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PELLET INJECTION EXPERIMENTS ON THE TFR TOKAMAK 

Equipe TFR 

ABSTRACT 

Single pellet injection experiments have been carried out on 
TFR with the aim to improve the experimental knowledge of ablation physi
cal processes and also to get a better description of the heat and matter 
transport during and after pellet evaporation. Ablation clouds have been 
photographed, providing experimental penetration depths in rough agreement 
with the neutral shielding model. Observation of stri ations in the cloud 
has led to an experimental determination of the safety factor profile. 
Parameters of the plasma in the ablation cloud have been spectroscopi-
cally determined. Fast heat transport has been evidenced during pellet 
evaporation (~ 100 ps) which exhibits some features of minor or major 
disruptions (appearance of a m = 1, n = 1 island on the q = 1 surface, 
bursts of density fluctuations, comparable heat diffusivity, . . . ) . Matter 
transport takes place on a larger time scale (~ 10 ms). This long 
temporal relaxation is well accounted for by the 1D-NAK0K0T computer code 
without changing the transport coefficients after pellet injection. Heat 
and matter transport are affected by the presence of the m = 1, n = 1 
island on the q = 1 surface. 
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1. INTRODUCTION 

Frozen hydrogen and deuterium pellet injection experiments have 
been carried out on various tokamak machines (Ormak [1], ISX-A [2], ISX-B 
[3], Doublet III [4-6], PDX [7], Alcator [8,9], TFR [10-13], ASDEX [14,15] 
PLT [16], DANTE [17], TFTR [18]). The main goals of injecting pellets of 
hydrogen isotopes into a fusion-like plasma is to study the feasibility 
of refuelling a fusion reactor (see e.g. the review papers [19,29]), to 
modify the density profile independently of the temperature profile with 
the aim to improve particle and/or energy confinement properties, to 
overcome the density limit and finally to use pellets as a diagnostic 
tool for investigating plasma properties. 

Extensive experimental studies of pellet injection have been 
made on TFR from 1983 to the close down of the machine (June 1986) with 
the main goal of improving the description of the physical processes 
involved in pellet ablation, and in the subsequent heat and matter trans
port which takes place during and after evaporation. 

Pellet penetration depths have been determined from photogra
phic measurement of the pellet trajectory which provide in particular the 
position at which the pellet has been completely ablated (at approximatly 
half the plasma radius in our case). Comparisons with the neutral shiel
ding model [21, 22, 23] have been carried out which show a rough agreement 
between calculated and experimental penetration depths in the conditions 
of TFR. Strong striations of the ablation cloud have been observed, as in 
ISX-B (3] and ASDEX [24]. The striations are inclined relative to the 
direction of the toroidal magnetic field. The angle of inclination is 
shown to provide a direct measurement of the poloidal magnetic field and 
yields the safety factor profile q(r). Some examples are given for dif
ferent TFR conditions. Direct spectroscopic measurements of individual 
striations along the magnetic field direction yield an electron density 
of ~ 10 cm on the average and a temperature of 1.6 eV in the ablation 
center while a temperature of 20 eV is found at a distance of 1.5 to 2 cm 
from the center. All those features concerning pellet ablation processes, 
penetration depths and striations are gathered in section II of the 
paper. 
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The fast drop of the electron temperature which occurs during 
pellet injection, ai observed in several machines (ASOEX [14,24], 
ALCATOR-C [8,9,25], TFR [10], DOUBLET-III [6]) has been studied in detail. 
It has been shown that a cold front propagates radially much faster (i.e. 
on a time scale determined by the evaporation process itself : ~ 100 us) 
than the very locally deposited matter. The q = 1 surface seems to play a 
role of barrier protecting partially the plasma center against a fast 
temperature decrease except during internal disruption (the pellet stops 
at larger radii than the q = 1 surface radius). Heat diffusivities or 10 

6 2 -1 to 10 a s are observed during the ablation process which are of order 
of values estimated for minor or major plasma disruptions [2GJ. Simila
rities between disruptions and pellet ablation are also observed when 
measuring small scale density fluctuations which appear 3S a series of 
large bursts in the two cases. The frequency and k (horizontal) spectra 
of these fluctuations are unmodified compared to values measured in ohmic 
conditions, suggesting that there is no change in nature of their origin 
but only a change in amplitude during pellet ablation. Actually diffe
rences are observed between the two phenomena in particular at the plasma 
edge where no m - 2, n = 1 mode growth is measured in the case of pellet 
injection in contrast with the observation of a large amplitude m = 2 
mode accompanying minor or major disruptions. Futher, a giant m = 1, 
n = 1 oscillation appears after pellet injection, as seen on soft X-ray 
signals, which also exhibits differences in comparison to observations 
made during disruptions. All these processes which last about 100 us 
(i.e. the time scale for pellet ablation) are described in detail in 
section III). 

In section IV we present a description of the plasma evolution 
during the first 10 to 20 milliseconds following pellet ablation. At 
these times the electron temperature profile has recovered a quasi steady 
state. Of particular interest is the evolution of the electron density 
profile. The question to know if pellet fuelling leads to improved energy 
confinement time i E compared to gas fuelled discharges (as observed for 
example on Alcator-C (9) at high density) has been addressed. The answer 
to the question is negative in the sense that single pellet injection 
into TFR (n e - 3.10 cm" , Tfi ~ 1 keV, ohroic discharges) leads to about 
the same agreement with the Alcator scaling t E ~ n as gas fuelled 
discharges. Further, the slow temporal readjustment of the electron 
density profile is affected by the sawtooth activity at the center. A 
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conparison of the measured relaxation of temperature and density profiles 
over some tens of mi 11 isecor.ds after pellet injection with the HAKOKOT ID 
transport code predictions [27] leads to the conclusion that the pellet 
injection in TFR does not requirp a modification of the transport coef
ficients for times beyond the pellet evaporation period. 
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2. PELLET INJECTION AND ABLATION 

2.1 Pellet injection system 

All measurements have been made using a single shot pneumatic 
pellet injection system developed at and delivered by the Ris4> National 
Laboratory [28,29]. The deuterium pellets are formed in a liquid helium 
cryostat. A frozen deuterium cylinder is extruded through a nozzle 
towards a chamber where it crosses a channel in which a gunbarrel is 
situated. The rear part of the barrel which moves perpendicularly to the 
solid deuterium filament in the chamber squeezes frozen deuterium into 
its front part where a pellet is formed. The nominal dimensions of the 
pellet ara : length 0.2 cm, diameter 0.06 cm. In order to transfer the 
pellet to the tokamak, a guide tube made of nylon (inner diameter 0.2 cm, 
length 5 meters) connects the injector to a port of TFR (see figure 1). 
The pellet is blown out of the gunbarrel at preselected times by means of 
a high pressure hydrogen pulse (1.2 MPa). The pellet velocity v is 
measured by means of photodiodes placed at both ends of the guide tube. 

IP On the average, pellets with 8.10 D atom:; and with v = 600 + 60 m/s 
entered the plasma. A free flight path of two meters separates the center 
of the vessel from the guide tube e;:it. The injection is perpendicular to 
the magnetic surfaces. For convenience, the plan of injection makes an 
angle of 8 degrees downwards relative to the horizontal plane (see 
figure 2). The angular spread of pellet velocities at the guiding tube 
exit (± 1 degree) is reduced to approximately ± 0.5 degree in the verti
cal direction by placing a diaphragm between guide tube exit and plasma. 
This residual angular spread leads to an uncertainty in the determination 
of the radial pellet positions and penetration lengths from the photo
graphies of the ablation clouds (see § 2.4). Sometimes, we observed two 
or three smaller pellets in the plasma instead of one. In general, they 
were already detected as individual pellets by the photodiodes, which 
means that the fragmentation already took place in the gun or during the 
travelling time in the guide tube. The fragments followed each other in 
time intervals ranging from 100 to 250 us. 
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2.2 Optical and spectroscopic measuring device 

A schematic drawing of the imaging device is shown in figure 2. 
The pellet trajectory is observed from below, under an oblique angle 6, 
with 3 = 40° for the torus center and 8 = 68° for the outer region 18 cm 
off axis. The light emitted by the pellet ablation cloud is reflected in 
vertical direction by a convex mirror. The virtual image formed behind 
the mirror is transformed in a real image by a concave mirror and foca-
lised in a plane above the machine where appropriate detectors can be 
placed. In order to change the quantity of light falling on the detector, 
a diaphragm with variable aperture is placed in a plane close to the 
concave mirror. 

Photographies are taken with apertures of diameter 1.2 and 
-A -A 

1.6 cm, leading to entrance solid angles of 1.35 . 10 and 2.4 . 10 ' strd 
respectively. A remote optical shutter system is inserted in the light 
path. This permits observing light of preselected duration it at prese
lected times t during a discharge thus avoiding detection of light emit
ted during the start up phase or during major disruptions, Prior to and 
after a measuring period, a pasteboard containing reference lines in 
radial and toroidal directions was introduced in the machine and photo
graphed together with the inner structure of the vacuum chamber (see 
figure 3a). The plane of the pasteboard coincided with the injection 
plane. One sees on figure 3a the structure of the liner bellows and of 
two metallic shields whose borders serve as a reference line for the 
toroidal direction. Because of the change of distance of the reference 
lines relatives to the convex mirror, the image reduction (about a factor 
of ten) varies along the pellet trajectory. 

Fur the spectroscopic measurements, a mirror is placed at the 
position H on figure 2. The plane of injection is focused on to the plane 
of the entrance slit of a spectrograph. The entrance slit is parallel to 
the magnetic field lines. The Polaroid films (3000 ASA) which are placed 
in tne focal plane of the spectrograph are calibrated by means of a 
density stop filter and of a tungsten band lamp. 

The Polaroid pictures of both the ablation clouds and spectra 
were photographed and the negatives (24 mm x 36 mm) thus obtained were 
used for quantitative densitometric scans. The useful surface (15 mm x 
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25 mm) on the negatives was resolved into either 1.835 . 10 (lower 
limit) or 8.7625 . 10 (upper limit) densitometric points by means of an 
X-Y raster densitometer witn storage of the density values on magnetic 
tape. 

Finally, the light of the Balmer D„ line is measured by means 
of an interference filter and of a photomultiplier followed by a fast 
acquisition device (100 ns/sample). The D g detector measures all the 
light emitted during the ablation without spatial resolution. 

2.3 Photographies of pellet trajectories and ablation clouds 

Some photographies are reproduced in figure 3 showing examples 
of pellet trajectories and of ablation clouds for different plasma condi
tions. Corresponding plasma current evolutions are shown in figure 4. 
Curve "1" on this figure refers to usual tokamak discharges with a cur-
rent plateau value of 135 kA. Curve of type "2" is obtained by dischar
ging a capacitor bank only into the primary windings. Injection times t 
for each photography of figure 3 are indicated on figure 4. 

Figure 3a shows the pasteboard with the toroidal reference 
lines. These lines are separated by a radial distance of 2 cm, the most 
external line is at a distance r = 18 cm from the centre of the torus 
chamber. The axis of the chamber practically coincides with the magnetic 
axis of the TFR plasmas. On figure 3, the pellets penetrate from the 
right into the plasma. 

2.3.1 Injeçtign_during_the_çurrent_p]at§au 

Figure 3b is a photography of the ablation cloud of a neon 
(1 %)-doped 0- pellet injected during the stationary phase of the current. 
The trajectory is slightly deflected in the direction of the e'ectron 
current. The ablation cloud is striated along the whole trajectory. The 
maximum length of the visible part of the striations is approximately 
12 cm. The scales of pictures 3a and 3b are the same. One recognizes on 
figure 3b the two metallic heat shields on the folds of the toroidal 
liner (see figure 3a). The borders of the shields on both sides of the 
pellet indicate the toroidal direction (it has been marked by a white 
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interrupted line on the photography). A slight inclination of the stria-
tions relative to this toroidal reference line is visible. 

When the toroidal magnetic field direction is revised, a 
reversal of the inclination of striations is observed as shown on 
figure 3c. This fact indicates that the striations represent the visible 
part of plasma channels containing dense and highly ionized matter which 
diffuses along the magnetic field lines (this is confirmed by the spec
troscopic measurements, see § 2.6). 

Figures 3d and 3e are magnified pictures of the ablation cloud 
of two undoped D, pellets of different size. Undoped pellets show much 
shorter striations than neon-doped pellets because ionization stages of 
the impurity ions diffusing along the magnetic field direction still emit 
visible light in regions where the contribution of neutral D atoms is 
negligible. 

It happens that striations do not follow exact straight lines 
or that weak "secondary striations" connect radially "main striations". 
In extreme cases striations form an X. This is shown on the phuljgraphy 
of figure 3f. We have no definitive explanation of this crossing effect 
which is a scarce event, however if one accepts the idea that striations 
are linked with pellet ion diffusion along the magnetic field lines, 
these irregularities could be associate'1 to particular local properties 
of the magnetic structure. An alternative explanation could be that fast 
radial plasma movements take place with frozen magnetic field. 

2.3.2 InjecJion_dyring.transi|nt.Bhases 

Injection of pellets during the current decrease of usual TFR 
discharges (curve 1 in figure 4) showed no special features of the ablation 
clouds : all were striated whatever the injection time was. 

In contrast, when pellets are injected at tiares t i 40 ms, i.e. 
for low electron temperature and density, long bent unstriated trajec
tories are observel. An example is shown on figure 3g. In this particular 
case, injection takes place at t = 40 ms of curve Z on figure 4. The 
pellet has broken into two pieces of approximately equal sizes. Both 
trajectories are strongly and identically bent in the direction of the 
plasma electron current. 
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When one injects at times t > 50 ms, only well striated abla
tion clouds are observed. It happened that for injection times around 
40 ms, or just above, one part only of the cloud showed striations. It 
seems that the-:: exists a critical level on some plasma parameters 
(current, temperature ?) for which striations start to form. 

When pellets are injected shortly after the current maximum of 
curve 2 on figure 4, ablation clouds are observed as shown on figure 3h. 
Penetration of the pellet into the plasma seems to be blocked. The 
backward wing of the ablation cloud could be explained by a short and 
fast movement of the plasma column against the penetrating pellet. 

2.4 Pellet penetration depth 

Till now, pellet penetration depths have been determined only 
from the duration of the Balmer line emission of ablation clouds (see 
figure 5) and from the known pellet velocity. The end of the emission can 
be measured very precisely since the light intensity falls off sharply. 
However, the beylnning is not we'l defined since the light rises slowly 
which means that there is a large uncertainty in the time at which the 
pellet crosses the plasma boundary. The corresponding uncertainty in the 
penetration depth L can reach 30 % if the pellet velocity is known accu
rately. In contrast with those experiments, we have determined pene
tration depths by direct observation of pellet trajectories. 

From the photographies one determines only the radial distance 
r M from the centre of the vacuum vessel to the end of the pellet trajec
tory (see fig. 6). Although r„ is determ ned with a good precision 
(± 0.2 cm) with this method, the actual precision is worse (± 0.9 cm at 
r., = 8cm) due to the angular spread (± 0.5 degree) in the initial pellet 
direction. 

The penetration depth L is given by L = a - r,, + AH where a is 
the plasma radius and AH is the horizontal displacement with AH < 0 
(AH > 0) for inward (outward) displacements of tne plasma column (see 
figure 6). These quantities are calculated srom magnetic loop signals, 
jus- before pellet injection within the assumption of a cylindrical 
plasma. The uncertainty in AH is approximately ± 0.3 cm in the present 
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experiments. The plasma radius a is determined by the position of the 
limiters «nd by AH. The uncertainty in L is therefore ± 1.5 cm for 
r M = 8 cm and a little bit less for smaller penetration depths. This 
calculation do<"= not account for the presence of plasma between the 
vacuum vessel and the plasma boundary. For the stationary state, pene
tration depths L range from approximately 6 cm to a maximum value of 
12 cm, depending on pellet size and velocity and on the radial distri
butions of electron density n (r) and temperature T g(r). 

In figure 7, we compare the measured depths L with those obtai
ned from numerical simulations based on the "neutral shielding model" of 
P.B. Parks, R.J. Turnbull and C.A. Foster [21]. The simulations have been 
carried out by C.T. Chang [22,23] from the Ris0 National Laboratory and 
kindiy put at our disposal. According to the model, the temporal varia
tion of the radius r of a solid deuterium pellet is given bj [30,31] 

-1 -3 P (cm s ", cm, cm , eV) : 

£ = - L 2 2 1 0 - 8 fZn „l/3 T1.64 ( 1 ) 

Input data for the simulation are : the measured radial pro
files n (r) and T (r) just prior to the time of injection and the number 
of deuterium atoms N in the pellet which determines the initial value of 
the pellet radius r . We have determined N from the radial density 
profiles n (r) measured before and one to three milliseconds after injec
tion. The uncertainty in N is about ± 10 %. Pellets are supposed sphe
rical in the code. In order to account for their actual cylindrical 
shape, two different assumptions have been made : 

(i) The sphere has the same volume/surface ratio as the injected pellet 
(column A of table 1). 

(ii) The radius of the pellet is that of a sphere which contains N D 
atoms (column B of table 1). 

For both cases, the simulations have been carried out with and 
without adiabatic cooling of the plasma by the pellet. The results are 
listed in table 1. In figure 7, the calculated values from table 1 are 
gathered in open rectangles for comparison with experimental penetration 
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depths. The scatter of the calculated depths is for an individual shot on 
the average as Urge as the experimental uncertainty. One can therefore 
only conclude that the neutral shielding model yields approximately the 
correct penetration depths for TFR plasmas within the experimental 
precision. However this model neither describes the radially fluctuating 
ablation nor the measured n and T distributions along the magnetic 
field (see § 2.6). 

2.5 Determination of tha safety factor profile o(r) 

One of the major concerns of tokaraak experimentalists is to 
measure the current profile j(r) or the safety factor profile q(r) since 
those parameters are crucial for the analysis of stability and transport. 
The striations which are observed in the ablation clouds of pellets have 
been interpreted in § 2.3 in terms of light emitted by deuterium atoms D Q 

originating from 0 ions diffusing after ablation and ionization from the 
pellet along the magnetic field lines. This effect is even more visible 
when pellets are doped with nee due to the presence of lower ionization 
stages of neon which have a large number of spectral lines in the visible 
and near U.V. ranges of wavelengths and which exist farther away from the 
ablation center than D° atoms. The model is supported by the fact that 
the striations make a pitch angle a with respect to the toroidal direc
tion and that the sign of a changes when reversing the toroidal magnetic 
field direction. The order of magnitude of a ~ 3° is compatible with 
expected values for rotational transform angles. Therefore it is natural 
to check whether this angle is a function of the radial position r and 
whether this function is representative of tan" 8 8(r)/8 â(r) values (B-
and B being the poloidal and toroidal magnetic field inductions). Safety 
factor profiles q(r) have been derived from the angle a(r) of the stria
tions and compared to soft X-ray (q = 1 surface position) and magnetic 
loop (q at the edge) data. 

To get q profiles from photographies of striations (see 
figure 3), the following procedure has been applied : 

Firstly, tha photography of the pasteboard was scanned photo
metrically in order to verify that the toroidal reference lines were free 
of image errors. The densitogrammes give, also the position of the refe
rence lines with respect to tha position of the two metallic heat shields. 
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Secondly, on every photography of an ablation cloud, radial 
scanning of the heat shields at different toroidal positions provide 
photometric density steps at the border location which are used to deter
mine accurately the toroidal reference line (see figure 8). 

Thirdly, a large number of densitogrammes was made of the 
striations in radial directions covering the whole toroidal region in 
which striations exist. Figure 9 shows an example of densitometric scans. 

Fourthly, straight lines were drawn through the maxima or 
minima of the densitogranues, thus giving the angle a of inclination with 
respect to the borders of the heat shields. 

Examples of the exploitations are shown on figures 10a to lOd. 
On these figures, the broken line which connects the two solid points is 
parallel to the toroidal reference line of figure 8. On figure 10a the 
inclination of the striations is well defined. The three lines connecting 
the points on the right hand side striation give the maximum error which 
affects the determination of the inclination. On figure ICD, there are 
striations with well defined inclinations, on the left hand side of the 
figure, and striations with large fluctuations from a straight line on 
the right hand side. Lines of very different inclinations can be drawn 
with the points of the central striation : the broken line through a 
majority of the points and the solid line through points at both ends of 
the striation. This striation lies just in the q = 1 region. Figures 10c 
and lOd refer to discharges with the toroidal magnetic field direction 
reversed compared to figures 10a and b. The reversal of the inclination 
of striations with respect of the toroidal reference line is obvious. 
Inclinations are well defined for striations on these figures except for 
the "secondary" striation marked S on figure lOd which crosses quasi 
perpendicularly the "standard" striation. 

Finally, in order to transform the measured inclination into a 
q(r) profile, one has to take into account the angle p(r) under which a 
particular striation is observed. Figure 11 shows (see also figure 2) the 
pitch angle a and the angle of observacion (i. Let u'(r) be the angle of 
inclination of a striation relative to the toroidal direction, as it 
appears on the photographies. The ratio of the loc?.l magnetic field 
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inductions is given by 

B 8 ^ * / i tq a 1 ,,.. 

The cylindrical value of the safety factor q. is then expressed 

as a function of this local value : 

q c(r) = £- (1 + £-) (1 + A f-) tan"
1 a (3) 

Here, R = 98 cm and a ~ 19 cm are the major and minor radii of 

the torus, r is the radial distance of a magnetic surface from the toroi

dal (or magnetic) axis, the poloidal angle 8 has been taken equal to zero 

and the asymmetry factor A of the poloidal field is [32] : 

A = (B* - f) + Oi " j) - j(|) 2 (4) 

For our plasmas representative figures are B* ~ 0.3 for the 

poloidal B* value and 1. ~ 1.3 for the internal inductance. The value of 
q (a) at the plasma boundary is obtained from the total plasma current 

I : 

50 a 2 B. 
q c(a) = ft ; • (cm, T, kA) (5) 

Radial distributions of q are shown in figures 12a to 12d for 

various experimental conditions. The radius r is affected with an absolute 

error àr = ± 0.9 cm at r = 8 cm and somewhat less at larger radii. Broken 

curves are parabolic approximations to the experimental values with the 

dots at q = 1 obtained from soft X-ray emission. The solid q(r) curves in 

figures 12b, 12c and lZd are q profiles calculated from the Spitzer 

electrical conductivity, assuming the effective charge number Z f f = constant 

and using as input data the measured values of T (r), n (r), I and plasma 

radius a a few milliseconds before pellet injection. No temperature 

distribution was available for discharge # 88094 (fig. 12a). Therefore a 
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temperature distribution was assumed which yields a q profile as shown by 
the solid curve on figure 12a. All broken and solid q(r) profiles refer 
to the stationary state just before pellet injection. 

2.6 Electron density and temperature along a striation 

The spectrograph shown in figure 2 was uced to make time inte
grated spectra of individual striations on calibrated photographic films. 
The pellet trajectory was focused on the plane of the entrance slit, with 
the slit parallel to the magnetic field direction, so that spectra can be 
analysed toroidally. All spectra show an intense continuum extending over 
the long wavelength region (\ > 5000£). The Ba]mer lines are strongly 
broadened. The last visible line is D,. Assuming the broadening due to 
Stark effect, it is possible to determine the time integrated electron 
densities n (z) for several positions z along the magnetic field lines. 
The density distribution n.(z) obtained from the half width of 0 o [33] is 

17 "3 shown in figure 13, the maximum value being n = 1.35 . 10 cm + 15 % 
for this particular shot. All our D» profiles are slightly asymmetric, 
the long wavelength wings being broader than t!.e short ones, in contrast 
to recent measurements on PLT [16]. 

The relative distribution n.(z) of the density of D°-atoms in 
quantum state n = 4 is obtained by integrating over the D„ line profiles. 
Making the assumption that LTE conditions are fulfilled (i.e. Saha and 
Boltzmann equations can be used) the absolute distribution n.(z) as well 
as the time averaged temperature T(z) can be determined for any given 

-9 -1 
degree of ionization of deuterium. Taking n /n + = n /n = 10 , 10 L and 
0.5 for the density ratio of neutral to ionised atoms at z = 0, one 
obtains T = 2.0, 1.6 and 1.4 eV respectively. Curves on figure 13 refer 
to the intermediate case n Q/n + = 0.1. Actually, 10 % neutrals, is likely 
a maximum for well defined striations-since for higher neutral densities 
light emission would not be so well localized along z. The temperature 
distribution on figure 13 increases rapidly with increasing z and 
reaches ~ 20 eV at a distance 1.5 to 2 cm from the ablation center. Peta 
values {i.e. ratio of kinetic to magnetic pressure) much less than 1 are 
chained along the observable part of the striations. This is 5 necessary 
condition for not deforming the magnetic field lines by the pellet abla
tion and ionization process. 
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2.7 Comments on pellet ablation models 

Many theoretical papers aim at the interpretation of the pellet 
ablation process. Most of them are basea on the so called ''neutral shiel
ding model" in which it is assumed that the solid pellet of surface 
temperature T is protected against bombardment from the electrons of the 
hot plasma at temperature T («0 by the neutral gas cloud formed by evapo
ration due to the interaction of the pellet with plasma electrons. Diffe
rences between authors' predictions exist, linked with the assumption 
used in the different calculations. We quote hereafter the conclusions 
which can be drawn from our experimental observations concerning some 
ablation models. 

(i) Under stationary ohmic conditions, pellet ablation is generally 
a non stationary process : regions of intense ablation and 
strong emission are separated from zones in which ablation and 
emission are weak. This feature is described by none of the 
available models. 

(ii) Visible emission from a striation lasts approximately 5 us as 
seen on the D„ light fluctuations of figure 5. On the other 
hand, photographies show that the visible part of striations 
for doped pellets extends over approximately 5 cm to both sides 
of the ablation center along the magnetic field. Supposing that 
these 5 cm are equal to the length of propagation of the cloud 
during 5 us, one deduces a velocity of approximately 10 cm/s. 
Moreover it is seen on figure 13 that the disappearance of the 
emission along a field line is mainly due to the strong increase 
of temperature T(z) rather than to a decrease of n„(z). Therefore 

c e 
the velocity 10 cm/s is a lower bound for the mean bulk velo
city of the cloud material, for deuterium this velocity corres
ponds to an energy of 1 eV, i.e. to the temperature of the 
ablation cloud. We infer that the flow velocity is either 
subsonic or only slightly supersonic over a distance of several 
centimeters from the ablation center. This observation would 
favor models where Mach numbers are small (see e.g. [23, 34, 
35]) which is the case in particular when dissociation and 
ionization of neutrals in the cloud are taken into account. 
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(ill) From the spectroscopic measurements of § 2.6, it follows that 
p(z) is much less than one. Such values of p seem to exclude 
magnetic shielding of the pellet [36-38]. 

(iv). Theoretically, the ablation cloud undergoes three distinct 
phases. Firstly a cloud of high neutral density is formed. The 
neutral gas is then ionized in an extremely short time, leading 
to a low temperature (T ~ 1 eV), high density plasma. During 
both phases, the cloud is not confined magnetically and can 
diffuse radially because the electron gyrofrequency fie is much 
smaller than the electron-ion collision frequency v -. A third 
phase starts when fle becomes larger than » « : radial diffu
sion is inhibited and the matter diffuses preferentially along 
the magnetic field lines. This condition associated to a high 
ionization rate is needed for striations to become observable. 
Our measured values of electron density (~ 10 cm" ) and 
electron temperature (~ 2 eV) fulfill these two conditions. 
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3. PLASMA RELAXATION DURING PELLET ABLATION 

A common feature of pellet injection experiments is the very 

fast drop of the central electron temperature [24,25,39] and more generally 

the very fast evolution of the electron temperature profile [10,14]. This 

profile reorganization has been studied in detail on TFR together with 

magnetic activity and small scale density fluctuations. 

3.1 Fast evolution of the electron temperature 

Time evolution of the electron temperature T (r).at six dif

ferent plasma radii r is shown in figure 14 (top) as measured with a set 

of six Fabry Perot interferometers tuned at the 2nd harmonic of electron 

cyclotron emission (ECE) and calibrated using Thomson scattering measu

rements. On the same figure (bottom) are plotted three electron tempe

rature profiles deduced from ECE data just before (t = 237 ms) and just 

after pellet injection (t = 238 ms). Parameters of the target plasma 

are : minor radius a 2 19 cro. plasma current I ~ 184 kA, toroidal field 
8. ~ 4.4 T, safety factor at the edge q(a) = 4.4, central electron density 

n „ = 6.10 cm . The pellet reaches a radius r = 11.1 ±1.5 cm as 
-1 

deduced from photographic measurements, its velocity being v = 563 m.s . 

The abrupt temperature drop on figure 14 (top) occurs almost simulta

neously at all radii although the pellet does not penetrate into the core 

of the plasma. The electron temperature profile recovers almost its 

initial shape within a fraction of millisecond after pellet injection 

(see dotted curve on figure 14 uottom). An expanded view of the tempe

rature evolution (from ECE measurements) is shown in figure 15 together 

with the D 6 emission from the pellet. As in most shots with large pellets, 

it can be seen that : 

(i) The electron temperature decay, which starts at time t,(r) at radius 

r, corresponds to the inward propagation of a "cold front" with a 

radial velocity V c f(r) ~ Otj/ar)"
1 ï 10 3 m/s (i.e. much faster than 

the pellet). The gradient perturbation 3T e/3r ~ (3?e/at) . V f"
1 

associated with the temperature perturbation T can be estimated 

from ECE data. All those quantities are plotted on figure 16 as a 

function of plasma radius. The inward velocity V - increases mono-

tonically from the edge of the plasma to the q = 1 surface ; it 

seems that it keeps increasing inside q = 1 although it becomes 
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difficult to estimate because the small time interval tj^r = 0) -
t,(r = -6) is very short. The time derivative 3T„/3t and the gracient 
perturbation (3T /3r) have the same trend as the velocity V c f at 
radii "larger than the radius of the q = 1 surface situated at about 
6 cm (see e.g. figure 12). The largest value of the gradient pertur
bation is of order of (8Ïe/3r) ~ 5 keV m (smaller than but not 
negligible compared to the unperturbed gradient). It must be noticed 
that steeper gradient perturbations cannot be excluded owing to the 
limited spatial resolution of the ECE diagnostic (~ 2.5 cm). Only 
small gradient perturbations are observed near the plasma center due 
to the conjunction of high velocity V f and small time derivative 
3T /3t. The cooling of a given magnetic surface is due to radial 
heat transport rather than cold matter deposition since the cold 
front proceeds faster than the pellet. In terms of diffusion, the 

o 
propagation of a cold front with velocities \l.f of order of 10 to 
4 - 1 5 

10 ms roughly corresponds to heat diffusivities of 10 to 
fi ? -l 

10 cm s (in cylindrical geometry and in linear transport theory). 
Such values are 50 to 200 times larger than the usual heat diffu-
sivity observed during stationary ohmic discharges on TFR (2 to 
5.10 cnrV 1 see e.g. [40]). Fast relaxation of the electron tempe
rature profile has also been observed during minor (or major disrup
tions leading to heat diffusivities of the same order of magnitude 
[26]). 

(ii) The fast temperature decay stops abruptly at time t 2(r) (see figure 
15) which seems to be weakly dependent of the radius r except at 
the plasma center where the decay is much slower (200 to 500 us in 
most cases). For radii r ê 6 cm, the time tj almost coincides with 
the complete pellet disappearance observed on the D„ light. Tuning 
the Fabry Perot interferometers to radii closer to the plasma center 
provides a better insight of the electron temperature evolution 
within the q s 1 surface as shown in figure 17. The position of the 
q = 1 surface is identified in figure 17a from the sign of the 
electron temperature slope during sawteeth before and after pellet 
injection : radii ± 3 cm and 0 en are clearly inside q = 1. In 
figure 17b, which is an extended view of figure 17a for times 216.5 
to 217.5 milliseconds, it is seen that the temperature decay due to 
pellet injection is fast (~ 100 |js) outside the q = 1 surface (r = -11, 
-6, +6 cm) whereas it lasts twice a longer time at least inside 
q = 1. The slower decay within the q = 1 surface is completed 
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by a sort of disruption (at time t ~ 217 ms) which seems not to 
correspond exactly to a heat flux from the q < 1 region to the q > 1 
region since the electron temperature increase at radius r = +3 cm. 
This last observation which is not a general trend is not yet 
understood. Finally it seems that the q = 1 surface limits the cold 
flux towards the plasma center. The quality of this thermal barrier 
varies considerably from shot to shot : sometimes, it is not very 
efficient (the center is cooled in 200 us), sometimes the plasma 
within the q = 1 surface is only cooled by the first sawtooth after 
pellet injection (e.g. 500 us later). Temperature differences as 
large as 300 eV have been observed between radii inside and outside 
the q = 1 surface during more than 100 MS after pellet injection. 

3.2 Electron density evolution 

The density profile n (r) is deduced by means of an Abel inver
sion from the data of infrared interferometry along eight chords. The 
limited' tine resolution of the diagnostic (400 us) and the uncertainties 
in the exact shape of the density profile (see § 4) vjst after pellet 
injection prevent at present any quantitative conclusion about a possible 
fast matter transport related to the heat transport. However the fact 
that 400 MS after injection the density profile is still hollow suggests 
that density transport is not as violent as the observed fast temperature 
variations [8,10]. 

3.3 Large scale magnetic fluctuations during pellet injection ; 
comparison with minor disruptions 

3.3.1 Bagngiic_mgas.ur§mer)ts 

For usual TFR discharges , disruptions are characterized by the 
growth of magnetic fluctuations ôB, visible on Mirnov coils, associated 
in particular to an m = 2 n = 1 oscillation of the poloidal field B„ with 

-2 a relative amplitude ÔB/B» ~ 0.5 to 1.10 (m and n are the poloidal and 
toroidal wave numbers respectively). This is shown on figure 18a where 
the electron temperature at r = -11 cm and Mirnov coil signals 
(m = 2,3 ; n = 1,2) have been plotted as a function of time. The m = 2 
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mode reaches a high level 68 z 10 T at the time of the minor disruption, 
and higher m and n rudes are also present. In addition a negative spike 
is detected on the loop voltage (not shown). 

The signal detected on Mirnov coils, which is low on the example 
shown on figure 18b (68 ~ 10 T) prior to the pellet injection, is hardly 
affected by the pellet. During a few periods the frequency of the m = 2 
and m = 3 modes decreases from 1C to 5 kHz and the amplitude may even
tually increase by a factor ~ 3 during a short time (~ 250 us). No nega
tive spike is observed on the Inop voltage [26]. 

3.3.2 SBft.fcray.measurements 

The soft X-ray emission from the plasma along different chords 
has also been measured. The cooling of the plasma during pellet ablation 
causes the emissivity along all the chords to decrease while a large 
m = 1 oscillation, whose frequency 5 kHz is the same as the frequency of 
the rotating island on the q = 1 surface, is generally seen with a 
maximum amplitude of order cf 25 % of the total signal for chords tangent 
to the q = 1 surface. The m = 1 oscillation has a frequency close to but 
different "from the one of the m = 2 mode observed on Mirnov coils. After 
minor disruptions (without pellet injection) a large m = 1 oscillation is 
also visible on soft X-ray detectors, however it is always phase locked 
with the m = 2 mode. In the later case the m = 1 mode could be induced by 
the m = 2 mode due to toroidal effects [41], an explanation which does 
not hold in the case of pellet injection. The appearent growth of the 
m = 1, n = 1 mode as measured by soft X-ray emission just after pellet 
injection is tentatively interpreted as a modification of the soft X-ray 
emissivity profile through the following sequence of events : 

(i) Fast heat transport caused by pellet injection cools down the 
outside of the q = 1 surface within ~ 100 us (see § 3.1). 

(ii) Heat diffuses from the inside to the outside of q = 1 -e.g. 
through the X point of the island- on a time scale of order of 
200 * 500 ps (see § 3.1). 
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(iii) During that time the m = 1, n = 1 island remains unaffected 
keeping its initial high temperature until the subsequent 
internal disruption. 

This interpretation accounts at least for two features of the 
experimental signals : the m = 1 mode after pellet injection appears as a 
continuation of the m = 1 mode when visible before injection and also, 
the mode is phase shifted of 180° simultaneously with the decrease of 
soft X-ray emission. A sketch of the experimental soft X-ray emission 
profile is shown in figure 19a (right hand side of the figure). The m = 1 
mode is particularly appearent at radii -7.3 cm < r < -4 cm and 
2.6 cm < r < 5.9 cm. The results of a simulation are also shown on 
figure 19a (left hand side of the figure) : a synthetic soft X-ray emiss
ion profile is calculated on the basis of a rotating m = 1, n = 1 island 
whose location, size, frequency and growth rate are empirically adjusted, 
in order to fit the last sawtooth prior to pellet injection (for more 
details on the calculation see [42]). At the time of pellet injection, 
the X-ray emissivity in the code is instantaneously and uniformly 
decreased across the whole plasma profile except inside the island where 
it is kept constant. All other properties of the island are supposed to 
be unaffected by the pellet. The appearent growth fo the m = 1, n = 1 
mode after pellet injection and the 180° phase shift observed on soft 
X-ray signals are reproduced by the calculation. Magnified experimental 
and computed X-ray signals at radius r = + 4.8 cm are displayed on 
figure 19b in order to show more accurately this 180° phase shift. 

3.4 Small scale density fluctuations 

Electron density fluctuations on have been measured with two 
different devices located at two toroidal positions. The first one is 
installed at the pellet injection port and uses a microwave source 
(A = 2.2 mm) [43J. The observed volume looks like a losange of characte
ristics size ~ 6 cm and can be scanned throughout the plasma cross section 
from shot to shot. The other density fluctuation measurement system is 
located 90° further in the toroidal direction. The electromagnetic wave 
source is a CO, laser (h. = 10.6 u.n). The observed volume is a thin cylinder 
(0 ; 2.6 cm) extending along a vertical diameter (44]. 
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A large increase (about a factor 10) of the scattered power 
(i.e. of the square of the density fluctuations) is observed on the CO, 
laser system when a pellet is injected. The signal appears as a series of 
bursts similar to the ones observed on the D. emission. However no pre
cise correlation has been found between the two signals neither in time 
nor in amplitude. The frequency spectrum averaged over 50 us is similar 
to the spectrum of density fluctuations in the plasma prior to pellet 
injection. Measurements at two different horizontal wave numbers k , 
perpendicular to the toroidal direction suggest that the k spectrum is 
unmodified by the pellet ablation process. The scattered signal is delayed 
by SO MS with respect to the 0„ light signal, and decreases on a time 
scale of 30 to 40 us after the 0» drop (see figure 20). With the microwave 
scattering device a larger delay of ~ 80 ps is observed between the 
scattered signal and the D„ although the diagnostic is located at the 
pellet injection port. 

A rough estimate, from equation 1, of the time behaviour of the 
D„ light intensity (supposed to be proportional to the ablation rate) 
shows that the time delay between 0„ emission and enhanced fluctuating 
density corresponds to pellet penetration at a radius of r ; 15 -f 16 cm 
or to a location of the cold front at a radius of r ~ 12 -f 13 cm. These 
two radii are located between the q = 1 and q = 2 surfaces where the 
pressure gradient is maximum and therefore where drift modes (e.g. dissi-
pative trapped electron modes) are predicted to be unstable. 

Such a behaviour of density fluctuations has also been observed 
on TFR during minor disruptions. In that case, a time delay of 60 ps is 
observed between the electron temperature collapse and the growth of the 
low frequency turbulence as observed on the CO. laser experiment [45]. 
Nevertheless, the increase of turbulent power is much less in the latter 
case than during pellet-injection (50 to 100 % compared to a factor of 
10). 

3.5 Comments on fast heat transport 

It has been shown in the previous subsections that minor dis
ruptions and pellet injection have in common a number of properties, in 
particular : fast heat transport and enhanced density fluctuations. 
Therefore it is natural to attempt relating these two experimental situa-
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tions to a common physical basis. The only difference between the two 
phenomena is apparently the absence of m = 2 or J magnetic perturbations 
at the edge after pellet injection ; this difference could explain why 
heat transport does not reach the plasma edge in the case of pellet 
injection thus preserving the internal energy of the plasma (see § 4). 

Minor disruptions are initiated by the growth of a m = 2, n = 1 
(coupled with a m = 1, n = 1) island which destabilizes higher m modes 
leading to ergodization of the magnetic field lines [26]. In the case of 
pellet injection, the pellet itself causes the initial perturbation, thus 
producing the fast heat transport. In the two cases, the electron tempe
rature profile is strongly affected and appears as the key parameter, in 
particular outside the q = 1 surface. 

Finally, although the neutral shielding models do not account 
for local electron temperature modifications associated with the observed 
cold front propagation, they lead to penetration depths for pellets 
roughly in agreement with experiments. This means that this effect plays 
only a small role on pellet ablation. 
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4. PLASMA RELAXATION AFTER PELLET INJECTION 

4.1 General observations 

After the short period (- 100 us) during which ablation takes 
place, a much slower relaxation of all plasma parameters occurs on a time 
scale of same milliseconds to some tens of milliseconds. This evolution 
is summarized in figure 21, where many experimental signals have been 
plotted as a function of time. 

The central electron line density n l(o) increases by 30 % in 
less than 400 us (the time resolution of the data acquisition system). An 
outward displacement AH of the plasma cOuon, leading to an increase of 
the plasma radius a starts 500 us after injection and increases on the 
time scale of 5 to 10 ms. The p+li/2 factor also unmodified during 500 us, 
next increases on the same time scale as AH and a, passing from 0.8 
before injection to a final value of 1. The loop voltage remains roughly 
constant (the small jump shown on figure 21 is not a general trend). The 
total plasma current does not vary during the overall relaxation. The 
electron temperature T obtained ficm ECE measurements exhibits the fast 
drop discussed in § 3 at all radii, at the time of injection ; the outer
most channels (r = +6 and +11 cm) recover the pre-injection value within 
5 to 10 ms, whereas the inside channels do not show a marked temperature 
change due to the horizontal displacement of the plasma column. The ion 
temperature T. deduced from charge exchange measurements exhibits a fast 
drop at all radii at the time of injection and comes back to its pre-
injection value on a time scale of 10 to 20 ms. 

It has been shown previously [46] that the Alcator scaling law 
2 • . 

x l "~ n e f o r t h e e n e r 9 y confinement time was valid on TFR for ohmic 
discharges obtained with gas puffing. We have verified in the present 
work that this law still holds with pellet fueling. This has bsen achieved 
b> comparing the confinement times of three discharges under ohmic condi
tions : 

a low density discharge obtained with gas puffing (shot It 92967) 
a high density discharge also obtained with gas puffing 
(shot # 92958) 
finally a discharge making the transition from the 'ow to high 
density previous discharges by means of a pellet injection 
(shot » 92976) 
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Details of this experiment are shown on figure 22 where the 
ce.itral electron line density n l(o), the A = p + 1./2 factor, the elec
tron temperature T at radius r = -6 cm and the ion temperature at radius 
r = 0 i-m have been plotted as a function of time. Ti.e density step due to 
the pellet in shot # 92976 makes the density to pass from the low value 
of the gas puffed discharge # 92967 almost to the high value of the gas 
puffed discharge i 92958 on the time scale of pellet ablation (i 400 us). 
A corresponding change occurs in the A factor (in 5-10 ms see fig. 21) 
and in the T value (in less than 400 us, see § 3) which also pass from 
values of shot # 92967 almost to values of shot # 92958. The complete 
equality between parameters of the high density gas puffed and of the 
pellet fuelled discharge is reached 50 ms later due to the continuous gas 
puff which was maintained during the pellet fuelled discharge. A power 
balance has been made at different instants, using the experimental 
density and temperature profiles measured during these discharges. In 
this balance the radiated power is very small (< 5 % ) , conduction-
convection losses dominate. The gross energy confinement time tp for gas 
puffed and pellet fuelled discharges of figure 22 is shown in table 2. 
Before and far beyond the injection time (t i 229 ms) the plasma is close 
to a stationary state and tr varies in accordance with the Alcator scaling 
law. During the transition from low to high density discharge, the total 
energy time derivative 3E/3t is no longer negligible in the power balance 
compared to the ohmic power P, (i E = E/(PQ " 3E/3t)). Moreover, the 
electric field cannot be assumed radially constant, as it will be discus
sed later, and the current density equation must be solved in order to 
compute the ohmic power. Due to the lack of accuracy in the 3E/3t cal
culation, no Tp estimation is available before t ~ 222 ms. Tne tr values 
at times t = 222 ms and t = 229 ms shown in table 2 have been obtained by 
calculating the ohmic power using the electric field profile plotted in 
figure 25b. For such a non stationary plasma, tr is very sensitive to the 
ohmic power evaluation. As a matter of example, a variation of 15 % of 
the ohmic power causes a variation of 20 to 30 % of ir depending on the 
energy time derivative estimation. As a consequence, the slight impro
vement of tr with respect to the Alcator scaling seen on table 2 is not 
really significant. 

Note that the effective thermal conductivity \ « in table 2 
has been defined as q = -n x e f f vT. where Q is the total electron heat 
flow including conduction and convection losses. When the convective heat 
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flow is small, x « coincides with the usual thermal conductivity. This 
effective conductivity calculated in the gradient zone, i.e. between the 
q = 1 and q = 2 radii is shown in table 2 to decrease by a factor 1.5 
after pellet injection, in agreement with the n scaling. 

4.2 Profile relaxation 

A more precise picture of transport is obtained by numerical 
simulation of the electron temperature and density profiles. The MAKQKOT 10, 
time dependent transport code [27] has been used to simulate the 92976 
discharge (see figure 22) before and after pellet injection. Fast profile 
modifications that occur within the few hundred microseconds after injec
tion are ignored. The profiles measured 0.4 ms after injection are used 
as initial conditions to simulate the plasma relaxation. At each time 
step the incoming neutral flux is calculated in order to fit the measured 
average density. 

Transport coefficients are first adjusted in order to reproduce 
the plasma state before pellet injection. The following expressions for 
anomalous particle and heat fluxes, respectively T and $, are used for 
electrons : 

r = -D 7n e - n 6 V A I , 

• = - | n e 0 V T e 

where the diffusion coefficient D and the inward velocity V. are adjusted 
in order to reproduce the measured temperature and density profiles. 
Here, D and V. are given respectively by 

DA DB -l 

° = °'85 " Â M J " VA = 2 4° Cms 
with •), = 1.5 10 1 7/[n e(r) q(r) T^ / 4(r)] ( c m V 1 , cm"3. keV) 

and D B(r) = C Te(r)/(16 eB) 
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Ion transport is supposed to be neoclassical. Radiation losses 

and Z -. are calculated with the stationary coronal assumption. The 

Spitzer resistivity is used. The average influence of internal sawteeth 

on transport is accounted for by doubling D within the q - 1 surface as 

is usual for TFR [27]. 

Under these conditions, electron temperature and density pro

files are well fitted by the simulation just before pellet injection as 

shown in figure 23a. The corresponding diffusion coefficient 0 (with 

X = J D) including the neoclassical contribution is plotted in figure 23b. 

Note that the effective heat conductivity X-** calculated in section 4.1 

is linked to x e and V. by the relation : 

"eff " *e I 1 + TW$ - VA Ï <V 1 n V"1 

In order to simulate the plasma relaxation after pellet injec

tion, an initial condition for the current density profile is required in 

addition to the initial conditions for the electron density and tempera

ture profiles. Since the diffusion time for current density is long 

compared to the time scale for pellet ablation, the stationary current 

density profile calculated before injection is first supposed to be 

unmodified by the pellet. With this assumption, the main result is that 

the transient state (t > 400 ps) following the pellet sublimation is 

globally well simulated with the same transport coefficients as those 

used to describe the preinjection plasma. 

The electron temperature profile is well reproduced as shown on 

figure 24 for three different times (3, 13 and 63 ms after injection). No 

significant change is seen during the relaxation except a slight broadening 

of the profile. 

The calculated loop voltage presented in figure 25a rises by 

about 50 % some milliseconds after pellet injection. This result is in 

contradiction with the observation that the experimental value remains 

generally almost constant or increases by only 20 % in the case considered 

here (see § 4.1). A convenient way to go through the difficulty should be 

to suppose that not only fast neat transport occurs during pellet abla-
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tion but also a modification of the current density profile. Actually, a 
slight deformation such as sr.own on the insert of figure 25a (dotted 
line), outside the q = 1 surface, of the current density profile, allows 
to reproduce the experimental loon voltage increase (curves (?) in the 
figure), when used as an initial condition in the simulation. The corres
ponding electric field profile is plotted in figure 25b at different 
times. It exhibits a strong profile perturbation due principally to the 
T dependence of the Spitzer resistivity. As a consequence, the ohmic 
power has increased by about 30 % one millisecond after the end of injec
tion and subsequently relaxes back to it pre-injection value within about 
13 to 20 milliseconds. 

A strongly inverted density profile is initially imposed in the 
simulation to fit the experimental one, since the pellet does not reach 
the q = 1 surface (see figure 26). This hollow profile relaxes towards a 
peaked profile within ten milliseconds. The calculation reproduces glo
bally this density relaxation (figure 26 and also figure 27) indicating 
that the gross particle confinement time has not been changed signifi
cantly by the pellet injection. This is particularly visible on figure 27 
for times larger than 221 ms (i.e. ". ms after injection). Actually, a 
correlation does exist between the occurence of internal disruptions and 
the observed fast fill-up of the density at the center. This is shown in 
figure 27 where the Abel inverted central density is seen to raise sud
denly when the first internal disruption after pellet injection occurs, 
at time t ~ 220.5 ms. The simulation accounts quantitatively for this 
effect provided the transport coefficients are increased by a factor 50 
during the 100 ps of the disruption phase (open circles on figure 27). 
The influence of the internal disruption on the density peaking is also 
shown for an other shot in figure 28 where the ratio of the mean density 
within the r = 6 cm magnetic surface (i.e. within the q = 1 surface) to 
the mean density within the r = 15 cm magnetic surface (i.e. within 
the q = 2 surface), as determined from interferometric measurements, has 
been plotted as a function of time. An obvious correlation is seen between 
the occurence of a sawtooth and the peaking of the density profile. Such 
a behaviour had been previously observed [47] for impurity penetration 
and appears as a rather general trend for heat and matter transport 
through the q = 1 surface (see also § 3.1). 
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5. CONCLUSIONS 

Experimental studies of single pellet injection into TFR have 
allowed to improve the physical picture of pellet evaporation as well as 
the description of heat and matter radial transport which occurs after 
injection. The following conclusions can be drawn on the basis of experi
mental evidences : 

The pellet penetration depths are roughly accounted for by the 
neutral shielding model although the fine structure is not 
included in it (striations). 

Ablation models where Mach numbers are small seem to be more 
adapted to the experimental situation. 

The observed striations in the ablation clouds are connected 
with the actual magnetic field direction and therefore they 
provide a measurement of the poloidal field profile and an 
estimation of the q profile. 

17 -"Î A density of ~ 10 cm and a temperature of ~ 1.6 eV are 
found in the ablation center whereas the temperature is - 20 eV 
1.5 cm to 2 cm far from the pellet. 

Magnetic shielding of the pellet is excluded by the low 0(z) 
values deduced from the measurements. 

During pellet evaporation (~ 100 us) a fast cold front propa
gates from the pellet to the q = 1 surface location. This 

5 6 ? -1 corresponds to a heat diffusivity of 10 - 10 cm s . The 
q = 1 surface appears as a partial thermal barrier, which is 
destroyed during internal disruptions. 

In addition to the heat diffusivity, there are similarities 
between pellet evaporation and minor or major disruptions : high 

5 6 ? -1 heat transport occurs (x - 10 - 10 cm s ) in the two cases ; 
density fluctuations are observed to grow as a series of bursts 
which disappear when the pellet is fully ablated. In contrast 
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no m = Z n = 1 mode is observed (neither a m = 3, n = 1 mode) 
during pellet evaporation, which could explain why the global 
energy confinement is preserved during pellet injection expe
riments. 

No significant difference in the energy confinement time is 
observed between gas puffed and pellet fuelled discharges in 
TFR (n e = 3.10 1 3 cm" 3). 

No change is needed in conduction-convection transport coef
ficients after pellet injection to simulate the long time scale 
(~ 10 ms) relaxation of the plasma parameters.- The pre-injectic!: 
coefficients are still valid and the density peaking can be 
simulated. 

Again, the q = 1 surface appears as a barrier, for matter as 
well as for heat, since the density increases by jumps at small 
radii r < 6 cm which occur at the time of internal disruptions. 
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TABLE CAPTIONS 

Table I : Results from simulations of pellet penetration into TFR 
plasma by means of the "neutral shielding •nodel". Pene
tration depths L in cases (i) and (ii) (see the text) are 
listed in columns A and B respectively. In each column, 
the first and second figures refer to the inclusion or to 
the absence of adiabatic cooling in the model. 

Table II : Transport parameters for the shots presented in figure 22 
at different times before and aftsr pellet injection 
(t = 217 ms). 
From top to bottom : 

effective heat conductivity x e f f (see the text 
for definition) 
mean electron density <n > e 
global energy confinement time T^ 
ratio of t c to the Alcator confinement time 
ALCATOR t 

TE 



TABLE I 

DISCHARGE VELOCITY Np 
PENETRATION OEPTH 

Ne (m/s) (10 1 8) A 
L (cm) 

B 
L (cm) 

94 317 597 9.15 8.71/7.64 8.31/6.43 
94 321 617 4.55 9.92/9.38 9.11/7.77 
94 322 645 5.00 10.1 /9.38 8.98/8.04 
94 323 603 11.3 8.44/6.70 7.64/5.09 
94 326 626 4.90 9.65/9.11 8.85/7.77 
94 337 628 8.80 8.58/6.84 7.77/5.09 

94 391 640 7.80 9.11/8.31 8.58/7.10 
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TABLE I I 

Time (ms) 200 200 216.8 222 229.6 280 280 

Shot number 92967 92976 II l! II 92976 92958 

X e f f (9cm) c m V 1 5050 3900 3750 2500 2550 2900 3150 

<ne> (10 1 3cm" 3) 3. 2.85 2.9 4. 4. 4.55 4.7 

t E (ms) 18 18.5 19 31 30 30 26 

T -ALCATOR T E/t E 0.95 1. 1. 1.2 1.15 1 0.85 
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FIGURE CAPTIONS 

Figure 1 : Schematic dra"ing of the pellet inj'ector set-up, after 
[28]-

Figure 2 : Sketch of the optical and spectroscopic measuring device 
(PM : photomultiplier, IF : interference filter for D„ 
light). 

Figure 3 : Reproduction of photographies showing : 
a) pasteboard inserted in the torus, . 
b) ablation cloud, same scale as a, 
c) same as b, but toroidal field reversed, 
d) ablation cloud of a long trajectory, 
e) ablation cloud of a short traj'ectory, same scale 

as d, 
f) "crossing" of striations with an angle of 18°, 
g) trajectories of two pellet fragments, 
h) "backward wing" in an ablation cloud. 

Figure 4 : Time evolution of plasma current for pellet injection 
1) usual TFR discharge 
2) capacitor bank discharge 
Small letters refer to photographies of figure 3 

Figure 5 : Photomultiplier signal of D» light from an ablating pellet 

Figure 6 : Definition of geometrical quantities needed for the deter
mination of pellet penetration depth L from the photogra
phies 

Figure 7 : Comparison of measured pellet penetration depth L with 
model calculations by C.T. Chang using the neutral shiel
ding model. The error bar for the measurements s indi
cated. 

Figure 8 : Determination of the toroidal direction (dotted line) from 
the metallic heat shields fixed on the vacuum vessel. The 
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reference point corresponds to a distance r = 4.75 cm from 

the axis of the chamber in the injection plane. 

Figure 9 : Radial densiUmctric scans of an ablation cloud for twelve 

toroidal positions regularly spaced. 

Figure 10 : Inclination of the striations deduced from the densito-

grammes. Open circles (triangles) are at the photometric 

maxima (minima), the dotted line joining the two solid 

points is parallel to the toroidal reference line of 

figure 8. x and y are the photometer displacements. 

a) striations with well defined inclination, 

b) striations with well defined (left hand siè") and 

fluctuating (right hand side) inclinations, 

c,d) striations after reversal of the toroidal field 

direction with well defined (c) or fluctuating (d) 

inclinations. 

Figure 11 : Definitions of the pitch angle a, the angle a' and the 

angle of observation p. 

Figure 12 : Safety factor profiles q(r) from striations (a) and from 

a to d the Spitzer electrical conductivity (full line). Electron 

temperature profiles used in the calculation are also 

shown. The q = 1 radius is deduced from soft X-ray measu

rements (• ). Broken curves in fig. 12a and 12d are para

bolic approximations to the experimental values. 

Figure 13 : Electron density n (z), neutral deuterium atom density 

n.(z) and temperature T(z) along an individual striation. 

Two different extrapolations (a,b) of the neutral atom 

density yield two different temperature distributions 

(a'.b 1). 

Figure 14 : Top : Time evolution of the electron temperature at 

six plasma radii (-16, -11, -6, 0, +6 and +11 cm) 

from ECE measurements. Pellet injection is at 

time t ~ 237.7 ms. 
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Bottom : Corresponding electron temperature profiles just 
before (t = 237 ins) and after pellet injection 
(t = 238 ms). The dotted curve is the electron 
temperature profile after pellet injection 
normalized to the central temperature value 
before injection. 

Figure 15 : Details of the electron temperature decay. Arrows indicate 
the start (t,) and stop (t~) of the local temperature 
drops. The +11 cm ECE signal is replaced by H„ light for 
comparison (upper trace). On the right hand side of the 
figure are given indicative values of the' electron tempe
rature. 

Figure 16 : Characteristics of the "cold front" propagation : 
inward velocity V f of the cold front (•) 
time derivative of the temperature perturbation 
9*te/at (v) 
temperature gradient perturbation ( # ) 

Figure 17 : Detail of the electron temperature decay close to the 
plasma center. 

Ffjure 18 : Detail of the HHD activity during 
a) a minor disruption occuring under ohmic conditions 

without pellet injection 
b) a pellet injection experiment 

Figure 19 : a) Sketch of the soft X-ray emission pattern. Experi
mental signals (right) and results from a simulation 
based upon the rotation of a m = 1, n = 1, magnetic 
island thermally insulated (left), tj is the lim of 
the last sawtooth prior to pellet injection which 
occurs at time t,. 

b) Expanded view for r = +4.8 en of figure 19a showing 
the phase shift : 
upper trace : soft k-ray signal 
lower trace : simulation 
The dotted sine curve is a help for the eyes. 
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20 : Time behaviour of density fluctuations (on) , (upper 
curve) from infrared laser scattering measurements and of 
H„ light emission from the pellet (lower curve). Bursts 
are not visible on the (on)" curve because the signal has 
been integrated Arrows indicate the times at which signals 
start rising, 

21 : Experimental plasma parameters during a pellet injection 
experiment : (from top to bottom). 
Left : - line integrated dens't, (central chord) 

horizontal displacement AH 
plasma minor radius a 
A = B + l.j/2 parameter 
loop voltage V 

Right - electron temperature from ECE measurements 
at 6 radii 
ion temperature from CX measurements at 3 
radii 

22 : From top to bottom : line integrated density n .l(o) on a 
central chord, A = B + 1-/2 factor, electron temperature 
T and ion temperature T- as a function of time. Three 
shots are displayed : 
# 92967.(—) low density case (gas puffed) 
# 92958 (• • •) high density case (gas puffed) 
# 92976 (—) pellet injection case providing a density 
step from low to high density discharges 

23 : a) Comparison of experimental (A,A) and computed (—) 
electron temperature and density profiles just before 
pellet injection 

b) Corresponding diffusion coefficient D. For r < r(q = 1) 
D is doubled to account for transport during sawteeth 
activity. 

24 : Electron temperature profile at three different times 
after pellet injection. Full line : ECE measurement, 
broken line : results from the simulation. 
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a) Loop voltage evolution V(t) normalized to the pre-
injection value V . 1 - The stationary current pro
file calculated before pellet injection is used as 
initial condition. 2 - The modified current density 
profile J(r) shown on the insert is used as initial 
condition. 

b) Electric field profile S (r,t) during plasma relaxation 
normalized to the stationary preinjection plasma 
value £ . 

Electron density profile at different tines after pellet 
sublimation • 
a) Abel inverted density 
b) computed density 

Relaxation of the central electron density. The crosses 
are the experimental Abel inverted values ; the vertical 
bars give an indication of the accuracy. An internal 
disruption occurs at time t ~ 220.5 ms. The dotted line is 
the simulation result irrespective of the sawtooth ; the 
open circles are the simulation results including a saw
tooth (0 multiplied by 50 during 1Q0 us at the time of the 
disruption). 

From top to bottom : H 0 light, central electron tempe
rature (from ECE measurement) and ratio of the mean elec
tron density inside the r(q = 1) ~ 6 cm magnetic surface 
to the mean electron density inside the r(q ~ 2) = 15 cm 
magnetic surface. The continuous line links the individual 
experimental values. 
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. i J j l shift î *4»8cm ^ h u ^ 4 J V | p h Q S i s h i f t 

^ ? L M r=+S.9cm 

«t *2 «1 f 2 

Figure 19a 



Pellet 
injection 

Pellet 
injection 

Figure 19b 



0.00 0.05 0.10 0.15 

Figure 20 

0.25 

£ 

0.20 0.25 0.30 
time(ms) 



.is 2-10 

1S10 

• flU.lWknft 

.15 

ms 

18 

i 

.8 

2. 

1.8 

1. 

AHIcm) 

a(cm) 

- Vfvolr) 

•#929* 

_t—— 

200 220 240 260 
timelms) Figure 21 

220 240 260 
timedns) 



^^.?5 # 929S8 # . . .«» # , ^--"\ 

•*** y'' # 92976 \ 

V > -

r=-6cm 

•••„•••••••• • 

* « * / -
h 
*sa 

• ^ H 

V r=Ocm 

200 250 30C 350 
tircedns) 

Figure 22 



Electron temperoiurelkeVf 
i 
in 

i — H — 

>J 
1 1 • 

£ £> t < 
/ X*Z i 

f *- o~ 

Electron densitydO cm"3) 

c *-* 
<D 

ro 
CO 

Diffusion coefficient D doWsr 1) 

1 
1 

11 i 

cr S. Ln 
— P 

ri 
\ 
\ 

-

i j — * 



t=13ms 
^ 
• 1 -1 o +1 

r/a(cm) 

Figure 24 



IJ (A/cm2) 

Figure 25 



» e(10 1 3cm" 3) 

1-t=0 
2-t=2.4ms 
3-t=6ms 
4-t=17.8ms 
5-t=62.8ms 

(experiment) 

05 r/Q 

(a) 

We(1013cm"3) 

4. 

2.1 

1-t=1ms 
2-t=2.4ms 
3-t=12.8ms 
4-t=17.8ms 
5-t=62.8ms 

(simulation) 

05 
_ i 

(b) 

r/a 

Figure 26 



/ U O H K P C H T 3 ) 
# 92976 

\*i 

. - / inf i l l 

»-* ,*"* . 

215 | 220 
pellet 

- i — i — i — i i i i 
225 time(ms) 

Figure 27 



# 94391 Ha 

— — i i f ) 1 i - • ' •-• i - i - • 

yoi ECE 

7 8 9 10 
time (ms) 

Figure 28 


