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Introduction

The purpose, advantages, and disadvantages of pellet injection
in tokamak plasmas have been extensively discussed in the 1li-
terature (see, for example /1,2/). Pellet injection has become
a frequently used method of replacing particle losses in di-
vertor tokamaks /3,4,5/ and of depositing particles at depths
not accessible to gas puffing /6,7/. Pellets can also be used
as markers for diagnostic puroses, or for building-up high-den-

sity target plasmas for neutral beam injection /6,8/.

In early analyses pertaining to the effect of pellets on the re-
cipient plasmas it was always assumed that the pellet particles
are almost instantaneously ionized at the ablation site /9/ and
interact as ions with the background plasma and the confining mag-
netic field. Calculations in which pellets as possible local neu-
tral particle sources were considered /10,11/ have shown some
notable differences, both qualitatively and gantiatively, com-
pared with the ion source approximation. It was suggested in /11/
that charge exchange collisions may be responsible for the dif-
ferences noted. Measurements on ASDEX and PDX (see, for example,
/5/) showed plasma parameter changes at some distance from the
pellet ablation region with a time delay so short that it could
not be explained on the basis of the known classical and anomal-
ous transport processes. (The possibility of instantaneous plasma
mixing due to sawtooth-like oscillations in regions outside the

pellet deposition zone is not considered here.)




It was thus decided to perform calculations for experimental
plasma conditions by applying a transport code that incorpo-
rates Monte Carlo simulation of the neutral particle trans-

port (1D PPPL transport code BALDUR /12/) The primary ob-
jectives of these calculations were to obtain information on

the effect of cx coolisions on the pellet particle depositon
profile and the plasma parameter distributions, and to obtain
information on the magnitutes of the resulting particle and ener-

gy losses both in ohmically and NB-injection-heated plasmas.

Computational Model

A detailed description of the transport code can be found in /12/.
The modified version of the code used here allowed for the existen-
ce of a 10 cm wide scrape-off layer outside the separatrix. The
code was supplemented by an ablation routine based on the neutral
gas shielding model of Milora and Foster /13/. In some calcula-
tions, ablation due solely to NB-produced fast ions was considered.
In all runs it was assumed that the ablation takes place on a time
scale much shorter (a factor of 10”2 to 1073) than any of the re-
levant transport processes taking place in the plasma - an assump-
tion that may not necessarily be true if transport by cx collisions
is taken into account. As a result of this assumption, the pellet
ablation and pellet particle deposition profile could be computed
under "frozen-in" plasma parameter conditions by only taking into
account the instantaneous adiabatic cooling (and density step-up)

of the plasma in each differential flux tube by the deposited pel-
let particles. (A particularly of the BALDUR code: the adiabatic
mixing of pellet particles with the plasma is only taken into ac-
count in the ablation rate calculations. The transport calculations
are renewed by starting with the original "frozen-in" plasma para-

meter values.)

Two options are offered at this point: the ablated pellet partic-
les (all or some of them) can either be treated as ions and added

to the corresponding ion source terms, or assumed to be neutral par-
ticles, transferred and added to the neutral volume source terms

and then processed by a 1D Monte Carlo routine available in BALDUR.

The standard input data set of BALDUR was supplemented by three

new parameters: (a) the bulk ionization degree of the pellet 7 §



i.e. the fraction of the ablated particles that is treated as

an ion source term. Since neither the local ion temperature in
the ablation cloud nor the temperature distributions in its
neighbourhood are known, it is rather difficult to estimate, on
the basis of the existing theoretical models, the relative
weights of cx and ionizing collisions (i.e. the effective va-
lue of q ) in the region of strong pellet-plasma interaction.
Therefore, for assessing the quantitative effects of cx colli-
sions, only the limiting cases ﬂ = 1 and ﬂ.= 0 are considered
and compared in the present calculations. These two cases cor-
respond to a "fully ionized" pellet, and to a pellet that in-
teracts as neutral gas with the recipient plasma. (b) The tem-
perature of the neutral particles added to the respective sour-
ce term was assumed to be 10-_3 eV. (The exact wvalue of this
temperature does not play any significant role as long as it is
substantially lower than the local ion temperature. Temperature
values up to 10 eV were tested.) (c). To define a local neutral
particle source, one needs the rate of neutral deposition at
each mesh point. In the present approximation we calculate the
pellet ablation (i.e. particle deposition) profile corresponding
to a global (total) pellet lifetime. This may be a good approxi-
mation for the ﬂ’= 1 case, but not necessarily for the neutral
pellet approximation (here cx collisions may redistribute the
sources during the pellet flight-time). Nevertheless, in the
present calculations the local neutral source strength was de-
fined with the help of the pellet lifetime: the number of neutral
particles deposited at a mesh point has been divided by the pro-
duct of the pellet lifetime iy and a scaling factor C,

pel s
whereas Cns was an input parameter. All results reported here

’

corresponds to Cns = 1.

An NB-heated ASDEX discharge of approximately 1.8 s duration was
used as reference (i.e. recipient) discharge. The discharge was
ohmically heated during the build-up phase and by NB injection
from t = 1.42 s to t = 1.62 s. The temporal characteristics of

the discharge without pellet were simulated with a suitable se-




lection and combination of the transport processes available
in BALDUR. The ion heat conduction was assumed to be neoclas-
sical and the anomalous particle and electron thermal trans-

port were described by the empirical expressions:

;Y; = 1.9 x 1017/neTe for r < L
Ry 1
De = 1:6 X 103 for r > rscrt

scr

Bohm-like diffusion was assumed for the region inside the
q = 1 surface. A recycling coefficient 0.2 was assumed (diver-
tor regime). The same transport scaling was used for the NB
injection phase as for the ohmic heating phase. Therefore the
temperatures calculated for the NB phase are higher than the
measured experimental values /14/.

In this reference plasma a pellet was injected at a certain

time: tpel = 1.00 s (ohmic discharge phase), or tpel = 1.50 s
(NB-heating phase), or tpel = 1.625 s (post-NB discharge phase).
The pellet size corresponds to an average plasma density of

12 -3

6.2 x 10 cm in the discharge volume considered (scrape-off
layer included).

The basic discharge data, the NB-injection and pellet pa-
rameters used in the simulation runs are given in Table I. The
plasma parameters prevailing prior to pellet injection are sum-
marized in Table II for the three cases considered. In the same
Table, the total pellet penetration depths (scrape-off layer
thickness and a fraction of the plasma radius) corresponding to
different pellet velocities as well as the maximum Te and ng

values "seen" by the ablating pellets are also shown.

Results of Calculations

Ohmic heating phase: = 1.00 s

tpel

Single pellets were injected in the ASDEX plasma with two diffe-
rent velocities: 250 m/s and 750 m/s (see Figs. 1 to 4) . At the
lower velocity, the ablation ended at r = 50 - £pel = 19 cm. At
the higher velocity, the pellet has almost reached the plasma cen-
tre (r = 50 - 45 = 5 cm). Figures 1 and 2 show the time variation

; o



of the central and volume-averaged electron densities N_.o and
<n,>, respectively, for a "fully ionized" pellet (*l= 1) and

for a pellet that interacts as neutral gas with the recipient
plasma. There are some notable differences in the plasma para-

meter variations corresponding to the two cases.

In the low-velocity case, if Q = 1 is assumed, there is a time
delay observable between the completion of the pellet ablation
and the density rise in the plasma center. This time delay is the
diffusion time. If q’ = 0 is assumed, an almost instantaneous den-
sity rise is observed at the plasma center upon pellet injection.
Further-on, the density rise follows the diffusion pattern. The
instantaneous density change is due to cx collisons: cx neutrals
transverse the plasma with thermal velocities corresponding to
the ion temperature at the site of their birth and become ionized
at some distance from the pellet location, thus contributing to
the local ion (and electron) density. In the low pellet velocity
case, cx collisions yield a higher peak central density value
than the pure diffusion resulting from the ﬂ'= 1 assumption. At
the higher velocity, the pellet is injected almost up to the plas-
ma center. Accordingly, there is no difference between the rise
times due to cx and diffusion,and cx collisions can only contribu-
te to the removal of particles from the central region. As a result
of this, here the central density peak obtained with q = o lies be-
low the value corresponding to Q = 1 (see Fig. 2). (The absolute
values of the differences between the curve517 = o and Q = 1 in
Figs. 1 and 2 are rather small; they merely indicate tendencies.)
Note that the absolute value of the central density peak is con-
siderably higher at deep penetration, and the particle confinement
time is longer (approximately 27 ms compared with 9 ms) then at
smaller pellet penetration. The assumptions 7 = o and ﬂ = 1 do not
seem to produce substantial differences in the time variation of
n, either at low or at high velocities (negligible particle losses) .

The volume-averaged value of the cx losses during pellet injection
is shown for the two pellet velocities used in Fig. 3({ q = 0). The

peak values shown correspond to 15-fold and 70-fold increases of




the cx losses, respectively. Measurements performed on PDX /16/
under comparable plasma conditions (ohmically heated plasma,
T = 500 to 600 eV, Vp = 500 m/s) showed in fact a

eo el
strong enhancement of the cx signals. The vari-

ation of the energy content of the plasma is shown in Fig. 4 for
the two cases considered here. As can be seen, with ﬂ = 0 an
instantaneous decrease of the plasma energy occurs upon pellet
injection, which is caused by the energetic cx neutrals leaving
the plasma. The energy loss is higher at deeper pellet penetra-
tion: the cx neutrals originate from hotter plasma regions (for
the given plasma conditions the magnitude of the cx losses is
still rather small: it is about 6 % at vp=750 m/s) .

NB injection phase: tpel = 1.500 s

Results relating to pellet injection during NB heating are shown in

Figs. 5 to 14. The first four of these correspond to a pellet ve-
locity of 250 m/s.

The time variations of the central electron and ion densities fol-
lowing pellet injection are shown in Figs. 5 and 6, respectively.
The difference between the Q = o and Y = 1 cases is obvious: prac-
tically instantaneous density increase in the plasma centre due to
cx transport in the Q = o case, and delayed increase owing to lon-
ger diffusion times in the Q = 1 case. The central electron density
variation displays another interesting characteristic, both in the
q = o and the q = 1 cases: it first decreases (for about 10 to

20 ms) from its initial value (cx» peak if q = 0) and increases
again when diffusing particles reach the center. This inital de-
crease is due to the interception of the neutral beam particles by
the enhanced plasma density in the outer layers. -While the den-
sity of the thermal ions is still being built up by means of clas-
sical slow-down of the fast (NB) ions still present in the plasma
center, the rate of the electron density is directly coupled to

the NB source. Sudden changes in the NB particle flux instantane-
ously affect the local electron density.(The difference between the
numerical values in Figs. 5 and 6 is due to the accounting proce-
dure in BALDUR. Fig. 6 represents the central density of the thermal



ions, whereas the electron density includes two components:
the electrons of the recipient (thermal) plasma and those of
the fast (non-thermal) NB ions that have not yet been slowed

down.)

The time variations of the central and volume-averaged elec-
tron and ion temperatures are shown in Figs. 7 and 8, respec-
tively. With q = 0, the central temperatures show an immediate,
although weak, response (approximately 6 % and 2 % for the
electrons and ions) and the usual diffusion caused delayed res-
ponse if Q = 1 is assumed. More pronounced is the effect on the
average temperatures, particularly in the case of the ion com-
ponent. The difference between the Q = 1 and the reference
(i.e. no pellet) curves is due to the adiabatic cooling of the
plasma by the pellet, whereas the difference between the q’= o
and 7 = 1 curves is a pure cx loss effect and is not recover-
able.

Figure 9 represents the variation of ne( r = 0) corresponding
to a slightly higher pellet velocity. As a result of deeper pe-
netration and less effective shielding of the center from NB

particles, the dip in the n,, curves is reduced. Going to still
higher pellet velocities eliminates this shielding effect alto-

gether (see Figqure 10).

Figures 10 to 14 correspond to a pellet velocity of Vpel = 700 m/s.
The immediate density and temperature responses at the plasma center
triggered by cx collisionshave become more pronounced (approxima-
tely 12 % density change) and the dip in the electron density vari-
ation has disappeared (see Fig. 10 and 11). The central ion tempe-
rature change is about 13 %, and the jump in the electron tempera-
ture is about half as large (Fig. 12). The change of the volume-
averaged value of the ion temperature is quite pronounced: it is

59 % with = o and 37 % with q =1, i.e. 37 % of the total tempe-

rature drop is due to cx losses (see Fig. 13).

Figure 14 shows the increase of the cx losses during pellet injec-




tion. Owing to the higher ion temperatures inherent in the NB
injection phase, these losses are considerably higher than du-
ring the ohmic heating phase (cf. Fig. 3). The corresponding
increase of the Fe sputtering rate, as calculated by BALDUR,
would be 140-fold, 84-fold and 59-fold, corresponding to the
pellet velocities 700, 400 and 250 m/s, respectively. hLowever,
owing to the relatively short duration of the abhlation process,

the total number of sputtered particles is relatively low.

Post-NB discharge phase: tpel = 1.625 s

In a series of calculations, pellets were injected into the
discharge 5 ms after the NB injection cut-off but still within
the fast ion slow-down time. As can be seen from Table 2, this case dif-
fers from the previous ones in that the central and average tem-
peratures are much higher. The pellet particles thus interact
here with a hotter plasma, and so the cx effects are expected

to be more pronounced. The results of these simulation runs are

shown in Figs. 15 to 19.

The changes of the central densities and temperatures of the
electrons and ions are shown in Figs. 15 and 16, respectively.
Owing to the poor penetration of the pellet into the plasma, the
quantitative change of these parameters is not significant
(Tio: 10 %, Teo =5 %, n_o and n,.: 5 %). The changes of their
volume-averaged values are shown in Figs. 17 and 18. A substan-
tial effect can be observed on the average temperature curves:
the average ion temperature drops by 58 %. About 33 % of this tem-
perature drop is solely due to cx losses. This can readily be
seen from Fig. 19, where the plasma energy is plotted. While with
= 1 the energy content even increases over the reference value
(no pellet) because of the more rapid thermalization of the fast
ions in a dense plasma, the energy content drops by approximately
20 % if the pellet particles interact as neutrals with the back=

ground plasma.

Beam thermalization

The effect of a pellet on the thermalization of NB particles is

summarized in Table 3. All quantities displayed have been reduced




by means of the respective reference (no pellet) quanities.

As can be seen, if the pellet particles are assumed to inter-
act as ions with the beam plasma (4)= 1), i.e. if the back-
ground density is instantaneously stepped-up, the higher ener-
gy groups of the fast ions become depleted and the lower ones
get filled up above their reference values. The cx losses of
the beam ions are effectively reduced (30 to 40 %, depending
upon the penetration depth) and the plasma heating rate in-
creases by a factor of almost 2. If the pellet particles in-
teract as neutrals with the rest of the particles (¥ = o),

all energy groups become severely depleted (the lower the fast
ion energy the larger is the population.depletion) and a sub-
stantial number of particles are scattered out of the plasma

(20 to 40 %,depending upon the pellet penetration depth). The
energy losses of the beam due to cx collisions increase by a
factor of 30 to 50 during the ablation, depending upon the pel-
let velocities considered. The plasma heating rate is reduced
to between 84 and 67 % of the respective reference values. Hence,
according to the BALDUR-results, it may not necessarily be ad-
vantageous to increase the plasma density by pellet injection

during the NB injection phase.

Ablation due to fast (NB) ions

In a series of simulation runs, the neutral shiedling ablation
model of Milora and Foster was replaced by a model in which ab-
lation was assumed to be solely due to stopping the NB ions of

the different energy groups in the ablation cloud. The ion-energy-
dependent stopping cross-sections were taken from /17/ and incor-
porated in the semi-empirical shielding expression of Milora and
Foster. Figures 20 and 21 show the radial electron density distri-
butions immediately after pellet injection for the 4 = o and ?: 1
cases. The practically instantaneous smear-out effect of the cx
collisions is apparent and is the same irrespective of whether

the ablation is caused by thermal electrons, fast ions, or any
other plasma constituents. The decisive factor in this respect

is the ionization state of the pellet particles interacting with
the beam and the plasma.




Since it is rather uncertain how neutral gas shielding func-
tions when various plasma species (thermal particles, fast ions,
runaway electrons, etc.) simultaneously interact with the pel-
let, no extensive calculations were perfomed with this NB ion
ablation model. To have any degree of confidence in computa-
tional results of this kind, one would need a better founded
ablation model that takes into account the ablation dynamics
and the build-up of a shielding layer under the simultaneous

action of different energy carriers.

Conclusions

The results of these simulation calculations show, for the assump-
tions outlined at the beginning of this report and within the
accuracy limits of the BALDUR code, that if the pellet particles
interact as neutrals with the recipient plasma, the effects

caused by cx collisions may be quite substantial, depending upon

the discharge regime and pellet parameters. The more important

of these effects are as follows:

(1) Charge exchange collisions may induce measurable plasma pa-
rameter changes at locations far from the pellet deposition
site on a time scale much shorter than Qﬁdiff'

(2) Plasma particle losses caused by pellet-induced cx collisi-
ons are, in general, negligible. This is not necessarily true for
fast (NB) ions if pellet injection is combined with NB in-
ﬁection.

(3) Energy losses due to cx collisions may be significant both
for the background plasma and for the NB. It is primarily the ions
that are affected, the temperature change of the electron
being only a fraction of that of the ions.

(4) The pellet velocities required for deep pellet penetration
(central refuelling) may be relaxed if neutral transport due
to cx collisions is taken into account, but:

(5) The selection of optimum pellet velocity-mass-frequency com-
binations should in any case be based on detailed transport
calculations. The results may be quite different for different
discharge regime and pellet parameter combinations.

(6) The characteristics of NB heating may be significantly changed
if the pellet is injected during the heating phase.
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(7) The question what fraction of the pellet particles inter-
act as neutrals with the plasma is still open. The answer
to this question requires a better understanding of the
details of the pellet ablation and ionization dynamics,
particularly in the presence of different kinds of energy

carriers.
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Table 1: ASDEX, neutral beam,and pellet data used in nu-
merical simulation (hydrogen-deuterium taraget
rlasma, hydrogen neutral heams, hydrogen nellets).

ASDEX NB Pellet
- 19
R = 165 cm Egg = 40 kev = 4.82 x 10
a = 40 cm E1/1 = 0.333 = 0.06 cm
= 10 cm = =
lscr E1/2 D.333 250 m/s
B = 22 kG E1/3 = 0.333 to
I = 320 kA Ing = 98 A 750 m/s
jg N8
Ntotal = ié3 x 10 tOn = 1.42 s = 1.00 s
1.48x1020 toff = 1.62 s 1.50 .5
1.63 s
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Table 2: Discharge parameters before pellet injection

and penetration data

Parameter t = 1.00 s t = 1.500 s t = 1.625 s
¢ny> o2 1.90x 1013 1.18 x 1013 1.06 x 1013
< T > kev 0.215 1.280 2130
(T, keV 0.200 2.270 4.830

~ =3 13 13 13
i ST 2.99 x 10 4:42°% 10 4.30 x 10

keV 0.70 1.80 2.98

eo

. keV 0.50 3:99 6.37

10

Pellet penetration data

pellet (2) |250 750 250 700 750
velocity
1 cm | 31 45 25 32 29

pel
T (1) keV|0.386 | 0.689 0.988| 1.610 2.20

e max
n_ (1) -3 |2.87 | 2.98 1.86 | 3.25 2.38

e may Cm

(1013)
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Table 3: Effect of pellet on beam thermalization and

plasma heating. tpel

= 1.500 s

(all values representyunless otherwise indicated,

percentages of the respective reference, i.e.
"no pellet case", values)
Deplation of beam Vpel = 250 m/s Vpe = 700 m/s
energy groups: I *l, = 3 YL _ ;(L = 4 ,{L _
Energy level (kev) |f=
4 146 54 154 35
8 103 15 102 56
12 96 79 97 54
16 96 80 96 60
20 91 82 91 63
24 101 82 104 63
28 99 82 102 63
32 95 83 99 64
36 91 83 82 64
40 83 86 79 70
Torlumer ot esm g7 | s | s | e
cXmlosses | 62 30-fold| 72 54-fold




Fi

Fig.

. 1

22

- 18-k
Neo,{Ne)

(10" tem?)
3424

vp =250 m/s
tpe|= 1.003s

35193 ohmic phase

32422

| pu

26 | I

100 O 02 03 04 05 06 .07 .o'at(s,.dg 10

Time variation of the central and average electron densities
following pellet injection.

(10)em™) 7

n
% 8- Vp=750 m/s
g tpet =1.003s

ohmic phase

kT

2

T T T T T R TR T T ]
100 01 02 03 .04 .05 . .09 110
el t(s)

Neo = 2.99x 10"

Time variation of the central and average electron densities
following pellet injection.




e amameaaEas

- 16 -

7 3.
107 lergs /cm3-s) cx - losses for

ohmic phase ablation
tpe[ = 1.0035

750 m/s

107

105—1

PELLET LIFE TIME:

(750 m/s) A
1250m/s)

4
10 T T T L T T T T T T T T T 1
10030 32 34 36 38 40 42 ( fL

tis

r.85
.84
-.83
-.82
-.81
-.80
=79
-.78
77
-.76
% ~75

ohmic phase

Plasma energy
(ne>(<kTe) +(kT;)) [keV/cm31 x 10"
as function of time tpei=1.003s

100 00 02 03 04 05 06 .07 t(s)

Fig.3: Energy losses
caused by charge ex-
change collisions for
different pellet
velocities.

Fig. 4: Time variation
of specific plasma
energy for different
pellet velocities.

e



- 17 -

n
5.0“ 9103 _3 Vp= 250 mls
10 [em™] tpel =150s

4.9- NB-inj.phase

4. 2 T T T T

T T T T T I
150 51 52 53 54 55 5 57 58 59 160 61 62 63

Fig. 5: Time variation of the central electron density.

nio(10™)tem>]
10.2‘ 'I]:O

vy T

vp =250m/s

/ tpet=1500262 s
381 P NB -inj. phase
V4
374 ,/’
36+
35 T T T T T T T T T T T 1
150 51 52 53 54 55 5 57 58 .59 160 61 .62

t(s)

Fig. 6: Time variation of the central ion density.




Teo- Tio ./ v

- 18 -

Fig. 7: 3

Time variation of central
electron and ion
temperatures.

[keV] //

Tio (w/o pellet) ///
7 7
L

vp =250m/s
tpe1=15003 s

NB-inj. phase

48 150 52 54 56 58 160 62 t(s)

50 (Te 2. {T;> [keV] Pig. 8:
Un )

4.8
L6
%
4.2
4.0+
3.8
- 3.6
3.4
3.2
3.0
2.8-
264
24
2.2
20
1.8
1.6-

144

1.2
104
0.8-
0.6
0.4+
0.2

Time variation of .
# average electron and
o ion temperatures.

\

vp =250m/s
tpel= 1.50035
NB inj. phase

0 T T | T T T T T T T T || | T
48 150 52 54 56 58 160 62

1

t(s)



Neol 10)Lem] ¥%=400m/s  tpe=150s  NB-inj. phase
50

494
48+
4.7-

46+

Fig. 9: Time variation of the central electron density for an
intermediate pellet velocity.

neolO®emy ===
50+

4.9
4.8

4.7

46 / Vp = 700 m/s
/ tper= 15003 s

4.57 / NB -inj. phase

4447

4.3

4.2 .

150 51 52 53 54 55 56 57 58 59 160 .€1u }.5'2 63
S

Fig. 10: Time variation of the central electron density.




maliiitem®y: - i
L R e o S

b
4.3+

o) vp =700m/s

/ tpe1=15003 s
NB -inj. phase

41 /

150 5! 52 53 54 55 5 £7 58 59 180 .sﬁt(sis'z

Fig. 11: Time variation of the central ion density.

Teo .Tio 7
5.0-[keV] -//

4.8
46+
44
4.2
4.0+
384
364
3.4+
324
3.0+
28
26
24
2.2-
20+
1.8
1.6
14 vp =700m/s
1.24 tpe(=1.500262s
1.0+ NB-inj. phase
08-
06
0.4-
0.2-

TiolwWlo pellet)/

pellet

T T T T T T T T T T T | BT ] T
48 150 52 54 56 58 Lﬁq{jSZ
s

Fig. 12: Time variation of the central electron and ion
temperatures.




(Te)(T;)

5.0-(keV] F%g. 13:. :
4.8 - Time variation of 1:_he

464 vp=700m/s i mean electron and ion
s t . =15003s :
4 4 pel o temperatures.
42 NB-inj.phase /-/ s
40 ’
3.8+
361
3.4
3.2
30+
284
26+
241
221
20
184
16
1.4+
1.2
1.0
0.8+
06
0.4+
0.24

(Ti>w/o pellet /'/

48 150 52 54 56 '.s'au' )1.'60' 62
S

1 lergs/cm3.s) _ .
700 . cx -losses Flurlng Fig. 14:
pellet ablation Energy losses caused
Sk by charge exchange
400 TB_;nggg;é,: collisions for different
pey== pellet velocities
250 (NB-phase) .
o™
1087
PELLET LIFE TIME
700m/s
t_r———ﬂl.OOmlszso /
]05 T T T T T T T T T T T T T T T T 1




NioNeo (107) [emi®]
451

&i- vp =750m/s Fig. 15:

"e}““m toe=1625s Time variation of the
post-NB phase central electron and
ion densities.

4.3+
4.2
41
4.0+

39- 3
Y
NiolM =1/) Fle
LA \ Neolw/o pellet)
. s
Niolwlo pellet)™ - \'\
T

3.7

T

I T T
162 63 64 65 66 t(s) 167

Tio_- Teo

60-[keV]
5.8+
5.6+
54
5.2
5.0
4.8
46
4.4
4.2
40+
38
3.6

3.4
TeoM=1) 7, (w/o pellet)
324 Llagh——a 2 Ts(n20]

ek YR =

T T T T T T 7 T L

1.62 .63 B4 .65 .66 tls)

‘ﬁ\\_\‘ vp =750 m/s F;!.g. 16: . _

S tpei=1625s Time variation of the
.. Post-NB phase central electron and
ion temperatures.

~  ~Tiolw/o pellet)

~ ~/

“'-.\ .
?"‘-. \.
TIOI.Q=I} \\\\ ™~

{ne,n;)

17-110%) cm™) vp=750m/s Fig. 17:

toe = 16255 Time variation of the
pe mean electron and ion
densities.

164 post-NB phase

1.54

nelmn=1)>
14- (e

. = e
I '_______'_’—-. \
—

T2
1.0+ J _~<njlwlo pellet)>

T T
1.62 .63 B4 .65 .66 t(s) 167




(T2, T2
[keV]
5.0+
4.8- B
46
4 4
4.2
4.0
3.8-
3.6+
3.4
3.2+
3.0+
2.8-
2.6
2.4
2.2-

20
1.8+
1.6+
1.4+
1.2

Lo e

vp=750m/s
thel= 1.625s
post-NB phase
WL
\'\fT; Yw/o pellet
S o

1.0
1.62

63

{ne) (kTed+{ni><KT;>
[keV/em31x 10"

1.2+
1705
6.8
6.6
6.4+
6.2
6.0
5.8-

56

5.4

5.2

5.0

———

T |
B4 .65 t(s) 1.66

vp=750rnls
thel= 1.625s

s il post -NB phase

162

Pig. 8
Time variation of the

mean electron and
ion temperatures.

Felg i

Time variation of the
specific energy of
the plasma during
pellet injection.




LLLoo8 S.JuL.82 18:19 J1-03 05 +

ZEIT(MSEC) = 1500.26 LLLoo8
TE(=). TI(..) = F(R)

NE (-) HYD(-)

B.0E-1

4. BE 13X

J.6E 13

2. 4EX

1.3

0.00

Fig. 20: Radial electron temperature and density distributions fol-
lowing the moment of pellet injection if the pellet par-
ticles interact as ions with the surrounding plasma

(ablation due to non-thermal NB-ions).
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Fig. 21: Radial electron temperature and density distributions
following the moment of pellet injections if the pellet
particles interact as neutrals (possibly of CX-collisions)
with the surrounding plasma (ablation due to
non-thermal NB ions).
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