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Abstract

During pellet injection in the Tore Supra tokamak, a very quick electron temperature drop

in the whole plasma column has been observed by means of a fast acquisition ECE

Fabry-Perot interferometers system. The time delay of the temperature drop between
plasma edge and center is less than 20 |J.s, corresponding to a propagation velocity of the

order of 25km/s, much larger than both the pellet velocity and the ordinary diffusion

velocity. A model of neutral atom diffusion, in which charge-exchange process plays a

key role, is proposed to explain such phenomena.
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L INTRODUCTION

Many advantages of pellet injection as a candidate for the refueling of future

fusion reactors have been explored in the two past decades. The results of high fueling

efficiency, high density limit and improved energy confinement make it attractive both in

terms of engineering and physics. Due to self-adjusted shielding effects during the pellet

ablation, the requirements of the pellet penetration depth related to the plasma dimension

and the pellet mass content related to the total number of particles in the plasma can be

simultaneously satisfied in present day pellet injectors. On the other hand, many efforts

have been devoted on developing pellet ablation models. A fair agreement is achieved

between experimental results and the theoretical calculations based on neutral gas

shielding model, and some improved models ( for detail, see ref [1] and references

therein ).

An interesting problem related to pellet injection is the transient plasma response

to the pellet perturbation. Observations on several tokamaks have demonstrated that the

plasma response to pellet perturbation can be very fast (precooling). The response time

scale usually largely exceeds that of ordinary particle or heat diffusion (even in the

presence of anomalous transport). Up to now, there are no clear evidences showing that

the local high density pellet ablatant destroys the normal magnetic structure thus inducing

an enhanced transport. In contrast, the global confinement is found to be improved after

pellet injection[2,3]. There are two kinds of precooling phenomena. The first is that

observed typically on JET: the electron temperature of the plasma core within the q=l

surface drops almost simultaneously and definitively when the pellet arrives at the q=l

surface[4]. The second phenomenon, observed on TFR[S], Alcator-C[6] and

ASDEX[V], consists of a cold front propagating significantly faster than the pellet itself.

Different mechanisms have been proposed to explain such a fast response, for example in

ref.[8], but none of the explanations is completely satisfactory.

In this paper, we are going to report the observation of analogous phenomena on

Tore Supra. Both kinds of responses of the electron temperature have been found during

the same discharge. We propose a model based on the charge exchange process in pellet

ablation process in order to explain the response time scale.

II. EXPERIMENTAL OBSERVATIONS

On Tore Supra, two pellet injectors are employed, aiming at efficient plasma

fueling[9] and pellet ablation[10] studies, respectively. They can be operated in muln or
single-pellet modes with low (~0.6km/s) or high (up to 3.4km/s) injection velocity.

Election temperature is routinely measured by an ECE system consisting of Fabry-Perot



interferometers viewing 12 points in the poloidal plane[ll]. In order to detect fast
transient processes, a fast acquisition system with the minimum sampling time of IM-S has

been developed.
ECE signals have been analysed for several pellet injection discharges, with

different experimental programs and plasma parameters. A common feature related to the

pellet perturbation is found in the ECE signals. The evolution of ECE signals of a typical

discharge during pellet injection is shown in fig.l. Fig.l(a) illustrates the signals from

the slow acquisition system with sampling time of 1ms, and fig.l(b) from the fast one
with sampling time of Sjis. These six channels are horizontal and aim at different radial

locations, from plasma center to plasma edge. Time origin is set to the moment at which
the pellet reaches the plasma edge (r=a=0.78m). The pellet has a velocity V = 1.82km/s

( allowing nearly central penetration) and total content of 8x1020 deuterium atoms. The
undisturbed plasma parameters are, ne(o) = 2xlOI9m"3; T£(o) = S.OkeV; the peaking

factors of density and temperature (defined as the ratio between the central and the

volume-averaged values) are about 1.5 and 2, respectively. Some time after pellet

deposition, the plasma density increases nearly twice and the electron temperature drops

to one third of its initial value, which suggests that the energy exchange process is almost

adiabatic. From fig.l(b), two distinct phases in the ECE signals, associated with the

pellet perturbation, are observed. One is a slow decrease in the four innermost channels
(r=0.04, 0.20, 0.34, 0.44m) for about 100-150us. During this phase, the temperature

drop is about 10%. The second phase is a sharp drop in the plasma core temperature
(about 60%) within a short duration of only 40-60|is. However, for the two outermost

channels (r=0.54,0.69m), there is no clear difference between the two phases.

Observations quite similar to the second phase on Tore Supra have been reported

in JET. The plasma behaviour is the same as during an internal disruption, which seems

to be triggered when the pellet reaches a certain magnetic surface. In Tore Supra the crash

begins at the moment when the pellet arrives at the position of the 4th channel (r=0.44m),

while JET reported it was triggered by the pellet reaching the q=l surface. Because of

bad space resolution, the exact surface of this region can not be determined. However, in

our case, such a surface is well beyond the q=l surface, as evidenced from the sawtooth

behaviour before the pellet perturbation.

As far as the first phase is concerned, an important quantity is the beginning time

of the temperature drop, which is related to a 'cold front' propagation. Fig.2 gives the

variation of this quantity for all the channels. In the outer part ( the two outermost

channels ), ECE signals begin to decrease as the pellet itself arrives. However, when the

pellet penetrates further, the 'cold front' propagates much faster than the pellet. In fact,

the signals of all five central channels ( r < 0.54m ) drop approximately at the same time.
The uncertainty in determining the beginning time is within 20fis. Thus, the propagation



velocity of the cold front is larger than 25km/s, i.e. much larger than both the pellet

velocity and any heat or particle diffusion velocity in the plasma. The reason why the

electron temperature of the innermost part of the plasma reacts to the pellet perturbation

so quickly has not been explained yet. In the next section, a model of neutral atom

diffusion is proposed, which can explain the observed phenomena.

III. NEUTRAL ATOM DIFFUSION MODEL
t

When the pellet is injected into the plasma, it is ablated by the bombardment of

electrons and ions. The resulting ablatant absorbs most of the incident energy flux and

thus protects the pellet itself from being ablated too rapidly. It is believed that the most

effective shielding effect is neutral gas shielding. A pellet is surrounded by a dense, cold
I

neutral atoms cloud. Afterwards, the cold cloud will expand freely, be heated and finally

ionized. When it is less dense and partly ionized, it starts to be confined on a given

magnetic surface and to cool the plasma by relaxation processes. The time scale of neutral

gas cloud formation is much shorter than that of its ionization and that of pellet movement

across its ablatant. The latter two are usually comparable. So the pellet movement in the

plasma can be depicted as follows: as soon as the pellet is exposed to the hot plasma

environment a neutral gas cloud is generated, which defends it against the hot flux attack.

While the incident flux 'consumes' the gas cloud, the pellet moves on and falls into a

hotter environment. In fact, this basic ablation process does not account for the fast cold

front phenomena.

A. CHARGE EXCHANGE EFFECTS

Before it is fully ionized, the pellet ablatant is a source of neutral atoms. As soon

as an atom leaves this dense cloud, it is surrounded by the hot plasma and looses its

electrons by two reactions, electron collision ionization (i-e) and ion resonant charge-
exchange (c-x):

e h + Dc > D0
+ + e h + ec (i-e)

D h
+

+ Dc > Dh +D c
+ (c-x)

where, e and D represent electron and deuterium atom respectively, subscripts 'h' and 'c1

denote the particles originated in the plasma (hot) with larger velocity and in the pellet

(cold) with smaller velocity, respectively, and superscript '+' the relative ionization state.



Other ionization processes can be neglected in view of their very small reaction cross

section.
If the atom is ionized by the electron collision process, the resulting cold ion and

electron pair will be confined in the flux tube of local magnetic surface, and as a

consequence, the local plasma density increases and temperature decreases by relaxation

processes. In the case of the charge-exchange process, the kinetic energy exchanged in

the interaction is very small. Instead of a thermal ion, a cold one remains on the local

magnetic surface, giving a negative contribution to the local ion temperature but not to the

density. The new neutral atom with local thermal velocity travels freely across the plasma

until it is re-ionized or is eventually lost. Similarly, reionization is still related to the two

above mentioned processes and produces a new ion-electron pair or a new neutral atom.

In this picture, an atom and its successors penetrate from the edge to the center at the

thermal velocity of a plasma ion, instead of the simple cold atom diffusion. Thermal ions

have a very large velocity comparing with pellet velocity and particle or heat diffusion

velocity. For a plasma with ion temperature of 20OeV, the thermal velocity of a deuterium

ion is about 100 km/s, which can explain the fast response of the plasma to pellet

injection. Anyway, the original atom or its successor created by c-x reaction will be

finally ionized by the e-i reaction or will be lost. The former case can be related to the

cooling phenomenon, while the latter could account for the fueling efficiency.

B. MONTE-CARLO SIMULATIONS

The qualitative process outlined above can be quantitatively investigated by means

of Monte-Carlo methods. In this simulation, cylindrical geometry and Maxwellian

velocity distribution of ions are assumed. Only e-i and c-x are considered as a pair of

competitive reactions. The cross sections and reaction rate coefficients of both reactions

are taken from ref.[12].The plasma parameters of shot 9304 are used. The following

plasma temperature and density profile are assumed:

n(r) = n(0)(l-4)a ; T(r) = T(0) ( 1 -T\ ) P (Da- zf-

with n(0) = 2xl019 nr3, T(O) = 3 keV, a =0.78m, o=0.5 and P=L

An example of the main simulation result is shown in fig.3. All the atoms start
from the point rQ=0.7a and the dots represent the poloidal projections of the position

where they are finally ionized by i-e reaction. Dots at the plasma periphery represent

atoms which escape from the plasma there. During its travelling, if c-x reaction occurs,

the simulation continues with a new random velocity corresponding to the local ion



temperature. The step length for the simulation is a/100, the number of mesh points is
101, and the number of particles used in this calculation is 5000. From the simulation
results, P(r0,r), the line probability density that an atom originated at radial position r0

stops at r per unit length, can be obtained. Fig.4(a) shows P(r0,r) for three typical value
of the starting position rQ. Because of the smaller volume of the central than of the outer

region, it is more reasonable to show the volume probability density:

"°" 4Tt2Rr

where R is major radius. Fig. 4(b) gives the curve of p(rQ,r). The curves in fig.4 are not

smooth because of the limited number of particles used in the simulation (5000 particles).
It can be seen from this figure that except the small region near r=rQ, p(rQ,r) tends to be
flat as r<rQ. This implies that charge exchanged atoms are distributed almost uniformly in

the central region and thus induce a uniform effect on the electron temperature, which is
consistent with the observation that the relative decreases of ECE signals during the 'cold
front' phase in the four innermost channels are nearly constant (-10%).

The simulation shows that the maximum statistic average life time of an atom
travelling from rQ to r is less than 5jis. This is negligible compared to the flight time of

the pellet across plasma (~400u.s) and the electron collision time (~100us).

C. COMPARISON WITH THE EXPERIMENTAL DATA

The evolution of the electron density increase in the central part due to the charge-
exchanged atoms from the outer part can be written as

u

A n(r,t) = n(r,t) - n(r,0) = J Pcx(r') N(r') p(r',r) dr' (3)
a-Vpt

where, N(r) is the line density profile of pellet mass deposition and Pcx(r) the proportion

of original charge-exchanged atoms over all the particles deposited by the pellet at
position r. The times necessary for the formation and ionization of the pellet ablatant and
for the charge-exchanged atoms to cross the plasma (~10|J.s and 5u,s respectively) are

neglected. The time t is only related to the pellet location,

t = ( a - r ) / V p (4)



where V is the pellet velocity.

The density increase will cause the electron temperature to decrease by collision

processes. Provided
i) A n(r,t) « n(r,0);

ii) only e-e collision relaxation is involved,

the related electron temperature drop is given by

O

where 'C66 is the e-e collision time.

The deposition line density profile N(r) has been obtained directly from the

density derivation before and 2.3 ms after pellet injection, which is different from that
obtained from theoretical predictions supported by the intensity profile of the Da

emission. Recent experiments on JET and TFTR also indicated such a difference in the
deposition profiles [13]. p(r0,r) is deduced from Monte-Carlo simulations. If Pcx is

considered as an adjustable parameter, the electron temperature evolution in the central

plasma due to c-x atoms can be evaluated from equations (3) and (5). The evolution of
relative electron temperature with different PCX values are compared with ECE signal in

the most central channel (r=0.04m) in fig.5 for the 'slow decrease phase'. Almost all the
experimental points lie between the two calculated curves cooresponding to PCX= 20%

and 40%. The last three exceptional points belong to the 'fast drop phase'. Comparison

with other two central channels (r=0.20m,0.34m) produces the same conclusion. In
another words, with a proportion Pcx of the order of 30%, a good quantitative agreement

between experimental data and the atom diffusion model can be achieved.

IV. DISCUSSION ON THE NEUTRAL ATOM SOURCE

It is important to discuss whether the assumption that Pcx has a value as large as

30% is valid or not. Charge exchange reaction is ignored in current ablation models for

the simple reason that the ion flux is very small compared to the electron flux (a factor of
-^m6ArIj ). Here we will show that even in this case the c-x process can not be neglected.

In standard ablation models, the pellet is assumed to be a cylindrical plasmoid by

many authors. Actually, before it is significantly ionized (>10%), the pellet ablatant

expands spherically. Then the expansion perpendicular to the magnetic field is limited due'

to the strong confinement of ions and electrons in the radial direction and thus the

plasmoid shape tends to expand cylindrically. The cylinder radius is the order of 1 cm



and the half length about 10 cm for current pellet injection conditions. For such kind of
models, Pcx can be roughly estimated as,

F- S T-
pCX — Ix — \f*+s "* \*-/

"plasmoid

where, T1 is the ion flux; S the area of both ends of the cylinder; iion the time required

for full ionization of the plasmoid and Nplasmoid the total number of particles in the

plasmoid. A more precise calculation including an ablation model and the real temperature

and density along the pellet trace gives the same order of magnitude [14]. This value is

far lower than that required to account for the fast response phenomenon.

In fact, it is reasonable to assume that some neutral atoms still move across the

magnetic field, forming a tenuous spheric cloud. The density in this region is several

order of magnitude lower than that of the dense cylindrical part. Taking an average

temperature of 1 eV in the cloud which expands in 10 |0.s, the size of this cloud can be

estimated of the order of 10 cm. In the presence of such a dilute atom cloud, the value of
Pcx increases significantly. All the incident ions will be charge-exchanged in the cold

atom target (pellet ablatant) if the target is thick, i.e. if

J na dl > — = 3 x 1018m-2 (7)

where, na is the cold atom density; acx is the cross section of c-x reaction, and the

integration is taken along the magnetic field. In another words, the ion flux is effective

only if the thick target condition (7) is satisfied. This condition requires a relatively low

density, of the order of 1020IrT3, three orders of magnitude less than the dense plasmoid

density.

The modified plasmoid model is sketched in fig.6. It is worth noting that in the

edge region of the spherical cloud, c-x reactions are dominant, since the reaction rate
coefficient <acx V1 > is several times (4-10) larger than that of i-e reaction, <oei ve >. In

this model, the effective incident area is the cross section of the whole sphere which has a

radius as large as the dense cylinder half length. In conclusion, in the presence of this
tenous cloud, Pcx can be 100 times larger than for the purely cylindrical plasmoid, i.e.,

up to 50%.

Lengyel and Lalousis[15,I6] noted that the neutral gas expansion velocity could

exceed the pellet velocity and thus cause a non-local deposition effect which could modify

the pellet deposition profile. According to their calculations, the pellet ablatant expands at

a velocity of the order of several km/s, which is still low to account for the time scale of

fast global electron temperature response observed on Tore Supra (>25km/s). However,



it is this transverse expansion that forms a spheric dilute atom cloud which, in turn, acts

as a target for charge exchange reactions.

All the discussion above is an order-of-magnitude analysis. A detailed treatment

requires the consideration of the real dynamics of the plasmoid. However, this evolution

has shown that it was reasonable to consider the fast charge exchanged atoms as

information carriers during pellet injection and that the c-x processes can no longer be

neglected for this kind of phenomena.

V. CONCLUSIONS

On Tore Supra tokamak, both the two typical kinds of precooling phenomena

associated with pellet injection have been observed. The sudden drop of the ECE signals

in the plasma core inside a given magnetic surface is similar to that reported on JET. The

slow decrease of the ECE signals in most of the plasma column starting approximately at

the same time shows that there must be a very fast response mechanism involved.

A model of neutral atoms diffusion has been proposed in which charge exchange

process plays a key role. According to this model, information propagates with the ion

thermal velocity at the point where the pellet is ablated. In the simulations, the pellet

deposition profile has been obtained from the local electron density variations instead of
what could be deduced from the intensity of the Da emission. This model gives a

reasonable and a quantitative explanation to the fast response of the electron temperature

to pellet injection. An ablatant picture of a dense cylindrical plasmoid surrounded by a

very dilute spherical cloud has been given to support this model.

The neutral atom diffusion model is a particle diffusion process. A direct

verification is to observe that the neutral atoms appear in the plasma center just after the
pellet entering the plasma. An Da camera with a suitable time resolution (<10|os) and

spatial resolution (<lcm) can provide such an evidence if its sensitivity is set for detecting

the light from the weak dilute cloud rather than that from the dense plasmoid. The

observation of the quick response of the plasma density is also a positive evidence for

this model, but the requirements of both higher time and spatial resolutions are difficult to

satisfy for present density diagnostics employed on large tokamaks.

An important consequence of this study is related to the problem of plasma

fueling. According to the model above, part of the charge-exchanged atoms escape from

plasma, which could be the main loss mechanism for pellet fueling.
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FIGURE CAPTIONS:

Fig. 1 Electron temperature evolution of six horizontal positions during pellet injection.
Time origin is set to the moment of pellet arriving at the plasma edge.
(a) from slow acquisition system with sampling time of 1 |0.s;

(b) from fast acquisition system with sampling time of 8|is.

Rg.2 The beginning times from which plasma starts to response to the pellet
perturbation of six channels. Solid and dashed line represent pellet velocity and
cold front propagation velocity respectively.

Fig.3 Monte-Carlo simulation result for atom travelling in plasma. All atoms Stan from
r0=G.?a. Dots inside denote the atoms which are ionized there and'dots on the
perphery represent the atoms which escape from the plasma there.

Fig.4 (a) Une probability profile P(r0,r) for different original position rQ.
(b) Volume probability profile r(r0,r) for different original position rQ.

Fig.5 The evolution of relative electron temperature due to charge-exchanged atoms
deposition with different PCX values. Circles are the experimental points of the
ECE signal from the first channel (r=0.04m).

Fig.6 Schematic illustration of the model of dense cylindrical plasmoid surrounded by a
dilute spherical cloud
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