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Abstract

With neutral injection into ASDEX divertor plasmas the line
average density generally decreases. Evidence is presented
that the reduction in plasma content is partly caused by a
reduction in particle confinement. The reduction in confine-
ment affects the outer plasma zones first, and frequently,

in conjunction with a sawtooth instability, impairs the plasma
center too. The overall reduction in particle confinement is
not caused by beam effects alone but appears to be correlated
with profile changes of the heated plasma. The deterioration
of the particle confinement does not seem to be an inevitable
occurrence. There exists an operational regime where the
density increases during the neutral injection pulse after
first decreasing in the usual manner. Under these circumstances
the density increase leads to high Bp values of about 1.55

to 1.75 and a threefold enhanced neutron flux. The high
Bp—phase is periodically interrupted by gross instabilities

in the outer plasma zones which cause sudden Bp-reductions.
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i " INTRODUCTION

During neutral injection (NI) in ASDEX divertor plasmas generally
the plasma density decreases even with the gas flux ¢G from the
external gas valve kept constant and the additional particles
deposited within the plasma by the beam. An example of the

time variation of the line average density ﬁe measured along a
chord through the plasma center is plotted in Fig.1. ng de-

Ben™3 during the ohmic phase to 2.4x1013cm™3

creases from 3.7x 10
with neutral injection (the injection phase is indicated by a
hatched area in this and the following figures). ¢G is not

regulated by a feedback system during the NI-pulse but is held

constant during neutral injection at the level which maintains

a density plateau in the ohmic phase. @ is about 3.5 x 1021

atoms/sec in the case shown in Fig.1 wigh 1.2 MW injection power.
The neutral source introduces ¢B-3.1:c1020 fast atoms/sec and

a negligible flux of cold atoms. When the beam is turned off
(arrow 1 in Fig.1) the density decreases even further before

the density feedback system is activated again (at arrow 2) to

restore the density to the original value.

The loss of plasma particles during neutral injection is
particularly severe at medium plasma densities. At low

density (ﬁe-1-2:<1o13cm-3) the plasma density stays constant;

13
c

at high density (ﬁe'~71{1o m-3) the relative decrease in den-

sity with neutral injection is small: Aﬁe/ﬁe £.041:

From other tokamaks like ISX-B /1/ or DITE /2/ it is known

that the plasma density during neutral injection could only

be increased by strongly enhanced gas puffing from the outside.
This phenomenon has been called "density clamping". In Ref./3/
"density clamping" is partly explained by a reduction of the re-

cycling coefficient of the working gas during neutral injection.




The possibility that the density decrease is caused by a re-
duction of the recycling coefficient r or that it is in case
of ASDEX a divertor related phenomenon will be briefly dis-
cussed. The main purpose of this report, however, is to present
evidence that the particle confinement decreases during neutral
injection, to indicate the correlation with MHD-effects,and
finally,to demonstrate that it is possible for the confinement

to improve again during the injection phase.

2. THE NEUTRAL INJECTION SYSTEM OF ASDEX

The neutral injection system of ASDEX comprises two beam lines
each delivering about 1.2 MW injection power into the plasma
for 200 msec at 40 kV source voltage. Both beam lines are
oriented near-tangential and inject parallel to the direction

of the plasma current (co-injection).

In all cases described here neutral injection experiments have
been conducted solely in divertor discharges with single- or
double null configuration. In all cases presented the

target plasma has been deuterium heated by hydrogen beams.
Titanium is occasionally evaporated moderately in both divertor

chambers. The details of the injection system are outlined
in Ref. /4/.

3. BRIEF SUMMARY ON REDUCTION IN RECYCLING COEFFICIENT AND
REFUELING EFFICIENCY WITH NEUTRAL INJECTION

The actual plasma content at a given external gas flow QG is
determined by the effective particle confinement time T¥* which
includes wall recycling. Owing to'desorption and backscattering

from the wall T; is much larger than the inherent magnetic con-




finement Tp.ThiS pertains for limiter as well as divertor
discharges. The difference in recycling between both configura-
tions is that the immediate hydrogen exchange occurs between
the plasma and the wall, particularly the limiter in limiter
discharges /5/. In a divertor discharge the main recycling
occurs between plasma and divertor chambers which are filled
with hydrogen in the course of the discharges /6/. Hydrogen
streams back from the divertor chambers and refuels the main
plasma.

The particle content N of a divertor plasma is determined by
the global particle confinement time rp of the plasma within
the separatrix, the recycling coefficient r and the actual
external gas flux Y¢G which fuels the plasma:

T

Y is the fueling efficiency which is experimentally found to

be smaller than 1 for divertor plasmas /7/. ¢B is the atom
flux due to the NI-beams.

The reduction of one of the coefficients TP, r or Y causes

a decrease of the plasma content at constant external gas
flow.

- A reduction of r can be expected during neutral injection.
The temperature of the hot ion component in the boundary
plasma, measured within the divertor chamber by a charge ex-
change analyzer, increases from typically 8o eV to 150 eV
with neutral injection. From the increase in average energy
of the ions and atoms hitting the wall, a reduction in re-
cycling coefficient can be expected as the backscattered

and the desorbed flux from the wall decrease, the latter




because of a deeper hydrogen deposition within the wall.

A decrease in r is manifested experimentally too. There are
neutral injection cases in which the divertor plasma line
density and the hydrogen pressure within the divertor chamber
decrease together with the plasma content though the external
gas flow is constant. Obviously the hydrogen content of the
wall increases on account of the hydrogen content of plasma,
boundary layer and divertor. This can be described by a

lower recycling coefficient.

- A further cause for the density decrease during neutral
injection could be a reduction of the fueling efficiency
particularly as it is observed that the electron tempera-
ture of the boundary layer increases with neutral injec-
tion. The increase in electron temperature may enhance the
ionization processes within the boundary layer on account
of dissociation processes /8/. Thereby the flux of Frank-

Condon atoms into the main plasma may be reduced.

An increase of the external gas flux ¢G by a factor of 3
during neutral injection can reduce the amount of density
decrease but it cannot prevent it. However, the enhanced

gas flux sharply increases the boundary layer density as
measured within the divertor chamber. Though the boundary
layer density does not explicitly depend on the refueling
efficiency, this behavior, particularly in comparison with
the relatively moderate effect on the main plasma density, may
imply a decrease of y during neutral injection. Thereby the
external gas flux and probably the recycling flux too,becomes
less effective for refueling the main plasma.




4, VARIATION OF THE PARTICLE CONFINEMENT TIME DURING
NEUTRAL INJECTION

4.1 Decrease of T, at the beginning of neutral injection

- Variation of the boundary layer density
Figure 2a shows the decrease of the line density of the main
plasma and Fig.2b the variation of the boundary layer density
measured in the divertor chamber during neutral injection.
The main plasma line density is measured along three hori-
zontal chords, one through the plasma center, one through
z=a/2 and one through z=3/4 a (minor radius a= 40 cm).
Figure 2b shows the density trace of the outer channel of
the lower divertor chamber.

The main plasma density decreases shortly after the beginning
of the injection. The density along the outer chord (z = 3/4a)
decreases 8.5 msec after the voltage to the injector source
has been applied. The density along the middle chord (z=1/2a)
decreases somewhat later after 13 msec. The density through
the center seems to decrease even later; a sharp discontinuity

as in the other 2 cases, however, cannot be defined.

A different behaviour is shown by the boundary layer density.
It starts to increase 6 msec after the beginning of neutral
injection. At that moment the hard X-ray radiation increases
too, indicating that runaway electrons are lost from the
plasma to the wall. The decrease in plasma density and the
loss of runaway electrons is indicative of a loss of particle
confinement. The deterioration of the confinement seems to
start shortly after initiation of the beams first at the

plasma edge from where it proceeds toward the plasma interior.




The variation of the boundary layer density supports the con-
cept of a Tp—reduction. The sudden increase in boundary

layer density may originate from an enhanced particle efflux
from the main plasma into the boundary layer till a new equi-
librium is established.

The particle balance equation for the divertor plasma within

the separatrix in a divertor tokamak can be written:

dN |
¢D is the recycling flux from the divertor chambers. Within
the short time scale of Fig.3 the neutral pressure of the
divertor chamber does not change so that ¢D is treated as

constant. With NI the atom flux ¢B from the beam has to be added.

The particle balance equation of the boundary layer plasma is
written:

B+ B = (1) (B + By + T (2)

n is the particle content of the boundary layer plasma,Tﬁ is
the effective confinement time of the boundary plasma given
by the drift time from the main plasma to the neutralizer

plate and incorporating the local recycling of the boundary

layer plasma within the divertor.

The stationary solutions NO and ng of the equations (1) and
(2) are:

=1
I

o= TpY (B; + @) [+ L B5]
(3)

*
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If we assume that at t=0 the particle confinement time T

is reduced from Tp1 to sz, then the plasma content decreases
with time:
-t/T
T T p2 _
Nét) = sz + (1- ip2 )e ' (3!
o p1 Tp1
and decays to:
19
N, =nN_ 22 : (5)
o1
pl

The decay time Toff of the plasma content at t=0 is:

= T T
= No =1 «pAEp2

T =
etf %%(t=0) Tp1 Tp2

(6)

The time variation of the boundary layer content is:

T =T -t/T -t/Th
BlE) 14y _B1_p2 (o Po . @ ) (7)
No T =T
<
TLAN Ty T
n . P T e
ng has a maximum at t=t, sz_T"* in T * (8)

At a line average density ﬁe==3.7:<1013cm~3 a particle confine-

ment time Tp1==35 msec is assumed /6/. From egs.(5) and (6) and
the density as plotted in Fig.2 sz can be estimated. An average
value TP2==25 msec is used in the following. As the density
profile peaks during the phase of decreasing confinement the
actual plasma outflux N/Tp2 may be higher than computed from

the decrease of the line average density. At present, accurate

density profilesduring neutral injection are not available.




#*
T can be estimated from those cases with strong sawtooth

o;cillations during neutral injection. During a sawtooth

relaxation part of the plasma content is expelled into the
boundary layer and transiently increases the density there.
The decay of this density pulse occurs within approximately

10 msec which is identified with T:.

The dashed curves in Fig.2a and b show the relative varia-
tion of the main plasma density and the boundary layer den-
sity calculated from egs. (4) and (7) assuming y=0.4 /7/.

Though there are discrepancies in the exact description of
the time variation of the two densities the occurrence of

a maximum in the boundary density after the estimated time
lapse and with the expected relative height supports the
concept of reduced particle confinement. An exact descrip-
tion cannot be expected from this simplistic treatment
(sudden decrease in b and assuming dN/dt « dﬁe/dt) which
ignores effects caused by changes in recycling coefficient
and refueling efficiency.

However, it can be ruled out that the peak in boundary layer
density is caused by the outward displacement of the plasma
column when the beam is switched on (see Fig.13). A simula-
tion of the same shift caused not by the beams but by a
sudden decrease of the vertical field showed no effect on
the boundary layer density.

The filling of the NI source and neutralizer cell with gas - another

potential source for the boundary layer density variation -
occurs 200 msec prior to injection and does not affect the
boundary layer density.




A peak in the boundary layer density as shown in Fig.2b is
observed during neutral injection into double null divertor
discharges with constant external gas flux during injection,
and without strong sawtooth activity. Otherwise the maximum
in boundary layer density is masked by a sharp increase or
by inverse sawtooth fluctuations in some cases with large
amplitudes.

Measurement of the volume ionization rate.

During the density plateau phase, the volume ionization rate
fnone<cv>idv (9)

(no==neutra1 density,<0v>i==ionization rate coefficient) bal-
ances the ion efflux N/1_ across the separatrix. In order to
maintain a constant plasma content with a reduced confinement
time an enhanced ionization rate is required. The ionization
rate is proportional to the Hy,/Dy-radiation.(As the neutral in-
jection experiments are generally carried out with H°%-beams
fired into D+-p1asmas, sensors are used which measure the

sum of H.= and Da—radiation.) In order to estimate the

volume ionization rate several Hy-monitors have to be placed
around to torus. Measurements show that the Hg-intensity from
this part of the plasma where neutral injection occurs in-
creases sharply owing to the ionization of beam and cold atoms
from the source. The variation of the Hu/Da—intensity far

away from the neutral beam has been measured by H,-monitors
1800, 200° and 245° in toroidal direction away from the in-
jection port. Figure 3 shows the signals of the Ha-monitors

at about 200° (solid line) and 245° (dashed 1line) toroidal
distance together with the plasma density (both Ha—monitors
are also far away from the gas input valve).




The Ha/Da-intensity increases at all representative toroidal
positions so that it can be concluded that the volume ioni-
zation rate increases. Nevertheless, the density decreases,
confirming the hypothesis of a particle confinement time
reduction during neutral injection.

- Measurement of the hard X-ray radiation
In Fig.4 the time variation of the line averaged plasma den-
sity ﬁe’ the plasma current Ip and the hard X-ray counting
rate Ny is plotted during 3 phases of the discharge - the
built-up phase, the current and density plateau at the time
of neutral injection (on an expanded time scale), and
finally the termination of the discharge.

The decrease in density during neutral injection is accom-
pPanied by a sharp rise in the hard X-ray counting rate. It
results from runaway electrons striking obstacles at the
vessel wall (such as auxiliary limiters 10 cm away from the
separatrix). As there is no further hard X-ray burst at the
end of the discharge, as normally occurs, it is concluded
that all runaway electrons are lost during neutral injection.
The fluences of the hard X-ray radiation of a discharge

with NI and the same type of discharge without NI are about
the same. The hard X-ray radiation sets in shortly after the
initiation of neutral injection at a time correlated with the
decrease in plasma content. Like in the case of the boundary
layer density it is experimentally checked that the radial
expansion of the plasma column does not cause the sudden
increase in hard X-ray flux.

The obvious decrease of the particle confinement time with
neutral injection also affects the confinement of the run-
away electrons. This sheds some light on the nature of the
deterioration in confinement which could be caused by a
partial ergodisation of the magnetic field lines and the
formation of islands (other mechanisms which enhance cross-
—-field, transport, however, cannot be excluded) .

I+—




Additional experimemtal results which indicate a reduction
in particle confinement during NI are éummarized here
without further discussion. The parallel flux of ions to
carbon collector probes exposed in the space between plasma
and vessel wall increases typically by an order of magnitude
during neutral injection. Similarly, the pressure at

the vessel wall measured by a shielded ionization gauge in-
creases . It is further observed that an .additional

plasma density increase by pellet injection relaxes faster
to its equilibrium value with neutral injection than during
the ohmic phase / 9/. At present, however, it is not clear
to what extent this reduction in relaxation time reflects
the reduced particle confinement by the beam. There are in-
dications that the pellet is ablated more rapidly with
neutral injection and is therefore deposited in outer

plasma zones where the particle confinement is lower.

For the future application of auxiliary heating by neutral
injection it is important to know whether the decrease in
particle confinement is unavoidable, whether it occurs due
to beam-plasma interaction, or whether it is a corollary

of the heated plasma. The following summarizes contributions

to these questions.

4.2 Does the beam deteriorate the particle confinement

Generally, the density decreases shortly after the beginning

of neutral injection. There are cases, however, where the central
density decrease is delayed. Figure 5 shows the line average
density measured through the plasma center (z =0) and measured
through z =a/2, the Hy/Dy-intensity of the main plasma and

the hard X-ray radiation ﬁx' The density through z =a/2 starts




to decrease shortly after the beginning of neutral injection,
and the hard X-ray radiation increases somewhat. The central
line density, however, stays constant for a further 35 msec
despite the decrease in line density of the peripheral zones. During
this phase , the density profile seems to peak. Thus outer plasma
zones are first affected by the deterioration in confinement (see
also Fig.2a). After 35 msec a sawtooth relaxation occurs in

the plasma center, which causes the central density to decrease
too. The inverted sawtooth is seen from the line density along
the chord z=a/2; sawtooth and inverted sawtooth are also ob-
served in the electron temperature as measured by electron
cyclotron emission. The sawtooth relaxation causes a further
particle loss. Part of the expelled ions recycle at the wall
and give rise to a peak in the Ha/Du-intensity. Part of the
lost plasma is caught by the boundary layer and transported
into the divertor where it gives rise to a similar peak in

the boundary layer density. The hard X-ray radiation indicates,
that runaway electrons are lost from the plasma due to the
single sawtooth relaxation.

The delay of the dominant particle loss from the plasma center
by 35 msec, caused by, or at least correlated with, a sawtooth
relaxation, is sufficient to allow the injection beams to come
into equilibrium, cause plasma rotation (up to now no direct
observation) or to increase the plasma temperatures. The
partial delay in the decrease of particle content seems to
indicate that the beam itself does not necessarily impair

the particle confinement in the plasma center.

The occurrence of a density decrease is independent of the in-
jected power. Figure 6 shows the variation of the line density

measured horizontally along z =a/2 for three different injec-
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tion powers. At low power (0.6 MW) the density decreases more
slowly than in the high power case (2.6 MW) but it falls to a
lower value than at high power possibly because more beam
particles are deposited within the plasma at higher power.

In conclusion, the plasma seems to be in a marginally stable
phase which can deteriorate due to the effects of neutral in-
jection but which does not directly depend on the presence

or density of energetic ions and which may also be independent
of plasma rotation. This preliminary conclusion is supported by
the observation that the particle confinement can obviously be

regained during the injection pulse.

4.3 Recovery of particle confinement

The deterioration of particle confinement for the duration of
the injection pulse does not seem to be an inevitable occurrence.
There are cases where the particle confinement suddenly improves
during the course of neutral injection after the usual deterio-

ration.

In the following, two types of discharges are compared, one
with the particle confinement reduced shortly after initiation
of neutral injection (L(=low)-type) and another, where it is
regained (H(=high)-type). The salient features and the major
differences of the two discharge types are exemplified by the
discharges #4803 and 4804. #4803 is an L-type, #4804 is an
H-type discharge. There was no change in the setting of the
external parameters of the machine or the injection system
between the two discharges. The plasma current was 320 kA

and the injection power 2.5 MW.




There is also no obvious difference in the plasma characteris-
tics of the two discharges just prior to neutral injection. The
transition occurred spontaneously again indicating that the
state of the plasma seems to be close to the transition between
two operational regimes.

Despite the spontaneous nature of and the lack of operational
control over the transition, the two plasma regimes where in-
vestigated in detail during several series of discharges on
different days. For cases where information is missing from
the discharges #4803 and 4804, respectively, it is taken

from these subsequent investigations.

The improvement in particle confinement time is documented
most clearly by a sudden increase in plasma density after it
has first decreased with neutral injection. The density varia-
tion for the two cases (L) and (H) is plotted in Fig.7a measured
along the trace z=a/2. (The central trace was disturbed by
electrical interferences with the neutral injector in the two
cases. Central density values, however, could be measured
during the series investigation.) During discharge (L) the
density decreases as usual at constant external gas flux; in

' discharge (H) the density increases, as indicated by the arrow,
without external intervention in particular, the external gas
flux was held constant. The density increases even above the
value before injection possibly because of the additional par-
ticle source of the beam. (The fluctuations on the density trace
which show up on many other signals too will be discussed in
chapter 6.) In the case where the density is kept constant by

a feedback system, the external gas flux ¢G is reduced at

the moment the confinement improves. Figure 7b shows the feed-
back controlled density together with the external gas flux.
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The density increase is not predominantly caused by an enhanced
impurity influx into the plasma. Figures 8a and b show experi-
mental results to document this. Together with the line den-
sity, which is replotted for orientation, the bolometrically
measured plasma radiation and (Fig.8b) the spectroscopically
measured radiation of OVI and FeXVI are plotted versus time.
All radiation signals are divided by the electron line density
and plotted for the two discharge types (solid line: type (H);
dashed line: type (L)). During most of the injection phase the
impurity signals for the high density case are lower than those
for case (L) with low density. Thus, the density increase is
not due to an increased impurity influx. This supports the

contention that particle confinement is spontaneously improved.

As a result of the improved confinement the particle content
increases with constant gas flux, and equally important, the
wall-load is lower, because of the improved particle confine-
ment, resulting in a cleaner plasma. The increase in FeXVI radia-
tion and bolometer signal toward the end of neutral injection
could be indicative of impurity accumulation in the plasma center
a corollary of the improved confinement. (For comparison, see

the soft X-ray radiation plotted in Fig.12a).

Other experimental observations provide evidence for an improve-
ment in particle confinement. Together with the plasma density,
Fig.9 shows the Ha/Da-intensity measured far from the injectors
together with the perpendicular charge exchange deuterium flux
at an energy 1.13 keV (also measured far from each injector).

At the moment the density starts to increase in case (H) , the
Ha/Da~intensity and the charge exchange flux decrease, indi-

cating a reduced recycling at the wall and consequently a lower
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neutral density within the plasma at the positon of the dia-
gnostic device. The particle pressure measured by an ioniza-
tion gauge close to the vessel wall decreases to correspondingly
lower values. The drop in charge exchange flux also indicates
that the particle source term (see expression (9)) within the

separatrix decreases.

Apart from the local recycling within the divertor chamber,
measurements in the divertor are particularly sensitive to
particle influxes and therefore sensitive to all questions
related to particle confinement within the main plasma.

Figure 1o0a shows the Hy/Dy-intensity measured within the
divertor chamber for the two cases. At the moment the con-
finement improves the H,/D,-intensity decreases to the value

of the ohmic heating phase. As the change in Hy-radiation could
also be caused by a different electron energy flux into the divertor
chamber charge exchange measurements are performed there.
Figure 1ob shows the atom flux which emerges from the
neutralizer plate. According to their energy, the ions

emerge from the main plasma and are not created by ionization
within the boundary layer. The comparison between the two dis-
charge types as documented by the results plotted in Fig.1oa
and b demonstrates the reduced ion outflux from the main plasma
into the boundary layer for discharge (H).

Though the boundary layer density as measured in the divertor
chamber may be partly determined by the local recycling within
the divertor chamber, it clearly shows the reduction of particle
outflux from the main plasma into the boundary layer. Figure 11
shows the main plasma density together with the boundary layer
line density measured by the outer channel in the upper diver-

tor. At the moment of confinement improvement, the boundary




layer density decreases and shows a minimum. No such behaviour
is observed in the boundary density of case (L). The formation
of a minimum is reminiscent of the maximum in the boundary layer
density (see Fig.2b) which appears when confinement deteriorates.
The observation of aminimum can be understood qualitatively by
the same arguments put forward in chapter 4.1.

As observed with the confinement of thermal particles, the con-
finement of runaway electrons also improves at the transition
into the H-phase. This is documented by Fig. 12 which shows

the hard X-ray flux of a discharge which made the transition
from the L-phase into the H-phase shortly after the beginning
of NI, when some runaway electrons were still confined. The
hard X-ray flux decreases in the H-phase, nearly to its value
during the ohmic phase. At bursts, additional runaway electrons
are lost.

The relative contributions of particle confinement on one
hand, and recycling and refuelling on the other, to the
density variations of L- and H-type discharges may be esti-
mated from the results plotted in Fig. 13. Plotted are den-
sity ﬁe’ external gas flux ¢G' and as a reference to particle
confinement, the backscattered atom flux from the neutralizer
plate. The discharges #6028 and #5991 are nearly identical
apart from a slight increase in injection power from 1.6 MW,
which resulted in an L-type discharge (#6028), to 1.9 MW,
which caused an H-type discharge (#5991). The slight increase
in injection power should not cause an effective reduction

in edge ion- and electron temperature which were necessary

to increase the recycling coefficient and decrease the re-
fuelling efficiency in order to give rise to the density
increase. Therefore, the variation in density seems to be
largely caused by changes in confinement properties of the
plasma, and to a lesser extent, by modifications of plasma-
-wall interactions or of refuelling.
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It is difficult to correlate the results presented up to
now with MHD fluctuations as measured by soft X-ray diodes
Oor Mirnov coils. Figure 14a shows the signal of a soft X-ray
diode oriented toward the plasma center. With neutral injec-
tion, the signal increases, and has a spike at 1.46 sec
caused by a sawtooth-relaxation which is followed by an
unquiet phase which lasts till 1.51 sec. Thereafter, the
diode signal continues to increase but it stays quiet with-
out further fluctuations during discharge type (H). In
contrast, it stays noisy till the end of injection during
discharge type (L).

A similar behaviour is found in the Mirnov coil signal. With
neutral injection the fluctuation level suddenly increases.
Though discharge type (H) seems to be characterized by less
fluctuations in soft X-ray diode as well as Mirnov coil
signal one has to be cautious in correlating these findings
with better confinement. The sudden increase in density in
case (H) occurs during the noisy phase of the discharge

as seen from both soft X-ray diode and Mirnov coil signal
(see arrow in Fig. 14). Though there is no change in the
level of fluctuations correlated with the sudden increase
of density, the plasma develops thereafter with less MHD
activity.




5. EFFECTS OF IMPROVED PARTICLE CONFINEMENT ON PLASMA
PARAMETERS

The improved particle confinement has a strong and positive
impact on plasma parameters which develop after the transition
into the regime with better confinement.This will be illustrated
by two parameters which are particularly important for fusion

devices - Bpol and the neutron counting rate.

The vertical field current necessary to stabilize the plasma

column and the radial plasma position are plotted in Fig. 15
for the two discharge types. As a result of the beam parallel

momentum the plasma column expands radially by ~2 cm during

the first 30 msec after initiation of the beams. An increase

in the vertical field then restores the original plasma posi-
tion approximately. In case (L) a higher but stationary vertical
field current is required to keep the plasma at its orginal
location (apart from an off-set in plasma position which is
inherent to the feedback system). From the Shafranov relation,
Bp-+li/2==1.63 is deduced.

Case (H) shows a different and promising behavior. At the
instant the particle confinement is restored and the density
starts to increase the plasma column expands again. The ver-
tical field current increases in order to maintain the plasma
position. A high value of Bp-kli/2==2.2 results at a plasma
current of 320 kA. Within reasonable limits of 1i/2, Bp is
estimated: 1.55 = Bp £ 1.75. This value corresponds to about
40 % of the aspect ratio.

Another important aspect is the thermo-nuclear neutron flux

ﬁn during the auxiliary heating phase. As documented by Fig. 16,
Nn rises during neutral injection but in case (H) it starts to
increase again as soon as confinement improves and reaches 3
times the value of the standard, low-confinement discharge.
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6. FLUCTUATIONS DURING THE HIGH—Bp PHASE

During the high Bp-phase of discharge type (H) periodic fluc-
tuations occur which are obvious from the traces plotted in
Figs. 7 to 16. These fluctuations, which occur as bursts in the
Mirnov coil signals, have several consequences on the particle
confinement. At the instant of a burst, the confinement within
the outer plasma zones deteriorates causing density and elec-
tron temperature to decrease there. As documented by Fig.9 such
a decrease in density is accompanied by a peak in Ha/D&inten-
sity in the main plasma volume and (see Fig.loa) the divertor.
Figure 17a shows the radial plasma position (dashed curve) and
the line average density along the chord z=a/2 - both with
fluctuations; Figure 17b shows the electron temperature as
measured by electron cyclotron emission from r =22 cm and

for comparison in Fig. 17¢ from r=3 cm. (The deep minima at
t=1.52 sec is caused by a chopper to monitor the signal base
line) . Though these fluctuations resemble ordinary sawteeth
oscillations they do not appear in the plasma center but in
the outer plasma zones. This is clearly seen from the electron
temperature fluctuations (comparison of Figs.17b with 17c)

but also from the soft X-ray signal as plotted in Fig.14a
(solid line), which emerges predominantly from the plasma
center and which shows no oscillations of the type measured

by the Mirnov coils (Fig. 14b). Furthermore, the FeXVI-radia-
tion originating more from the plasma center shows weak or

no oscillations contrary to the OVI-radiation which is located
at the plasma edge and therefore fluctuates strongly. (The
fluctuations are not caused by dividing the signal by the

density. The original OVI-radiation is also modulated.)
The sudden loss of plasma pressure causes a disturbance in

the positional equilibrium of the plasma column. At the given

vertical field the plasma column shrinks in larger radius
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typically by 0.6 cm. Because the plasma column is transiently
stabilized by mirror currents in the plasma vessel during this
phase, an estimate of the loss in Bp from the shift in plasma
position is not possible. During the quiescent phase between
two bursts, Te and n_ increase again and the high Bp-value

2
is regained.

The fact that plasma ions during this phase can reach the
vessel wall surrounding the main plasma to recycle there and
cause fluctuations in the Hu/Da-intensity indicates a long
density fall-off length of the boundary layer plasma. Measuring
the spatial profile of ions being neutralized at and back-
reflected from the neutralizer plate is a method to estimate
the fall-off length with the required time resolution. Figure 18a
shows the charge exchange flux emitted approximately at the
peak of the backscattering intensity profile at the plate (note
the insert for geometrical arrangement) and Fig.18b shows the
flux 2.25 cmabove from the separatrix. The intensity of back-
scattered flux at this poisition is smaller than the flux emitted
at the actual separatrix intersection but it is more strongly
modulated. (These measurements are taken on a shot to shot
basis. Therefore the frequency of the bursts shown in Fig.18a
is different to the one in Fig. 18b ) The comparison of Fig.18a
and b immediately indicates that the fall-off length increases
during the bursts. Figure 19 shows the spatial variation of

the backscattered flux intensity during the ohmic phase between
two bursts and at a burst. The decay length is 0.68 cm in the
ohmic phase and increases slightly during NI to 0.75 cm between
the bursts. At a burst, however, the decay length increases

to at least 2.1 cm. As the density profile of the boundary
layer is determined by the competing processes of parallel

flow and perpendicular diffusion, an increase of the diffusion




coefficient by about an order of magnitude is required to
explain the increase in density fall-off length. The actual
increase in fall-off length and perpendicular transport
coefficient could be more because the time resolution of the
charge exchange flux detection system may be insufficient

to measure the full amplitude of the particle bursts.

It is not clear at present what mechanism causes these gross
instabilities which give rise to a loss in confinement and to
a limitation in Bp. It is particularly not clear whether the
plasma jumps periodically between the two possible states

- the high-Bp state between the bursts and the low-Bp state

as usually encountered thereby causing the bursts.

7. CONCLUSIONS

The decrease in plasma density which is generally observed
during neutral injection into ASDEX divertor plasmas is
analyzed. There are experimental indications, that the
density decrease is partly caused by a reduction in recycling
coefficient and refueling efficiency. Measurements of the
boundary layer line density, H,/Dy-intensity around the torus
and hard X-ray radiation from runaway electrons also indicate
that a reduction in particle confinement occurs with neutral
injection which results in reduced plasma density at constant

fueling rate. There is no clear correlation between reduction

in particle confinement and the presence of energetic beam ions,

a possible plasma rotation, or MHD-activity. It seems most

probable, that the deterioration in particle confinement is

caused by unfavorable profile changes in the beam heated plasma

which cause a transition into a low confinement regime.
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There are cases - observed rather frequently - where the
plasma changes spontaneously into a state of higher particle
confinement in the course of neutral injection after first
decreasing in the usual manner. In this regime the plasma
density rises, the Bp-values correspond to 40 % of the aspect
ratio and a high neutron flux develops. This high Bp-regime

is characterized by frequent bursts in the Mirnov coil signal

which cause transient reductions in the particle and enerqy
density of the outer plasma layers.
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FIGURE CAPTIONS

Fig. 1

Fig. 2a:

Fig. 2b:

Pig. 3:

Fig. 4:

Fig. 5:

Fig. 6:

Time dependence of the line average density measured
through the plasma center. The neutral injection phase
is marked as in the following plots by a hatched

area; it is terminated at arrow 1. At arrow 2 the
density feedback system is activated to restore the
original density.

Line density versus time measured along three hori-
zontal chords with different distances from the
plasma center.

Line density of the outer boundary plasma measured
in the lower divertor chamber.

The dashed curves are the calculated quantities as
described in the text.

Time variation of line average plasma density (z =0)
together with the Hp/Dg-intensity (the sensor measures
the sum of Hy- and Dgintensities) measured at two
different toroidal positions far from the neutral
injector.

Plotted are plasma current I_, line average density
ng (z=0) and hard X-ray cougting rate Ny through
three phases of the discharge: The initial phase,
the neutral injection phase with expanded time
scale and the termination of the discharge.

Time dependence of the line average density ne
measured along the chords z =0 (plasma center)

and z =a/2, the Hy/Dg-intensity in the main plasma
chamber far away,from the injectors and the hard
X-ray radiation Ng.

Time dependence of the line average density along
the chord Z=a/2 for three different injection
powers: 0.6 MW, =---- 1.2 MW and =.... 2.6 MW.




Fig. 7a:

Fig. 7b:

Fig. 8a:

Fig. 8b:

Fig. 9:

Fig.loa:

Fig.1lob:

Flg.11:

Fig.12:

Fig.13:
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Line average density ne along the chord z=a/2 of
the two discharge types H (solid line) and L (dashed
line). The density is not feedback controlled but
kept constant during the neutral injection phase.
The arrow indicates the transition to improved con-
finement in this and the following figures.

Line average density ne and external gas flux @g
during neutral injection with a feedback controlled
density. At the transition to improved confinement
(arrow) @g decreases.

Plasma radiation from the two discharge types as
measured by a bolometer. The signal is divided by
the plasma density. The line average density is
replotted for reference.

Radiation of OVI and FeXVI each normalized against
plasma density from the two discharge types.

Hy/Dg-intensity and the charge exchange flux measured
in the main plasma chamber at a position far away
from the injectors. Energy of the charge exchange
atoms E=1.13 keV.

Hy/Dg-intensity and

atom flux backscattered from the neutralizer plate
measured in the upper divertor chamber. Energy of
the backscattered atoms E = 374 eV.

Line average plasma density ng (z=a/2) (for re-
ference) and line density of the outer boundary
layer measured in the upper divertor channel.

Line density n_ and hard X-ray flux at the transi-
tion from L-type to H-type discharge (indicated
by a dashed line).

Line density (a), external gas flux @q (b) and
reflected atom flux ¢G from the neutralizer
plate (c) for an L-type (#6028) and an H-type
(#5991) discharge.




Fig. 14a:

Fig. 14b:

Fig.15;:

Fig.16:

Fig.l17a:

Fig.17b:
Fig.17c:

Fig.18:

Soft X-ray radiation measured by a pin-hole diode
oriented to r=2 cm of the two discharge types.
Fluctuations of B as measured by Mirnov coils of

the two discharge types H and L. The arrow indicates
the instant when the density starts to increase
during discharge type (H).

Vertical field current Iyp and shift of the plasma

position R-Rp(Rp =165 cm) of the two discharge
types.

Neutron count rate of the two discharge types H
(solid curve)and L (dashed curve).

Plasma density ﬁe and position R-Rg during neutral
injection together with

electron temperature measured at r=-22 cm and
electron temperature at r=3 cm by electron cyclotron
radiation. The minima at 1.52 sec in the Te-traces
are experimental. The signal is chopped to monitor
the signal-offset.

Flux of atoms backscattered from the neutralizer
plate
a) at the intersection separatrix - neutralizer plate
b) 2.25 cm above the separatrix during discharge

type H.
The inset shows the experimental geometry. The
measurements are taken at two different shots,
therefore the frequency of the bursts are different.

Charge exchange flux backscattered from the neutralizer
plate versus vertical distance from the intersection

of separatrix with the neutralizer plate.

Plotted is the backscattering profile during the

ohmic phase (.), during the neutral injection phase

(o) and at a burst (x). The exponential decay length

is indicated in the main text.
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