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ABSTRACT

Frozen Ho and ^2 pellets were injected into ohmically and

additionally electron cyclotron resonance heated (ECRH) plasmas of the

FONTENAY-AUX-ROSES tokamak TFR. Without ECR heating, the pellets penetrated

deeply into the plasma and the ablation clouds were striated. The neutral

gas shielding model predicts deeper penetration than was observed. The

radial ablation profiles can be simulated by the Parks and Turnbull formula

when a slightly stronger electron density dependence is assumed than

predicted by the theory. Pellet injection during ECR heating led to

enhanced ablation in the outer plasma region and in the limiter shadow. The

position of the ECR layer had practically no influence on the penetration

depth which was reduced to a few centimeters. Only two-third of the pellet

mass was found as ionized matter in the plasma, compared to the ohmic case.

On the photographs the ablation clouds showed no particular structure when

ECR heating was applied. Also the Eg intensity was generally free of

modulation.

The enhanced ablation during ECRH can be simulated by an

expression of the form given by Parks and Turnbull when one assumes two

groups of electrons, the one representing the electrons of the bulk plasma,

the other one is a "hot" group of low density heated by the EC waves. There

are strong indications that the "perpendicular" temperature of this group

is by orders of magnitude larger than its "parallel" temperature. By using

the calculated radial ablation profiles as initial profiles in the 1-D

transport code MAKOKOT permits calculating the evolution of the electron

density profiles after pellet injection. The resulting electron density

profiles are in broad agreement with the experiments when suitable values

of the anomalous radial convection velocity are chosen and which are

different for ohmic and ECR heated plasmas.
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INTRODUCTION

The injection of high-speed frozen hydrogen and deuterium

pellets into magnetically confined plasmas is a powerful tool to maintain

or to increase the plasma density, to act on the radial density profile and

to improve the particle and energy confinement times, see e.g [1-11]. It is

in particular important that plasma fuelling by pellet injection is

maintained during additional heating and during inductionless current drive

in tokamaks and that the improved confinement properties, as observed under

ohmic heating conditions, can be extended to the régime of high-power

additional heating.

A reduction of pellet penetration during high-power neutral

beam heating (NBH) has been observed in DOUBLET III [4,12], ASDEX [13,14],

HELIOTRON [15], whereas low-power NBH had virtually no influence on

penetration in HELIOTRON [15], JFT-2M [16] and TFR [17]. Ion cyclotron

resonance heating (ICRH) seems to affect pellet penetration less than NBH,

but the existing data do not allow a. conclusive answer. For JET plasmas, no

additional ablation processes associated with the application of both NBH

and ICRH have been identified at the power levels which were applied [18].

Considerable reduction of penetration during ECRH was observed in the U

VII-A stellarator [9] and in TFR [19] ; no such reduction was found in

DOUBLET III [12] although increased pellet ablation (and thus reduced

penetration) occured during lower hybrid resonance heating.

Owing to this situation further experimental data are useful

and numerical simulations are desirable to identify and to understand the

underlying, physical processes causing enhanced ablation. The present paper

summerizes the pellet injection experiments into TFR plasmas during ECRH

which were undertaken during the month preceding the shut-down of the TFR

machine (June 1986). After a short description of the experimental set-up,

we present the essential experimental results for pellet injection into

ohmically and additionally ECR heated plasmas. In the subsequent section,

the experimental data are analyzsd by means of the neutral-gas shielding

(NGS) model. We come to the conclusion that the observed features are

consistent with a model which assumes during ECRH the presence of a "hot"

electron group which extends through the limiter shadow to the walls. The

"perpendicular" temperature of this "hot" electron group lies in the range
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of some tens of keV, the "parallel" temperature is of the order of some

tens of eV, leading to an "effective ablation temperature" of the order of

1 keV to 2 keV. *
•e •

EXPERIMENTAL SET-UP

Single undoped solid hydrogen and deuterium pellets were

injected into TFR plasmas (major radius R0 - 0.98 m ; plasma radius

a - 0.18 - 0.20 m, chamber radius rQ - 0.26 m) using a pneumatic pellet

injector constructed by the Service des Basses Températures of the CEA at

GRENOBLE. The hydrogen pellets had velocities of v - 700 m/s (± 10 X), for

the deuterium pellets the velocities were v - 550 m/s (+ 10 X) with a

slightly higher driving pressure compared to the propulsion of Î  pellets. [_

The dimensions of the cylindrical pellets at the gun exit were :

length - 1 mm ; diameter - 0.70 mm, leading to a nominal number of Na -

2.10*9 hydrogen atoms/pellet. The pellets were injected radially from the

outside of the torus. The pellet trajectory and ablation clouds were

photographed under an oblique angle of approximately 45° with respect to

the injection plane as in Réf. [1O]. The H/j (D/j) emission was measured by

means of a fast acquisition device.

The electron cyclotron waves (ordinary mode, frequency V6,, - 60

GHz) were launched by three wave guide antennas placed at a torus port

nearly opposite to the pellet injection port. Figure 1 shows the position

of the antennas and the angles under which the power is injected into the

plasma. In particular, the TFR experiments are different from similar

experiments on DOUBLET-III [12,21] in several respects : on DOUBLET-III the

extraordinary ECR waves (l/ec - 60 GHz) were launched from the inside of the

torus obliquely with a 30° launch angle from a major radius into the

direction of plasma current ; the extraordinary mode was used for heating.

The experiments were carried out at plasma currents of I = 110

kA and toroidal magnetic field induction B̂  - 2.1 to 2.4 T which correspond

to r - - 1 cm to r - + 11.6 cm for the position of the resonance layer

relative to the center (r - O) of the torus chamber. Positive (negative)

values of r mean increasing (decreasing) values of major radius R. The mean

electron density was <n > = 1.2.1019, the ohmic power = 150 kW without ECR
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heating. The additional heating power was provided by three gyrotrons

delivering 200 kW each. A power of approximately 150 kW/gyrotron was

absorbed in the plasma when the resonance layer was placed inside the q - 1

surface. During ECR heating of 100 ms duration the ohmic power input

decreased to a. level of approximately 80 to 90 kW. All measurements were

carried out during the current plateau of the discharge.

The radial electron density profiles before and after pellet

injection have been calculated by Abel inversion from chord-integrated IR

laser interferogrammes (8 chords) which were measured in time intervals of

400 /is. This is also the uncertainty with which the instant of pellet

injection is known with respect to the electron density profile evolution

ne(r,t) after injection.

The radial electron temperature profiles Te(r,t) have been

measured using Thomson scattering and electron cyclotron emission at twice

the resonance frequency.

The location of the various diagnostics is shown in Figure 1.

EXPERIMENTAL RESULTS

The pellet injection into purely ohmically and additionally ECR

heated plasmas exhibits the following features.

1. Injection into ohmically heated plasmas

The photographic pictures of the ablation clouds showed bright

and dark zones (striations). see e.g. the photographs reproduced in the

Figure 3 of Réf. [1O]. The variation of emission along the pellet

trajectory is also seen on the photomultiplier Ho signals. Figs.2(a,b) show

the radial Ĥ  emission profile for injection into two successive,

macroscopically identical discharges. The emission profiles have been

placed at the correct radial position by means of the photographs. Also are
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shown the radial density profiles ng(r) just before injection and shortly

(5=400-800 Ms) after the ablation process. From these profiles follows that

N - 1.7.1019 (± 10 X) atoms have been deposited in the plasma. This is

close to the nominal number of atoms (2.1019). Since a retarded influx of

gas (eventually originating from eroded pellet material in the guide tube)
19has not been observed it is very likely that the pellets contain 1.7.10

atoms at the moment of entering the chamber.

The radial electron temperature profiles before pellet

injection are shown in Figure 3.

In the present series of experiments an average pellet

penetration depth of L^ * 12 cm was measured. The pellets did not reach the

q - 1 surface situated at approximately r - 4.5 cm.

For identical discharges the radial positions of the striations

were not reproducible. The time interval, respectively the distance between

two successive bright (or dark) zones, gets smaller with increasing

penetration depth as if this interval depends on the ablation rate, or on

the pellet dimension. This is particularly pronounced at the beginning of

the ablation process. Assuming a Spitzer electrical conductivity, it was

not possible to place either all dark or all bright zones at values of the

safety factor q - m/n for which both mode numbers m and n are reasonably

small.

2. Injection into ECR heated plasmas

When a pellet was injected during ECR heating, the ablation

took place in the very outer region of the discharge column. The

photographs showed no striatlons ; the visible emission extended in

toroidal direction over the whole region seen by the optical device

(approximately 25 cm). Characteristic is also a very sharp luminous border

in radial direction. Figure 4 is a schematic representation (photographic

negative) of a picture of such ablation clouds.

There was no exception from this optical feature. (In contrast

to this, the bright striations observed in ohmically heated plasmas had in

the case of pure hydrogen (deuterium) pellets a length of only a few
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centimeters in toroidal direction . With the exception of a few cases (see

below), the photomultiplier signals exhibited no fluctuating ablation, in

agreement with the photographs.

We have investigated the influence of the radial position of

the ECR layer on pellet ablation and penetration. No characteristic

dependences were observed as can be seen from Figure 5 (a,b) showing the

radial Ha emission profile for two different positions of the ECR layer.

All Ha emission profiles had the same radial form characterized by a weak

pedestal followed in inward radial direction by a very sharp emission

maximum. There was no exception from this emission feature. We dit not see

any clear dependence of the penetration depth on the injected ECR heating

power, i.e one, two and three gyrotrons produced almost the same radial

emission.

Figure 6 gives the position of the emission maxima as a

function of the position of the ECR layer for all exploited experiments.

Compared to ohmic heating alone, the pellet penetration is strongly

inhibited during ECR heating and does not exceed four to five centimeters

counted from the border of the bulk plasma in our experiments.

The enhanced ablation during ECR heating cannot be imputed to

the increased Te(r> profiles of the hot bulk electrons. In fact, efficient

ECR heating was only observed with resonance layers situated within the q -

1 surface, see Figure 1 in Réf. [22]. Only very weak temperature increases

were obtained with the resonance layers situated outside the q - 1 surface.

The enhanced ablation, however, is independent of the position of the

resonance layer (Figure 6).

This feature is in agreement with the measured electron density

profiles after injection (Figures 5 (a,b)). The electron density rises

sharply close to the chamber walls, which is quite different from injection

into ohmically heated plasmas. From these nfi(r) profiles follows that only

two-third of the pellet mass appears as ionized matter, when one assumes

that the initial pellet contains 1.7.1019 atoms as for the ohmic case.
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It is evident that a large part of the pellets must have been

ablated and ionized in the region of the limiter shadow, in contrast to

injection into ohraically heated plasmas.

Figure 7 shows the weak fluctuations of the Ĥ  intensity some-

times observed at the beginning of the ablation process. The intensity

scale is in this figure strongly magnified. One also sees that the light

emission disappears at the end of the ablation process less abruptly than

for pellets injected into ohmically heated plasmas (compare also Figures

5(a,b) with Figures 2(a,b)). This feature originates from slightly longer

ionization times for matter deposited in the plasma periphery.

We have searched for an eventual relaxation effect of enhanced

ablation after the switch-off of the ECRH power by injecting pellets at

different times after the switch-off. We succeeded in injecting a pellet

with a time delay not exceeding 512 /Is the switch-off time (the temporal

resolution of the power measurement). All photographs showed striated

ablation clouds characteristic of ohmic discharges. If relaxation effects

exist they must occur during time intervals much shorter than 512 /is.

NOMERICAL SIMULATION. INTERPRETATION

It is obvious that the enhanced ablation in the region between

chamber wall and hot core plasma during ECRH is caused by "hot" electrons

in this interspace, since the electromagnetic field intensity is too weak

to bring about an efficient evaporation of the pellet. To obtain an idea of

density and temperature of this "hot" electron gas, we have first simulated

the ablation for the injection of a hydrogen pellet into the ohmically

heated plasmas. On the basis of these simulations, we will be able to

interprète qualitatively and quantitatively the pellet ablation in our ECR

heated plasmas.

1. Ablation in ohmically heated plasmas

From the nfi(r) profiles measured just before and after the

injection of a cylindrical pellet one obtains the number Na of deposited

hydrogen isotope atoms (N_ - 1.7.1019 + 10 X) . We assume that the frozen
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pellet contains at the moment of entering the chamber the same number of

atoms, i.e. we put at time t-tQ-0 for the initial number of atoms Na(0) -

N . We now define a "spherical reference pellet" of initial radius r (O)SL t
by :

»fr(0)ns-

where ns is the molecular density of the solid (ns - 2. 64.1O
22 (2. 99.1O22)

cm" ̂ for Ho (Do)). Our spherical reference pellets thus have a radius of

r (O) - 0.4 mm.

The neutral gas shielding model (NGS - model) developed by

Parks and Turnbull [23] for spherical pellets, yields for the temporal

variation of the pellet radius r under stationary evaporation conditions

the relation :

-JB - - C0 lu'
8 r_"2/3 n* if cm/s (2)

dt H

(cm, cm'3, eV) with O - 1/3, ft - 1.64, and with CQ - 1.72 (1.78) for H2

(D£) [23]. When Eq. (2) is applied to calculate the radial atomic deposition

profile (i.e the number of atoms deposited per unit path length) from :

dN dr
2ns4*r

2 L dr - vp dt (3)

too a deep penetration is obtained compared to the observed ones. The

ablation is always more rapid than predicted by Eq. (3) with a - 1/3, /J -

1.64, when one assumes that the radial component of the pellet velocity

remains constant during the ablation process. This feature agrees with the

penetration depths observed for injection into ASDEX discharges [13].

To come into agreement with the observed penetration depths and

H0 intensities (assuming that the radial intensity distribution I(Hg) is

proportional to dNa/dt) we have changed both a and jS and have compared the

simulated deposition profiles with the measured ones. We found that both
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the penetration and the HU intensities can be wall reproduced by Eq. (3)

when one choses a - 0.360 to 0.370 and ft - 1.7 to 1.5. Details are given in

the Appendix. In the following we put :

O - 0.360 ; /3-1.64 (unchanged) (4)

The difference between the original value of a - 1/3 and the

empirical value a - 0.360 can have different causes : 1. different pellet

geometries (sphere, cylinder), 2. decrease of the radial velocity

component, 3. non- stationary ablation effects or other imperfections in the

theoretical assumptions, 4. an "enhanced ablation temperature" as assumed

for ASDEX discharges [13], and others more.

Figures 8(a,b) show a comparison between calculated deposition

profiles and the observed Ho intensities.

The pellet enters the chamber at time tQ - O , the ablation is

terminated at time t — t' . Since the time intervals for ablation,
o

ionization and distribution of ionized matter on the magnetic surfaces are

all much shorter than the time during which matter diffuses in appreciable

quantities in radial direction, the radial electron density profile ne

(r,t£) at the end of the ablation process can be calculated from Eq. (3).

When this ne-profile is taken as initial profile in the transport code

MAKOKOT [24], a reasonable agreement with the measured ne-profile evolution

during the first 400 to 800 (Is after injection is obtained for the

following standard transport coefficients of MAKOKOT :

Particle diffusion coefficient D :

5 D D
D - DHr +

5 DB

where :

"e 1
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with ne in cm"
3, Te in eV, B in Tesla. q is the safety factor, DNC is the

neoclassical diffusion coefficient.

Heat diffusivity coefficients for electrons (el and ions (i)

K6 - ̂  Ne D (a) K1 - K1 NC (neoclassical) (8)

2

The radial fluxes for particle density and heat are given by :

dn
r * * D ~r - ~ VA ne (9>dr a A e

dT dT
—^ (a) <t>± - - K1 —^ (b) (10)
dr dr

where V^ is the anomalous convection velocity.

Since the temperature has only been measured before pellet

injection, the temperature after injection has been assumed to be half of

the pre-injection value, i.e.

T6
 after (r) - T6

 before (r) / 2

This choice is justified by adiabatic considerations and by the

observation that the rapid relaxation of the electron temperature leads to

a self similar radial profile, see e.g. Réf. [1O].

The simulated and measured ne(r) profiles are shown in Figure 9

for the discharge N° 110559. The dotted curve represents the electron

density deposited by the pellet and enters as initial profile ng (r,t'0) in

the simulation of the electron density evolution. ng (r,t'Q) has been

calculated using Eq. (3). The solid curve represents the calculated

electron density at time t - t'o + 0.6 ms for VA - 0.24 m/s. It agrees
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fairly well with the experimental profile measured at time t - t'Q + (0.4 +

0.8) ms. The value of VA - 0.24 m/s agrees well with earlier simulations

[1O]. There is no anomalous behaviour of the electron transport after

pellet injection in comparison with a standard ohmically heated plasma and

without injection of a pellet. The situation is different for ECR hcp/jed

plasmas.

2. Ablation in ECR heated plasmas

For the considerations which follow we assume that the pellet

has at the moment of entering the chamber the same size as for injection

into ohmically heated plasmas. When one applies the Eqs.(l) to (4), with Or

- 0.360 and /J - 1.64, in connection with the ne(r) and Tg(r) profiles

measured before injection, no agreement is obtained with the experiments :

the calculated penetration depth is always much too large and the radial

dNa/dr distribution does not agree with the observed Ho intensity. The only

way to overcome this discrepancy is to assume that "hot" «electrons of low

density are present and cause enhanced ablation as soon as the pellet

enters the chamber. Energetic electrons are easily created when the

injected ECR waves contain admixtures of the extra-ordinary mode. This was

the case in the TFR experiments because of incomplete polarisation. The

extra-ordinary waves are reflected by the cut-off layer and fill the space

between walls and cut-off layer due to multiple reflections. The electrons

in this region gain essentially energy perpendicular to the magnetic field

direction [2b]. Also incomplete absorption of the ordinary wave followed by

reflections and mode conversion can lead to electron heating perpendicular

to the magnetic field [26].

2.1 Qualitative estimates

Rough theoretical estimates suggest that the energy of the

decoupled electrons heated by the extra-ordinary wave mode could be of the

order of 20 keV, eventually more [26]. Central-chord irtegrated soft X-ray

measurements [27] led to electron velocity distribution functions with a

non-thermal energy tail ranging from 10 keV to 35 keV. But neither the

theory nor the experimental data permit quantifying both the energy and the

density of the energetic electrons in the region of the limiter shadow and

in the external part of the plasma column. The fact that severe damaging of
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tip probes placed in the limiter shadow occured during ECR heating is

owever a direct experimental indication that energetic particles were

I - sent in this region.

Let us, as a working hypothesis, assume that the decoupled

"hot" electrons have an energy of the order of EQ = 20 keV. The penetration

depth X0 of electrons into solid hydrogen is given by [1] :

X0 - 1.75. 1(T
5 E0

1'72 cm, 0.5 < EQ < 100 (11)

with E0 in keV. For EO - 20 keV, XQ - 0.03 mm holds.

Let Tr be the time to remove a layer of thickness XQ and TA the

pellet life- time. With the assumption of a uniform radial regression speed

of the pellet radius one finds [1]

(12)

This relation is independent of any particular assumption

concerning the thermal heat flux to which the pellet is exposed. For our

experiments, r (O) - 0.4 mm and TA = 120 to 150 fis, hence :

=7.5.10-2 (a) Tr ̂  1.1O-5 s (b) (13)

The relation (13a) says that the NGS model is (marginally)

still applicable ; the relation (13b) can be used to find an order of

magnitude for the density nQ of the decoupled "hot" electrons in the

following way.

Let q0 be the average heat flux density of the "hot" electrons

and £ - 0.01 eV the evaporation energy per Ĥ  molecule. T- can then be

estimated from the relation :

n X e
T — S OTr — :

4O

- 26 -
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with q0 given by :

where v is the velocity of the "hot" electrons streaming onto the pellet

and the surrounding neutral gas cloud. For VQ we have to insert the

velocity parallel to B, since the gyro-radius r of the 20 keV electrons

in a field of B - 2T is of same order as the pellet radius (r - 0.2 mm,

r (O) - 0.4 mm) and smaller than the neutral gas cloud. Consequently, the

pellet is intercepted by a. heat flux whose main contribution originates

from electron motion parallel to B, see e.g the Figure 1 in Réf. [28], nQ

follows from Eqs.(13b, 14, 15) when vo is known. Two very different

assumptions shall be made :

* First assumption

The parallel temperature TU shall be equal to EQ - 20 keV ;
ft

hence V0 - 8.6.10 cm/s. For the "hot" electrons follows the density no -
o 3

4.6.10 cm . This case is unlikely, since the EC wave does not heat

parallel to B. TU would approach Tj- only when the confinement time is equal

to or larger than the equipartitioning time due to collisions. This is not

the case in the region of the plasma periphery and the limiter shadow.

* Second assumption

The parallel temperature T(( of the "hot" electrons shall be

roughly the same as the electron temperature of tue bulk plasma electrons

in the boundary region, i.e. we assume that TH lies somewhere between 10 eV

and 50 eV. For T1, - 10 eV, i.e VQ - 1.8.10
8 cm/s, we obtain nQ - 2.10

10

cm-3. For T,, - 50 eV, the density is nQ - 9. 4.10
9 cm"3. In the following we

will assume T|( - 20 eV, hence nQ - 1.5.10
10 cm'3.

For both assumptions we will simulate the ablation.
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2.2 Numerical simulation with two electron groups

We now make the assumption of two independent electron groups

which act simultaneously on the pellet according to the NGS model. The bulk

electrons may have the measured radial distributions ne(r) and Tg(r) . We
(j)

superpose a. "hot" electron group of constant density n̂  'and constant

temperature Tg . Owing to the lack of an ablation theory for two

independent electron groups, with different "parallel" and "perpendicular"

temperatures, the radial atom deposition profile is simulated using Eqs.(l)

to (4). In the expression for dr /dt, ne
a I^ is replaced with n

+ ne Te to permit the two electron groups to ablate the

pellet simultaneously and independently from each other.

* First assumption

We put Tn - E0 - 20 keV. We then have Te<
2) - 20 keV and ng

2) -
8 3

nQ - 4.6.10° cm, according to our estimate in the first assumption above.

With these values, no pellet penetration is obtained. Ths

pellet is consumed after a few millimeters.

This is in contradiction to the experimental observations.

Consequently, the assumption of an isotropic distribution with

I,, - T1 - E0 has to be discarded as expected.

* Second assumption

We put Tn - 20 eV. For the density we have ng ^ - nQ - 1.5.10
10

cm" . T6 is neither given by EQ nor by T,, , it is a combination of both.

We define an "effective" temperature T̂  ' by :

" no Eo

(2) 8kT(2) V2

- 28 -
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The r.h.s represents the "effective" heat flux density for
(2\ (2) (2)

Tg . With the abovs given values of nQ, E0, VQ and ne
v one finds T̂  ' -

1.9 keV. For the simulations, Te ^ has been considered as a free parameter

whose values lie between 1 keV and 2 keV.

From the calculated number of atoms deposited per unit path

length, dN /dr, follows the deposited electron density by distributing the

ionized atoms over the magnetic surfaces. ne(r) profiles calculated in this

way with three different temperatures T̂  ' for the discharge Nos 110592 and

111354 are shown in Figures 10 and 11. The radial positions at which the Ho

line has its intensity maximum (see Figures 5a,b) agrees with the ones of

the calculated n_(r) profiles for T6
2' - 1.4 keV. The ablation extends far

into the plasma periphery and the limiter shadow, which is in agreement

with the photographs of the ablation clouds.

In order to compare the radial ne(r) profiles measured about

400 to 800 /Xs after the beginning of pellet injection, we apply the same

method as for ohmic discharges. The calculated deposition profile for n ,

with T6^ ' - 1.4 keV, is taken as initial condition at time t - t'Q in the

transport code MAKOKOT, with the additional constraint that the electron
1 Q O

density decreases linearly from <ng> - 1.7.10 cm at t - t'Q (imposed by

the ablation profile) to the value <ne> - 1.3.10
13 cm'3 at t - t'Q + 0.5

ms, in agreement with the measurements at t — t'0 + (0.4 * 0.8) ms. The

evolution of the ng(r) profiles has been calculated for different anomalous

radial convection velocities v̂ , using the transport coefficients given by

Eqs.(5) to (10).

Reasonable agreement between calculated and measured n.(r)

profiles is only obtained when one choses for v^ much higher values than

for pellet injection into ohmically heated plasmas.

Figure 12 shows the radial ne(r) profiles calculated for times

t - t'G + 0.1 (0.4, 0.5) ms and measured at t - t'o + (0.4 * 0.8) ms for

the discharge N° 111354 when one puts v* - 40 m/s. This is two orders of

magnitude more than for injection into ohmically heated plasmas.
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Such high anomalous inward velocity does not perhaps correspond

to the actual physical situation. It could partly originate from our

simplifying assumptions, namely that n̂  ' and Tg ' have no radial

dependence and that radial diffusion and convection begin only after the

ablation process has been completed. The transport properties were modeled

with Eqs.(5) to (10). Whether these relations still apply to the region of

the plasma periphery and in particular to the limiter shadow, where no

closed magnetic surfaces exist, can also be doubted. Therefore one should

not expect too much from the simulations. The essential points which emerge

from this study are :

(i) it is possible to simulate with the assumption of two

independent electron groups ablation profiles which are in agreement with

the Ho intensity measurements and with the photographic pictures of the

ablation clouds.

(ii) When the simulated ablation profiles are taken as initial

condition in a 1-D transport code one finds in particular in the wall

region a radial electron density distribution which is in broad agreement

with the experimental observations, provided suitable values for the

anomalous convection velocity VA are chosen. Whether these values are

physically realistic or not is still a matter of discussion and cannot be

decided in the present context.

CONCLUSIONS

The injection of solid hydrogen (deuterium) pellets into

ohmically heated TFR plasmas led to deep pellet penetration, but the

penetration depth was always smaller than the calculated one when using the

original Parks and Turnbull formula for the regression velocity of the

pellet radius. However, both the penetration depth and the smoothed

relative radial Ho intensity can well be simulated with a Parks and

Turnbull type of formula when the ne-dependence is slightly increased.
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Pellet injection during ECR heating, with powers much larger

than the ohmic power, led without exceptions to shallow penetration. The

radial position at which maximum ablation was observed, was nearly

independent of the position of the ECR layer.

In almost all cases, the Ho intensity was not modu.i.i.evi, in

contradistinction to injection into ohmically heated plasmas. The radial Ha

intensity distribution was without any exception very different from the

ones for injection into ohmically heated plasmas. A large part of the

pellet matter was deposited in the region of the limiter shadow and the

periphery of the bulk plasma. Only two-third of the pellet matter was found

as ionized matter. From these observations we conclude that injection of

hydrogen (isotope) pellets during ECRH can encounter serious difficulties

when the EC heating power is much in excess of the ohmic power and when it

contains admixtures of extraordinary wave modes.

The ablation feature can be simulated using a Parks and

Turnbull type of formula (with increased n@-dependence), when one makes the

assumption that the pellet is simultaneously ablated by two electron

groups, the one representing the radially dependent plasma bulk electrons,

the other one being a low-density, high-temperature ("hot") electron gas

heated by extraordinary EC wave modes. The simulated ablation profiles can

be brought in agreement with the experimental features when one assumes

that the "hot" electrons fill the space up to the chamber walls. Their

density can be estimated to be of the order of 109 to 1010 cm"3, assuming

"perpendicular" energies of the order of 50 keV to 10 keV. It is necessary

to assume a "parallel" temperature which lies much below the

"perpendicular" temperature. For the simulation of the ablation we have

defined an "equivalent" ablation temperature of the "hot" electron gas by

putting the actual equal to the "equivalent" heat flux. The "equivalent"

temperature is for our simulations of the order of 1.5 keV and lies between

the "parallel" and "perpendicular" temperatures. The fact that the

"parallel- temperature lies much below the "perpendicular" temperature

favours the applicability of the neutral gas shielding model (NGS), since

the applicability criterion for the NGS is only marginally satisfied with

the "parallel" temperature equal to the "perpendicular" temperature.
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Had we assumed an "isotropic" temperature of 5 keV for the

"hot" electrons, the ablation simulations would be in agreement with the

observations for a density of order of ne
2' = 4.10 cm" .

For an "isotropic" temperature of 20 keV, an agreement with the
— - _ (2)

Ho measurements can be obtained when the density is of the order of ne s

10 cm ." Such low densities are in disagreement with the ones calculated

from the heat fluxes which are required to ablate and ionize the pellet

matter.

For future studies it is important to measure both the

densities and particle energies parallel and perpendicular to the magnetic

field and to possess an ablation theory which takes into account energy

anisotropy.

When the simulated radial ablation profiles are taken as

initial profiles for simulations of the electron density evolution shortly

after pellet injection, broad agreement with the measured ne-profiles is

obtained when the anomalous convection velocity is put equal to ŷ  - 0.24

m/s (injection into ohmically heated plasmas) or VA - 40 m/s (injection

into additionally ECR heated plasmas). The latter value refers to the

plasma periphery and the region of the limiter shadow and may have no

physical significance, since v^ has been deduced from a 1-D code and an

ensemble of transport relations which may not apply in the given form to

this region. A 2-D code would be more appropriate. However, it can also be

an indication that the convection velocity outside closed magnetic surfaces

is much higher than generally assumed for this particular type of

experiments.
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1. The na- and T^-dependenee of pellet atom deposition

In the TFR experiments

To find in the equation :

dr

dt

-2/3
CP- - 1.72.10'8 r̂  ne(r) Te(r) cm/s (A.I)

(cm, cm""*, eV) for the regression velocity of the radius r_ of a hydrogen

pellet the appropriate numerical values of the exponents a and ft which give

the best agreement with the measured deposition profiles, both Ot and ft were

changed and the atomic deposition profiles calculated (see Eq. (3)). In

order to show the sensitivity of a and ft on radial deposition, we present:

in the Figures 13 and 14 calculations for the discharge N° 110558.

The measured radial ng(r) and Tg(r) distributions before pellet

injection are in the outward direction :

r (cm)

ne

(1O13Cm"3)

T6 (keV)

O

1.88

1.0

5

1.75

0.80

10

1.38

0.52

15

0.81

0.18

20

0.31

0.1

25

0.1

0.05

(The values for r - 25 cm are estimated),

From the measured number of deposited electrons (Nn - N_ -

1.56.1019) follows a. radius of r_(0) - 0.3*6 mm for the spherical referencey
pellet. The pellet velocity is v - 640 m/s.
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Figure 13 shows the deposition profiles for different values of

O, with ft - 1.64. In the Figure 14, we present the deposition profiles

calculated for three different values of ft, with O - 1/3 (theoretical

value).

2. Dependence of pellet penetration depth on radial

nfl(r̂  - and 1&(r)-profiles

For reasons of simplicity we shall approximate the radial ng-

and T6- distributions by :

r 2 "ne(r) - ne(0) [1 - (
 £ )2] (A.2)

r 2Te(r) - T6(O) [1-( )2] (A.3)

Substituting in Eq. (A.I) dt by dr/v and nfi(r) and Te(r) by the

Eqs.(A.2, A. 3) yields for hydrogen pellets

dr -2/3 tt ft 2 OtV + ftr
- - 1.72. 1(T8 r ne(0) T6(O) [1 - () ] (A. 4)p e 6

At the plasma boundary (r - a) the pellet has the radius r (O).

The pellet shall be consumed (r - O) when it reaches the radial distance

r* from the center of the plasma. We put :

ft - OtV + ftT

and obtain after integration from r - r (O) to rp - O ;

r* 2 Q v r (O) 5/3

. / [ 1 - ( J ) 1 JE . I E__E (A.5)
r-a a a a a ft

1.72.IQ'8 ne(0) T6(O)

with v in cm/s. This equation determines the penetration depth r*.
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We will now consider the case of deep penetration.

Deep penetration may be defined by the condition that r* < a/4.

The minimum condition for deep penetration is then :

r* — ̂  with a - plasma radius.
4

In this case, most of the pellet matter is deposited between r

- a/2 and r - r* - a/4.

For given values of r* and O1 the integral represents a

numerical value and Eq,(A.5) becomes a relation between vp and r (O) for

given axial values ne(0) and T6(O) and plasma radius a. In the following we

will use the theoretical values [23] :

O - ; ft - 1.64

We consider radial distributions with V-I and 7-1.

We then have fl - 1.973 which can be approximated by

Q = 2.

For r* - a/4, the integral has the value 0.294 and Eq. (A.5)

yields for deep penetration the condition :

5/3 1/3 1.64
vp rp(0) - 8.44.10'

9 a ne(0) T6(O) (A.6)

(cm/s, cm, cm"3, eV).

Case b :

We consider radial distributions with V - 1 and T - 2.25.
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We then have :

Jl - 4.

For r* - a/4, the integral has the value 0.176 and Eq. (A.5)

yields for deep penetration :

5/3 1/3 1.64
rp(0) - 5.05.10*

9 a ne(0) T6(O) (A.7)

APPLICATION

For ne(0) - 1.10
14 cm"3, T6(O)

pellet radius of r (O) - 0.25 cm one obtains

- KT eV, a - 100 cm and a.

14.2 32 from Eq. (A.6)

8.5 from Eq. (A.7)

01

The pellet contains N - 3.4.10 hydrogen atoms.

When we would apply the ne-dependence n
0.360 instead of

ne ' , the pellet velocity has to be increased by more than a factor of two

to get the same penetration depth. This shows that a good knowledge of the

ablation rate as a function of plasma parameters and pellet properties is

fundamental for realistic predictions of fuelling scenarios of large

tokamak plasmas approaching the Lawson condition.
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FIGORE CAPTIONS

FIGUBlE 1

Positions and alignement of the three waveguide antennas 1, 2 and 3.

Reflecting mirrors on the inner wall not shown.

FIGURE 2a,b

The Ha radial emission profiles I(Ho) for pellet injection into two

successive identical discharges and radial ng-profiles before and

shortly after the injection.

Ip - 112 kA, B̂  - 2.2 T.

a. discharge N° 110558 ; b. discharge N" 110559.

FIGURE 3

Radial temperature profiles T6(r) from Thomson scattering and

electron cyclotron emission (ECE), averaged over identical

discharges.

Ohmic heating and additional central ECR heating with one, two and

three gyrotrons, from Refs. [22, 29].

FIGURE 4

Schematic representation of an ablation cloud of a pellet injected

during ECR heating.

FIGURE 5a,b

The H0 radial emission profile I (Ho) for pellet injection into

additionally ECR heated plasmas and ne-profiles before and

immediately after injection.

a. discharge N" 111354 : central heating with two gyrotrons, I - 111

kA.

b. discharge N° 110592 with resonance layer et r - + 11.58 cm, two

gyrotrons. I - 116 kA.

FIGURE 6

Position of ablation maximum as a function of the position of the

resonance layer.
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FIGURE 7

Intensity I(Ha) during pellet ablation in an ECR heated plasma.

Discharge N° 110592.

FIGURE 8a,b

Comparison of calculated deposition profile, dNa/dr, with measured Ea

intensity, I(Ha). The exponents have the values O - 0.360, ft •> 1.64.

The plasma center (r - O) coincides in both cases with the maximum of

the electron density before injection.

a. discharge N" 110558

b. discharge N° 110559.

FIGURE 9

Comparison of calculated and measured radial electron density

evolution for injection of a pellet into the ohmically heated

discharge N" 110559.

calculated ne-profile for t - t'0

calculated ne-profile at t - t'o + 0.6 ms

measured ne-profile at t — t'o + (0.4 + 0.8) ms,

FIGURE 10

Calculated electron density profiles after termination of ablation

(time t - t'0) assuming two electron groups during ECR heating.

Discharge N° 110592.

FIGURE 11

Calculated electron density profiles after termination of ablation

(time t - t'Q) assuming two electron groups during ECR heating

Discharge N" 111354.

FIGURE 12

Comparison of calculated and measured radial electron density

evolution for injection of a pellet into the ECR heated discharge

N° 111354.
(2)

The initial ng-profile at t - t'o is given by the curve for T̂  -

1.4 keV in Figure 11.
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FIGURE 13

Calculated radial atom deposition profiles, dNa/dr, for the discharge

N° 110558, with â3t,/ÛTC «tig(r) Te(r).

FIGURE 14

Calculated radial atom deposition profiles, oNa/dr, for the discharge

N° 110558, with dNfl/dr «nj{r) if(r).
O. *S C
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