this erosion rate to

the value estimated from the sputtering yields of electrons and ions. A plasma in
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a typical tokamak has a density of ne ~ 5 0 1019 m-3 and an electron temperature

Te "" 1 keV. This plasma surrounds a 1 mm pellet: this leads to a collision rate of

vcoll = n·vther·Apeliet "" 1021 s-1 for electrons and 2.5.1019 s-1 for the ions. The

erosion rates due to pure sputtering without the shielding effect of the cloud would

then amount to about 1022 S-1 for electrons and 2,5.1022 s-1 for ions. These

values are 1 to 2 orders of magnitude lower than observed during the ablation. As

the cloud shielding is neglected, this is an upper limit estimate for the erosion due

to sputtering and it shows that sputtering should not be the dominant erosion

process. The dominant process is assumed to be evaporation.

There is an interesting aspect of charged particle interaction that is normally

not considered during the ablation process in the plasma: The solid deuterium emits

light in response to the particle interaction III.A.9, II.A.10/. The light is emitted as

a broad continuum band in the red and near infra red spectral region, but not

coincident with the Ha line.

ii.B Ablation Models

If a solid hydrogen ice pellet is suddenly exposed to the plasma, it will be

heated mainly by particle impact. The particles from the plasma deposit their

energy close to the surface such that a rapid evaporation and/or sputtering is

initiated. The ablated particles are predominantly neutral in the beginning. They

start to expand without restrictions due to electrical or magnetic fields and form

a spherical cloud. The cloud expands freely until ionization processes become

dominant. The cloud diameter is then on the order of one centimeter. The ionized

shell surrounding the cloud is subjected to the influence of the local magnetic and
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electric fields in the tokamak. An overview about the power fluxes crossing the

outer ionized shell surface, the surface of the neutral cloud (thermal electrons and

fast electrons separately) and the pellet surface are plotted in fig. 11.2 for a pellet

penetrating from the outside of the discharge to the axis /11.E.14/. The peak value

entering the outermost surface amounts to about 40 MW (450 J during pellet­

lifetime); 10% of this flux reaches the neutral cloud and only 0.01 of the flux

reaching the neutral cloud arrives at the pellet surface. So the incoming flux is in

total reduced by about three orders of magnitude.

An early description of this ablation process is the so-called "Neutral Gas

Shielding", NGS - model of Parks and Turnbull 111.8.1, 11.8.2/ which has been

extended by Milora and Foster /11.8.3,11.8.4/, Chang et aI./I1.8.5, 11.8.7/, Houlberg

et al, /11.8.8/ and lengyelll1.8.8 - 11.8.13/ and others 111.8.14 - !I.B.17/. The

development time of a shielding cloud amounts to about 0.1 JiS, the expansion time

along the magnetic field about 1-2 ps and the crossing of a pellet vvith v = 1 km/s

through the cloud to about 25 JiS; all these times are fast compared to the pellet

ablation time of typically 0.5 ms, Therefore, the ablation process is seen as quasi

steady state. The hydrodynamic conservation equations of mass, momentum and

energy are solved for a 1D spherically expanding gas flow. The pellet surface is the

source, its temperature is assumed to be T '" 0 K. The plasma electrons hitting the

cloud deposit their energy in the cloud. This energy is mainly used to heat up,

ionize and accelerate the ablated gas radially outwards. Only a very small fraction

of the incoming energy provides the energy for the evaporation of the pellet

surface.

Newer models have extended this 'Neutral Gas Shielding' model without
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drastically changing the old result. The most important changes are: The incoming

electrons are no longer mono-energetic but a more realistic distribution is ailowed

/IL8.18/; plasma effects like the deformation of the magnetic field and plasma

shielding /11.8.8, 11.8.12, 11.8.191 are added to the mode! by different authors. An

example of the radial distribution of the neutral mass density, the electron density

and ion and electron temperature is shown in fig. 11.3. The appllcation of pellets for

reactor fuelling is studied in 111.8.7,11.8.20 and IV.2/.

il.e Ablation Rate

The aim of the pellet ablation models is to predict the local ablation rate of

a pellet, its penetration depth and sometimes details like the flow pattern of the

ablated gas, its ionization rate and the Ha emission from the ablated gas. The

different models predict slightly different results. A recent study by Houlberg on

JET liLC.l / gave the following predictions on the ablation rate and the penetration

depth: When a pellet (radius rP' molecular density of solid hydrogen

nm se 2.1,' 0 28 m-3 , atomic mass number of the pellet material (H, D or T) Apl is

injected Into a background plasma of density ne and electron temperature Te, the

pellet radius diminishes as:

HL21

The equation shows that the decrease of the peilet radius, which stands here also

for the ablation rate, depends very strongly on the electron temperature of the

plasma and only to a minor degree on the plasma density. Therefore, a pellet
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penetrates deeper into a high density - !ower temperature - p!asma than into a !ow

density plasma, which has generally the higher temperature. The integration of

drpfdt over the pellet path, until rp becomes zero, gives the penetration depth II of

the pellet into the plasma.

II.D Penetration Depth of the Pellet

For this integration the initial plasma density and temperature distribution must be

known. For estimations of the penetration depth II, the following plasma profiles

are assumed:

(Ii.31

where neo and Teo correspond to the central electron densities and temperatures,

and a is the minor radius of the plasma and x v r/e is the normalized radius. The

exponents are free parameters which have to be fitted to the experimentally

determined distributions. The time in the integra! is transformed to one over the

pellet path with

(11.4)

where vp is the pellet velocity. With these assumptions the penetration depth II

becomes fll.e.V:
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W.5l

here rp o is the initial pellet radius and fings = 3/(3 + O'n + 50'T)' For linear profiles

the a-values are an = aT = 1, and consequently f3ngs = 1/3. The equation shows

that the strongest influence on the penetration depth is due to the initial pellet size

rpo and the electron temperature Te. The influence of the pellet velocity on the

penetration depth is weaker.

The ablation models predict further that the electron density in the ablation

zone reaches values up to 1022 to 1023 m-3 !!I.D.V. This value is determined by

the balance of the ablation rate and of the streaming velocity of the ablated gas.

The dependence of the neutral gas density, the electron density, the electron

temperature and the ion temperature as a function of the distance from the pellet

center are shown in fig. 11.3. The transport of the ablated pellet material is

predicted to occur predominantly parallel to the magnetic field lines; the streaming

velocity far avvay from the pellet is in the order of the sound speed or slightly

higher.

U.E·.Experimental Observations of the Ablating Pellet,

The pellet penetration depth into the plasma is one of the observations

which allow a comparison with the model predictions. Recent experiments

performed at JET III.C.1 II.E.1 II.E.21 show a remarkably good agreement between

the observed penetration depth.i and the simple neutral gas shielding (NGS) model.

In these experiments, the size dependence and velocity dependence have been

investigated liI.E.3, iLEAl. The observed pellet penetration scaling, however,
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shows slight differences between different machines" The reason for this difference

is not yet identified, but it is under discussion whether it can be attributed either

to the different pellet size or to the magnetic field in the different devices.

Examples from other experiments are listed in ref. III.E.5 -II.E.1 0, II.E.141

A more detailed comparison of the ablation models is performed by the

analysis of the pellet ablation rate during its passage into the plasma. The ablation

rate can be measured by two means: a) by the difference in the electron density

profile immediately before and after the pellet injection and b) by the Da and Dp

light emission occurring from ionization I excitation processes during the pellet

ablation.

Experiments on JET and TFTR III.E.1 II.E.21 have shown that the ablation

rates determined by the two techniques disagree strongly. The results from JET are

shown in fig. 11.4. The picture shows the density distribution before and after the

pellet injection and the difference between these data (top part). ln the IO\f\/er part

of the figure, the ablation rate according to methods a) and b) and a value from the

gas shielding model are shown. The Da method shows the ablation maximum of

the pellet occurs in the central plasma, which here is also the end of the pellet

path. The ablation maximum deduced from method a) is considerably nearer to the

plasma edge. The prediction of the NGS-model would favor the result from

measurement b), but the authors stated that the Da-emission intensity is not

proportional to the ablation rate as is assumed by many other authors 111.8.6,

II.E.11/. The statement is based on Da emission calculations by III.D.1 I where the

collisional excitation and radiative de-excitation are balanced. For the plasma

conditions in the ablating cloud the Da emission seems, according to III.E.2/, to be
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more closely related to the heat flux incident on the pellet than to the effective

ablation rate, as is shown in fig. 11.5. Even though the pellet ablation rate as a

function of the pellet position agrees only poorly with the observation, the total

penetration depth agrees well with the predicted value from the NGS-theory.

For the pellet cloud, a stationary state with a spherically symmetric gas flow

is assumed. The gas is ionized at the outer boundary and mixes with the

background plasma. Some local parameters such as the electron density and

electron temperature can be measured by spectroscopic means such as line

broadening and line ratios. Several experiments have been performed on TFR and

TFTR. Fig. 11.6 shows results from TFR III.E.121 about electron density,

temperature and the number of ablated deuterium ions in the atomic state n = 4

along the cloud (striation see also Ii.F and III.J). It was found that the electron

density is in the order of 1023 m-3 and the electron temperature near the ionization

zone is on the order of 1.5 - 2 eV. These values agree well with the expectations.

Measurements on the toroidal expansion of the ablated pellet plasma have

been performed on TFTR and JET by determining the density propagation on

different positions around the torus. The density pulse propagates toroidally with

a velocity of the order of 1.5, 103 m/s which is of the expected order of the Mach

number M 2: 1 III.E.2/. In T-10 also a peloidal propagation with a velocity of about

10 3 mls III.E.151 was observed.

ll.E Non-Stationary Ablation

Up to now we have treated the pellet ablation as a smooth process. This has

been justified by the fact, that the time necessary for the cloud development is
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more than one order of magnitude shorter than the ablation time which is of the

order of half a millisecond. The observation of the Dcr light during the pellet

ablation, however, shows a different picture: The ablation rate changes strongly

along the path of the pellet in the plasma; this modulation in the ablation is called

"striations". Two effects are discussed in the literature to explain these striations:

a) The striations are caused by an instability during the ablation, b) the ablation

process is instantaneously "fed" by plasma energy nkT, which originates from

closed magnetic surfaces. In this model it is considered, that close to rational

values of the safety factor qlr), the energy reservoir is limited due to the resonant

structure of the magnetic surface. When the pellet passes these positions, less

heat flows to the pellet and therefore less particles are evaporated by the cloud.

The strongest minima are generally observed, if the pellet passes the radius with

"simplest" rational numbers q{r) = 1!1 and q(r) = 3/2. The method is applied for

measuring the magnetic structure of the plasma by pellet-injection and will be

resumed in section 111.1.

In model a) III.F.1 1 the ablated atoms are ionized at a typical radius Po' The

attenuation of the incoming heat flux to the pellet at a given position depends on

the ablation of a pellet in earlier times. The ablation is calculated to

(U.51

In this expression f(x) is the ablation rate of an unshielded spherical pellet and is

determined by the background plasma; m{x)2/3 is the local pellet mass. The integral

in the exponent gives the deposited mass per unit area at the position x; nix) is the
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inverse mass per unit area, which is attenuated by the energy flux along the field

lines by 1/e and g(p) is the radial cloud profile. An oscillating solution is obtained

for an increasing cloud profile g(p) and a bell shaped background plasma function

fIx). A simulation yields an oscillation frequency in the ablating rate of about 80

kHz which corresponds to a striation distance of 1 em. The 1 em distance of the

striations is - as perhaps expected - of the same order of magnitude as the cloud

diameter. A picture of the observed time dependence and the calculated ones are

shown in figs. 11.7 a and b.

There are evidences that in tokarnaks the simplest rational surfaces lead to

observable striations, giving some support to model b. There are on the contrary

also observations on experiments like the low shear stellarator IIII.G.21 where no

low rational surfaces are present and striations are observed nevertheless. This

implies that model b is not sufficient to explain the overall striation generation

process.

m. Characteristics of Pellet Fuelled Discharges

The pellet injection changes several plasma properties. The obvious ones are

the increase of the line averaged density and the decrease of the plasma

temperature. Additionally the central density profile is steepened, the sawtooth

activity is reduced or stopped, various internal plasma modes are excited and the

central q-profile is altered. Several of these results are treated in review articles on

the ASDEX tokamak by M. Kaufmann et al. 1lI1.1 and 111.2/; contributions of several

other machines are collected in the IAEA-TECDOC-534 report /111.3/ and in a recent

review paper by Chang /111.4/. Here these review articles are only summarized and
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mainly newer results are discussed.

IiI.A The Profile Peaking

The ablation process starts at the periphery, where the pellet first touches

the plasma, and continues until the pellet is fully consumed /iii.A.l - H!.A.7!. In

many cases this ablation is finished well before the pellet reaches the center of the

plasma. In experiments like ASDEX (vpellet = 600 m!s for centrifuge, 1000 m!s for

gas gun) 1Ii!.1! the penetration depth amounts to about 20 cm to 30 cm for Ohmic

discharges at medium electron densities (e.g. 3 - 4· 1019 m-3) . At very high initial

electron densities (e.g. 6 • 1019 m-3 ), i.e. at low initial plasma temperatures, the

pellets can even pass entirely through the plasma. In this case the maximum

ablation occurs near the center because the initial temperature is highest there.

Very close to the axis, however, a minimum of the ablation is observed, because

the energy reservoir on closed flux surfaces becomes inflnitesimentallv small there.

in cases of additional heating, the plasma temperature near the boundary (I,g. in

the gradient zone) is so high that the pellet gets already fully evaporated within 5 -

15, cm and the cloud of deposited atoms is concentrated near the periphery. in

discharges with lower hybrid current drive /III.A.1! the pellet can explode because

the fast electrons penetrate the shielding cloud and deposit their energy inside the

pellettsse also III.E).

A typical discharge with pellet injection is shown in fig. iII.1. it is an example

from the high-field ALCATOR C tokamak II!i.A.2! which was one of the earliest

experiments showing the benefit of pelietinjection.The top trace shows the

electron density; the pellet injection is characterized by the sudden density rise at
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about 380 rns. The increased density decays in 100 - 200 rns. Other traces in this

figure will be discussed later.

The ablated plasma cloud in the periphery is quickly ionized and an inward

drift sweeps the particles to the center; the time scale amounts to several

milliseconds in ASDEX or some hundred milliseconds in JET (presently the largest

tokamak) depending on the machine size, while the plasma density profile is

steepened. The amplitude of this peaking strongly depends on the experimental

conditions. It is most pronounced in Ohmic discharges with high electron densities.

in strongly heated discharges a major profile peaking only occurs if the pellet

reaches the q = 1 surface. For achieving this requirement at an experiment like JET,

high pellet velocities become necessary. The development of the plasma density

profile after the injection of a pellet in ASDEX is shown in fig. 111.2. !t is found that

the density increases within a time span of about 17 ms. For the explanation of the

peaking an inward pinch term has to be assumed, vvhich is increased as compared

to non-pellet-injection discharges at the same density (see Hl.C): the values of the

transport coefficients governing the peaking evolution, namely the inward pinch (v)

and the diffusion coefficient (D), are plotted at the bottom of the figure.

The pellet mode is of interest because the peaked density profile persists for

some time and during this time several favorable properties like the plasma energy

and the energy confinement time, are increased. This time duration depends again

on the discharge parameters and on the size of the machine. In Ohmic discharges

with low electron densities, the peaked plasma state is lost on a time scale less

than or equal to the energy confinement time. The duration of the profile peaking ­

also with. respect to the energy confinementtime- •increases with the line
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averaged density. At the highest densities its duration amounts to several energy

confinement times. Peaked profiles exist for medium size machines like ASDEX or

TEXTOR 0.3 - 0.5 s, and for JET more than a second. During this peaking time the

sawtooth activity of the plasma is in most cases suppressed.

m.E Plasma Energy and Confinement

In tokamaks and stelleratcrs, the pellet ablation time is short compared to

the energy confinement time. Therefore the radial distribution of pressure initially

remains constant (neglecting the ionization and dissociation energy of the pellet);

the heating energy of the ablated gas (ions) arising from the pellet is taken from

the stored plasma energy. The plasma cools down rapidly during the pellet ablation.

The temperature drop can be well over half the initial temperature without

destroying the plasma. The temperature recovery time is faster than the density

decay time. Therefore the plasma energy grows after the pellet has been injected

if the initial density exceeds a certain value. An example of the temperature

evolution due to the pellet injection is shown in fig. 111.1, in the second trace. The

other traces shown in fig. iiI. 1 are the plasma current, the loop voltage, the Ohmic

power, the ,B-value and the neutron yield. The Ohmic input power increases sharply

after the pellet injection because of the increased plasma resistance due to the

ablation cooling. The ,B value and especially the neutron yield show a remarkable

maximum during the pellet mode.

In Ohmic discharges with pellet fuelling the energy content follows the linear

ALCATOR scaling up to the highest densities. This means in other words that the

energy confinement time TE increases without saturation up to very high densities,
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in contrast to experiments without pellet injection. This scaling has been obs8ived

in all devices IIII.A.1 - iII.A.4/. Only at densities higher than ne 2:: 6.10 14 crn" is

a saturation found in Alcator. fig. 111.3 shows an example of TE versus the line

averaged density for Ohmic discharges on ALCATOR with gas fuelling and pellet

fuelling IiII.A.2/.

m.e Transport

The peaking of the plasma densltv profile is generally explained as a change

in the transport coefficients for particles: the inward pinch vin(r) = (r/a)a. vin{a) and

diffusion coefficient D. From the quasi steady state density profile the ratio vin/D

can be determined, and from the build-Up time of the density profile the value of

v in can be estimated IIlI.C.1 - !!l.e.11 I. In many experiments it is found that the

diffusion coefficient is only poorly approximated by a radially constant value. A

better approximation is a low central value and a higher boundary value, Severai

papers give more detailed distributions of the particle diffusion coefficient D or the

heat conduction coefficients Xe and/or Xi' An example based on results from

ASDEX is shown in fig. 111.4. TheXi value is close to the neoclassical Chang-Hinton

value feH' Transport data given for ASDEX 11Il.C.31 are D(O) = 0.05 m2/s, D{2/3

a) = 0.1 m2/s and v(2/3 a) = 0.5 m/s. The early ALCATOR experiments gave

values of <D> = 0.2 - 0.3 m2/s 1111.A.31 and v = 1 m/s. Data for T-10 are D{O)

= 0.2 - 0.3 m 2/s and v ::;; 10 rn/s IlII.C.9/. For JET the values are D = 0.08 m2/s

and v = 0.04 m/s 1111.8.1/. These data from the different experiments give rather

similar results; they were derived from the transport code TRANSP, developed in

Princeton.
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Very little has been published about the reason for the improved confinement

using a self-consistent model. One exception is an attempt by A.A. Ware IIII.C.12/.

He subdivides the ion distribution function in a cold and a hot component. It is

found that the collisions between the hot and cold ion species lead to a drag force

such that the hot component flows preferentially towards the cold source. Ware

uses this model for calculating the effects of recycling and of gas puffing, of pellet

modes, of high confinement discharges (l-l-mode) and of the missing neoclassical

peaking in normal discharges. The mode! explains some interesting features even

though it cannot be expected that all these different problems can be resolved

simultaneously.

m.D Pellet Injection during Additionally Heating

In early experiments it was difficuit to reach good confinement in experi­

ments with pellet injection and additional heating. The L-mode discharges showed

a slight increase in TE 1111. 1I when the pellets were injected during the L-rnode

phase. The H-mode confinement did not show a substantial improvement, e.g. in

ASDEX. In other machines an improvement of the energy confinement was

observed when injecting the pellets just before the switch-on of the neutral beams.

Probably because of the relatlvelv deep pellet penetration under this condition, the

confinement could transiently be improved. Recently at JET 1111.0.1 and IIl.D .21this

mode of operation could be improved such that the good confinement mode

persists for more than a second {PEP-mode; Pellet Enhanced Plasma-Model, and

during this. time even an H-mode could be generated. To achieve the good

confinement it was important to inject the pellet into the discharge before the first
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sawtooth crash had developed. Fig. !II. 5 shows the density distribution of a PEP-H-

mode discharge on JET. The good confinement regime is also here within the q = 1

surface.

ULE Combined Operation of Pellet injection and Lower Hybrid Waves

If electromagnetic waves, so called lower hybrid waves, are be launched into

a tokamak plasma, they either can heat the plasma, or more importantly, they can

drive the discharge current of the tokamak (current drive). The difference between

the two schemes is mostly established by the phasing of the launching antennae:

unidirectional launching in the toroidal direction can transfer momentum to the

electrons and lead to a current drive, while a radial launching heats the plasma. The

current drive mode produces very energetic electrons (typically up to several

hundred keV) and it is most efficient in low density plasmas. The zone of

resonance can be shifted by adjusting the correct resonance condition.

Pellets injected into such plasmas experience strong ablation. The

penetration depth as observed in ASDEX IIII.E.1 -iII.E.21 is reduced from about 20

ern in an OH plasma to about 5 cm in a l.l-l-current driven plasma of about the

same density. When applying a series of pellets, the first ones stop at the boundary

but the later ones penetrate deeper and deeper into the plasma until the Ohmic

penetration depth is reached. This effect has been attributed to the destruction of

the population of suprathermal electrons liil.A.1 I.

Even though the pellets are predominantly evaporated near the boundary the

plasma develops differently than with gas injection. The pellet injection favors

again a density peaking while the gas puffing leads more to a flattening of the
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density profile. The transport analysis shovvs a strong inward velocity of the

plasma similar to that in the Ohmic case. In a similar way also the central diffusion

coefficient drops by a factor of five. These features are reflected in the

improvement of the energy confinement time, which can increase nearly to the

Ohmic value after the injection of a series of pellets. The combination of pellet

injection and LH current drive seems very promising for the next generation of

tokarnaks,

m.F Pellet injection in ECRH Plasmas

Another heating mechanism consists of coupling high frequency waves,

which resonate with the electrons (Electron Cyclotron Resonance Heating ECRH).

Pellet injections into these ECR heated discharges have been performed at TFR

Iili.F.1 - iII.F.2/. The observed ablation process exhibits some similarity with the

one observed in LH current-driven plasmas: the pellets are quickly evaporated near

the plasma boundary, probably due to the influence of suprathermal electrons. The

ablation shows practically no striations in both cases. In TFR it was found that the

abtatlon was independent of the position of the EC-resonance zone. An influence

on the plasma performance due to the pellet injection was not reported.

IIi.G Pellet Injection in Reversed Field Pinches and Stellerators

Pellet injection experiments have not only been performed on tokarnaks but

also on reversed field pinches (RFP) and on stellerators. The control of the density

seems to be very important for the RFP, because the phenomenon of 'density

pumpout'during the RFP formation is often observed IIII.G.1/. The pellet injection
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leads to a fast and efficient fuelling for the relatively short RFP discharges (e.q, ZT-

40M discharge time'" 35 rns). There are, however, some remarkable differences

to pellet injection experiments in tokarnaks. At first the ablation path is not nearly

as straight as in other machines but strongly bent. In the case of toroidal field

reversed pinch ZT-40M this deflection is typically downwards. By repositioning the

injection angle the pellet could be better aimed to the center of the discharge. The

deflection of the pellet path is attributed to an asymmetric flow of the power to the

pellet; this asymmetry leads to an asymmetric evaporation and - by rocket effect ­

to the observed acceleration of the pellet perpendicular to the path.

The effect of the pellet injection on the plasma performance in the RFP is not

as strong as in tokamaks, A plasma peaking is practically not observed. Shortly

after the pellet ablation the profile becomes hollow and then recovers nearly to the

old plasma shape at an enhanced line averaged density. A reason for this difference

as compared to tokarnaks may be the relatively short particle confinement time in

the RFP which does not give enough time for the favorable profile effect to be

established.

Concerning stetlerators, pellet injection experiments have been performed on

Heliotron and on Wendelstein 7-A5. Several plasma properties observed after pellet

injection resemble those in tokarnaks. In Heliotron /1.3,p. 73/ the profile peaks

after the injection. The application of additional heating, both ECRH and neutral

beams, deteriorates the confinement and the pellet does not penetrate deeply into

the plasma. As a difference to the tokamak operation, it has been reported that the

peaked density profile does not lead to a favorable energy confinement time. It is

observed that peaked density profiles trigger internal modes which cause an
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enhanced energy loss from the plasma. A rather favorable plasma operation is

found when applying a combination of gas puffing and pellet injection.

On Wendelstein 111I.G.21 also a deterioration of the energy confinement is

reported to occur just after the injection of the pellet, This effect is pronounced in

ECR generated discharges and in Ohmic discharges. Only in cases of neutral beam

heating does the enhanced plasma target density after pellet injection lead to a

favorable plasma condition with enhanced energy content. A combination of

neutral beams and ECR deteriorates again the plasma properties. Surprisingly, the

ablation pattern in Wendelstein has shown striations similar to those observed in

tokamaks Isee § II.F/. The striations were not expected because Wendelstein is

characterized by its low shear. Therefore, the existing theories of the formation of

striations, which were based on the changing energy reservoirs for the ablation

connected with rational flux surfaces, cannot be applied here.

1lI.1i Sawtseth

Sawtooth activity is observed in most tokamak discharges. It is a prominent

feature in the time dependence of the central temperature and of the central

densltv. As the name 'sawtooth' suggests, the signals increase rather linearly over

some time and then drop rapidly to their minimum values. Afterwards the increase

starts again. The time span of a sawtooth increases with the size of the machine,

with the electron density and under additionally-heated plasma conditions. A

necessary condition for the occurrence of sawteeth is most likely the existence of

a q = 1 surface in the plasma. The sawtooth activity is probably an instability at

or inside this surface. The sawtooth activity leads to an increased expulsion of
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particles and energy out of the plasma.

After a pellet injection the sawtooth activity of Ohmically heated plasmas is

normally reduced or it can even stop for some time. This trend increases with

increasing density. The pellet-induced reduction of density decay time and

improvement of energy confinement time mentioned above just follow from the

improved transport properties. After some time the peaked density profile has

smeared out and the sawtooth activity starts again, as shown in fig. 111.6 measured

on TEXTOR.

1iI.I Mode Excitation and 'Snakes'

Connected with the injection of pellets into the plasma, several types of

plasma oscillations have been observed. In ALCATOR C a n=1, m=1 mode is

triggered immediately after the ablation of the pellet 11I1.1.1/. From electron tem-

perature and soft X-ray measurements it has been concluded that the mode is

governed by density fluctuations and not by temperature fluctuations. The density

fluctuation amounts to about 3% and the modes rotate poloidally in the electron

diamagnetic drift direction. The wave type is of acoustic character because the

frequency of the oscillations vary with the atomic mass of the pellet (hydrogen or

deuterium). The maximum of the mode is at r = 5 ern, well outside the q = 1

surface (rq = 1 = 3.5 cm). The fact that the observed mode structure does not

correspond to the resonant plasma surfaces imposes a difficulty on the interpreta­

tion of the current profile determination from the location of the modes /see

m.J.1!. Also other modes like m = 1, m =2 or m=3are observed in ALCATORC

11I1.1.1 l, but not as well localized as the n = 1, m = 1 type.
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Additionally to the oscillations immediately following the pellet injection, at

TEXTOR a mode has been found starting with a time delay of about 10 ms and

lasting for another 10 ms 11I1.1.2/. This mode is shown in fig. !II.7. The frequency

is typically 0.7 - 2 kHz and is between that of ALCATOR C (about 5 kHz) and JET

I JT-60 (0.03 - 1 kHz). Like in ALCATOR C the perturbation is mainly in the density

and practically not in the temperature.

In ASDEX, the sawtooth activity is reduced by the first pellet. The quiescent

period lasts for about 100 rns IiiI.C.6/. Thereafter moderate m = 1, n = 1 oscillations

gradually develop and are damped out about 200 rns later. The MHD activity has

no detrimental effect on the profile peaking.

Ballooning-type modes /lI1.1.31 have been made responsible for a fast cold

front propagation preceeding the pellet in TFR. The radial progression velocities of

these modes amount to about 1000 mls and a turbulent zone up to 10 em

preceeding the pellet is observed.

A similar cold front was found in the JIPP-TIiU tokamak /llU.4/. Also here

the cold front precedes the injected pellet on its way into the plasma. The front

velocity is different in the plasma outside the q = 1 surface from that inside the

q = 1 surface. On the outside it is lower, but still faster than the pellet velocity. The

q = 1 surface was identified by the sawtooth inversion radius. Discharges without

sawtseth exhibit the lower front velocity allover the plasma.

A more persistent perturbation than the oscillations treated so far has been

observed at JET and was called a 'snake' 1111.1.5 and 111.1.6/. A snake is

characterized by a density perturbation winding like a snake around the central part

of the plasma as shown in Fig. 11I.8. In most cases the winding is around the q = 1
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surface but there have also been described snake structures at the q = 3/2 surface.

The snake is clearly seen in the pictures of an X-ray camera at JET. It has a lifetime

of 1-2 seconds and survives without major distortions the sawtooth crashes. The

snake is sometimes destroyed in soft disruptions or in a very large sawtooth

collapse. it is generally assumed that the snake is a large island structure inside the

plasma. It occurs when the ablation of the pellet extends well into the q = 1 area.

To achieve this it is advantageous to inject a combination of two or more pellets.

The first pellet(s) cool the plasma so that the successive pellets penetrate deeper

into the plasma. The pellet particles ablated near the q = 1 surface may be confined

and form the island. The density within the snake can be up to twice that of the

surrounding plasma, although the number of particles in the snake is only about

1% of the injected pellet particles. Like other islands, the snake normally rotates

around the central plasma, but like locked modes, it can also stay at a fixed

position inside the torus.

m.J Current Distribution:

The current distribution is one of the most important characteristics of a

tokamak discharge. It determines to a large extent whether the discharge is stable

or not, If internal crashes (sawteeth) occur, and where internal plasma modes

develop. In the last chapters the importance of the current distribution was

implicitely discussed several times. The current distribution, however, is not easily

measured. Methods are the determination of the Faraday rotation of a probing laser

beam (e.g. HeN interferometer - polarimeter). measurements of the Zeeman

splitting of injected neutral beams (lithium or hydrogen isotopes) or the evaluation
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of the position of resonant internal modes (e.q. sawtooth inversion radius).

Another, also rather indirect, method of determining the plasma current bases on

the analysis of of the jxB force establishing the radial plasma pressure distribution.

The analysis is mainly performed by plasma-equilibria codes.

The pellets contribute also to the plasma current measurement in a twofold

way by a) the modulation of the ablatant gas during the pellet injection (striations)

and b) due to the alignment of these striations along the magnetic field. The

modulation (a) is probably linked with island structures inside the plasma. In /III.J.4

- III.J.6/ it is assumed that the ablation process is fed from closed surfaces in the

plasma. Non rational surfaces are the largest energy reservoirs for the pellet

ablation, while islands near rational q-surfaces are small reservoirs. The alignment

(b) shows immediately the inclination of the magnetic fields and with known

toroidal magnetic field, the poloidal component, l.e. also the electrical current, can

be evaluated.

The Ha signal arising from the ablation of a pellet injected into JET, the q­

profile near q = 1 and the current distribution are shown in fig. 111.9. From the time

dependence of the Ha-signal, it is deduced that the region around the q = 1 surface

has a low shear. This low shear is attributed to the formation of an island. The

flattening of the current density at the plasma inside is obvious from the lower

trace.

On JT-60 /III.J.2/ the current distribution is derived from plasma pressure

and on JET /111.J.3/ both from the pressure and the location of the oscillations. The

results indicate that the central current density of the discharge increases after the

pelietinjection. According to the plasma pressure rise, the increase is mostly
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attributed to the bootstrap current. The discharges exhibit a typical sawtooth

behavior before the pellet injection and a stop of the sawteeth due to the pellet

injection. The analysis showed a central current increase in both cases. At JT-60,

however, the current profile deformation is not sufficient to lift the central q-value

above one, while in the case of JET the central value is lifted such that the q­

profile stays above one everywhere. The q-value is not increasing monotonically

in the radial direction, but has a maximum on the axis. If the result of JT-60 is

correct, the stop of the sawteeth is not caused by the q distribution. It should be

mentioned, however, that the measurements of the current profile are rather

indirect so that the error margin is probably still large.

1Il.1< impurities

Concerning impurities, various kinds of investigations are performed in pellet-

fuelled discharges. There is at first a dilution of the plasma due to pellet injection,

there is the impurity accumulation under some pellet mode conditions, there is the

active impurity injection by impurity doping of pellets and there are finally the

impurity pellets which have quite different properties from hydrogen isotope

pellets.

The injection of hydrogen isotope pellets does not only lead to an improve­

ment of the plasma confinement, but also cleans transiently the plasma /III.K.3/.

The clean plasma state, however, is not permanent; already during the density

peaking phase it disappears. The additional heating immediately following the pellet

injection can increase the impurity level further.

More details of an impurity accumulation is shown in fig. 11I.10, obtained at
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JET /!!!.K. 1/. The accumulation of light- and rnedlurn-Z impurities is not observed

in all cases but predominantly in cases with strong density peaking and a

suppression of the sawteeth. The improved confinement in fig. 111.10 lasts for

about 3 s as can be seen from the density trace. Also here the injection of pellets

leads at first to a cleaner plasma, but about 1 s after the pellet injection the NiXXVI

intensity starts to rise and reaches a value several times higher than without pellet

injection. This accumulation is expected from the neoclassical theory. After the

onset of the sawtooth activity the nickel concentration is reduced again. With

respect to this impurity accumulation the good-confinement pellet mode is similar

to other good-confinement modes like the H-mode or the ASDEX counter neutral

beam injection mode /III.K.2/.

By carefully controlling the freezing temperature during the pellet formation,

hydrogen isotope pellets with tracer impurities can be produced. In ASDEX /III.K.4/

neon has been used in such a mixture. By this procedure the neon can quickly be

brought into the plasma and, from the time sequence of the different ionization

states and the subsequent decay, the transport coefficients in the plasma for the

medium-Z material can be deduced. An example for this measurement is given in

fig. 111.11. The transport coefficients obtained in this way agree well, within the

experimental errors, with those derived from the other transport calculations.

Impurity pellets have been formed by solid materials like plastic (for carbon)

or steel. These impurities can be used for fuelling (LiH) or for transport studies, but

up to now have mainly been used for ablation studies /I!I.K.5/. The interaction of

these pellets with the plasma is quite different from that of the hydrogen isotope

pellets. The reason for the difference is based on the much higher evaporation
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temperature of the impurity pellets. They are nearly insensitive to fast particles

which destroy the hvdroqen pellets, and thus penetrate deeper into the plasma.

Therefore they have been used e.g. in discharges with lower hybrid current drive

/l!I.K.6/. From visible Bremsstrahlung it was found that the peaking in the two

types of discharges is very different. On the TEXT tokamak /III.K.5/ the striations

from different impurity pellets were analyzed. it is consistent to assume that the

striations there are formed at rational q-surfaces and the position of these magnetic

surfaces can be derived. fig. 12 shows an example of this striation measurement

with a strong modulation depth at q = 2 and q = 1.

IV.A Application of Pellet injection in the Fusion Reactor

For a future reactor-like device like ITER tokamak different aspects of the

pellet dominated discharges are of interest /IV.1-2/. One scenario of the discharge

initiation is the application of lower hybrid waves, similar as shown in § nL5 , for

ramping up the plasma current. This wave coupling to the plasma for current drive

is efficient only at low plasma densities. After having reached the full plasma

current, pellet injection can help to reach quickly the final density.

When a sufficiently high discharge current is reached, the plasma can be

fuelled either by gas injection or by pellet injection. The injection of burn gas has

a low efficiency and the gas is preferably swept into the dlvertor from where it is

pumped away again. This scenario would therefore require unnecessary large

amounts of circulating tritium. For the pellet injection, both shallow and deep

fuelling are foreseen. For the deep fuelling, pellets with a veiocity of 5 krn/s or

more are required. The deep fuelling leads to a good central confinement with a
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peaked density profile. This profile is favorable to ignite the central plasma and

therefore up to 50 high speed injections are planned just after the ramp up phase.

During the burn phase of ITER an H-mode type discharge is favored. The

discharge shows a rather flat density and pressure distribution with a pedestal at

the plasma edge; the temperature distribution is somewhat more peaked and also

has a pedestal. The energy confinement is improved by a factor of 1.5 - 3 as

compared to a normal L - mode discharge. The main reason for the choice of an H-

mode discharge type is the improved energy confinement of the plasma. This

choice of the plasma pressure distribution is also close to the optimal fJ - profile for

the Trovon limit. If pellets with high velocities are injected deeply into the plasma,

the density profile will peak. The peaked high confinement mode is not desired

during the burn phase of the discharge because the burn rate of the DIT fuel is too

high, and the power load to the wails may become intolerably high. Therefore the

pellet injection with shallow fuelling possibly together with gas puffing is foreseen

for the ITER quasi steady burn phase. In the optimal case, the pellet ablation

occurs just past the separatrix. in this zone a part of the newly introduced fuel will

diffuse into the core and replenish the consumed fuel; another part will be swept

to the divertor, together with the helium ash coming from the core, and finally will

be pumped away. The dilution of the ash wili help to prevent a back-diffusion of

the ash to the core which otherwise would poison the fuel.

IV.S Pellet Ablation and Disruptions

Between pellet injection and disruptions two connections can be established.

The first one is the density limit disruption during the pellet injection. In general it
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is observed that the line averaged density limit with pellet injection is higher than

in gas fuelled discharges. The reason for this difference may be related to the

special mechanism of density limit disruptions and the special feature of density

peaking during pellet injections. The density limit in tokamaks is determined by the

temperature of the plasma edge /IV.3/, which in turn depends on the edge density

and on the heating power. If the temperature at the edge drops below a critical

value, islands develop at the q = 2 surface and grow until the discharge collapses.

Due to the strong peaking of the density profile after a pellet injection, the density

at which this collapse occurs is increased.

The second connection between pellet injections and disruptions is, to our

knowledge, not yet treated in the literature. During disruptions extremely high

energy fluxes occur on the limiters or on the divertor strike zones. This power flux

leads to a sudden evaporation of the limiter / divertor material and a subsequent

shielding against the incoming power IIV.4/. For the ITER divertor strike plates

calculations predict a shielding cloud with densities of the order of 1018 - 1019 em­

3. These densities are well comparable to the densities in the pellet ablation cloud

and theories of the cloud shielding - especially of impurity pellets - would most

likely be applicable for this case.
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Fig. 111.11 Decay of NeX signal after injection of Ne-doped pellet and fitting of

transport coefficients (ASDEX, 111I.K.4f)
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Fig. iII.12 Striations of impurity pellet ablation light observed on TEXT. The

striations can be attributed to rational q-surfaces/lII.K.5/.
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