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Abstract .

Neutral injection experiments into limiter and divertor dis-
charges in ASDEX are described with hjdrogen and deuterium as
working gas. TwO operational regimes have been observed in
neutral injection heated divertor discharges. One regime is
characterized by deteriorated energy and particle confinement.
The global energy confinement times are comparable to those of
neutral injection heated limiter discharges. The other regime
has particle and energy confinement times comparable to those

of ohmic discharges with 17, = 40 - 60 msec at beam powers

E.
up to 3.1 MW. This regime is further characterized by
high Bp—values comparable to the aspect ratio A (Bp~ 0.65 A4),

by good electron heating (ne ~ 2.5 x 1013 eV cm_3 kwn1) and

ion heating (ni = 8.2 3 ‘IO13 eV cm_3 kW_1). In both regimes,
' TE increases with plasma current bqt there is hardly any
variation with density. The differences in confinement and
scaling to ohmic discharges seem to be caused by ﬁodifications
of the electron loss channel. The high B_-regime develops at
an injection power *>1.8 MW, Ee > 3 % 10] cm”? and q >, 245,
and is so far only observed in divertor discharges. There are
indications that this may be due to the broad profiles with
high edge temperatures which can develop in divertor dischar-
ges. An indication of broad current density profiles is given

N . .
by the lack of sawtocth activity in these discharges.
Y 3
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1. Introduction

Extensibe studies have been made of plasma heating and con-
finement in the.ASDEX tokamak with intense neutral beam in-
jection (NI). The effect of NI is illustrated in Fig. 1, which
shows the rise of the central ion and'electfon teméerature,
Ti(O) and Te(o), with 2.61 MW NI power into a medium density
discharge., Ti(O) approaches 5 keV.

ASDEX /1/ is a large divertor tokamak, which can be operated

in different poloidal divertor configurations. For reasons of
comparison, ASDEX was also operated with a classical material
limiter. The geometrical parameters of ASDEX are: R = 165 cm
and .a = 40 cm. Typically, ASDEX is operated aﬁ Bp = 2.2 T

and a plasma current between 200 and 400 kA.

The NI system of ASDEX /2/ is presently capable of injecting
3.1 MW for 200 msec at a source voltage of 40 kV. The power is
_délivered by two beam lines each housing four individual sources.
‘Both beam lines are oriented tangentially, at a tangency radius
of 140 cm. The ion sources are exclusively run with hydrogen,
but NI is carried out either into hydrogen (Hf) or deuterium

+ . .
(D) plasmas. The power P into the vacuum vessel is reduced

owing to losses in the begé duct, which amount to maximally 15%.
PNI can accurately be measured by shooting the beams, during

an ohmic discharge, onto retractable calorimeters located within
the vacuum vessel in the space between plasma and wall. Thereby,
PNI is measured with all stray fields present (apart from the
actual vertical field which increases during the NI pulse owing
‘to the higher 8). i

The power P which is actually absorbed by the plasma is

abs : .
lower than PNI by shine-through, bad orbit and charge exchange
losses of beam ions. P is calculated from P using a beam

abs NI
deposition code /3/.
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An important diagnostic tool for the characterization of high
power NI heated plasmas is the méagurement of Bp +i.i/2(1i =
internal inductance) from the plasma gquilibrium,amiﬁpl
deduced from the plasma diamagnetic effect. As these quanti-
ties are frequently used in this paper, it seems to be justi-
fied to describe briefly the technical set-up and-characterize

the reliabjlity tests.

Bp + ;i_ is determined from the Shafranov equation either

" using " the magnetic field and flux signals from probes -
~loéated.within the plasma vessel or by calculating the ver-

tical field directly from the vertical field coil current. This
is reasonable in the case of ASDEX with its good stray field
compensation and with a rather homogeneous vertical field distri-

bution. The agreement between the two measu:ements of 8 + li

is in the average 3%. Thus, falsified measurements due to sgray
field or eddy current contributions to the plasma equiliBrium
can largely be excluded.

The diamagnetic loop and the necessary compehsating loop,

which measure the toroidal flux, are mounted onto a frame out-
side of the vacuum vessel. Several pre cautions are taken to reduce
the effect of toroidal stray fields /4/. Firsﬁ, the loop is

located at a toroidal position far away from the current leads

to ohmic heating, vertical or radial field, or to the divertor
coils. Also the lack of an iron core transformer prevents excessive
field distortions. The diamagnetic loops are aligned in a plane
perpendicular to the axis of the vacuum vessel with an accuracy

of 1 mm per mtr. The induced stray field signals of all poloidal
coils are measured independently, without plasma, at coil currents
corresponding to the values during an actual discharge. The stray
field signalé cancel each other partly. The amplitude is less than
10% of the signal during an ohmic discharge. In order to reduce

it further, the current of each poloidal coil is measured indi-
vidually and fed into a compensating electronié system. By this
technique, the stray field contributions are nulled. The amount

of misalignment, with respect to the plasma current, has been

checked by two subsequent plasma shots with reversed toroidal

[



field directions but otherwise identical plasma parameters.
The observed difference in the absolute value of the diamagnetic

signal is 25% and has also been_compeasated as described above.

Finally, the radial movement (contraction) of vacuum vessel and
diamagnetic loops, which gives rise to a 5% change'in the dia-
magnetic signal, is corrected by the analysis program which
calculated Bp;- With these measures, the error in BP; is less
than 0.1 and largely independent of BP* .

‘Thé general agreement of the Bp—values deduced from plasma
equilibrium, plasma diamagnetism and from measured density
(interferometer) and temperature (CX, ECE) profiles can be
illustrated by an ohmic discharge (to avoid problems arising
from an isotropic plasma pressure) -with Ip = 250 ka, B = 22 kG
and Ee = 3-7 x 1013en™3, 8, + li = 1.02 from the ernov probes
and 1.07 from the vertical flezd which give B_ = 0.25 and 0.30
respectively (li = 1.535, derived from q, = 4?38). Bp; from the
diagmagnetic signal is 0.30 and from profile'measurements

B_ = 0.34.
p

2. NI into Hydrogen or Deuterium Plasmas

It is well documented for ohmically heated discharges /5/

that particle and energy confinement times are longer in deu-
terium than in hydrogen vlasmas. Figure 2 recapitulates this in

a diagram, which shows the increase of BD* and in energy confine-

E
to deuterium as working gas. The last hydrogen discharge was shot

ment time ) (deduced from BP;) at the transition from hydrogen

# 7888,The exchange of gas deposited into the walls occurs within

a few shots with the divertor configuration. With deuterium, Bnl

is higher by ~ 30% which corresponds to an increase in energy
confinement time TE+' from 53 msec in hydrogen to 77 msec in
deuterium. The ratio of the T_t-values is 1.45.

E
Figure 3 shows the increase in Bp + 1./2 and B, with NI into

hydrogen and deuterium plasmas at different plasma currents and




configurations. The increase in BP + ii with P . reflects

mostly an increase in Bp because li i% found not to change

very much. (In limiter discharges sawtooth fluctuations in

the plasma center are still present up to the highest injection -
powers. A sllght reduction in l partlcularly in divertor dis-
charges cannot be excluded because the .T —proflles tend to broaden.
"An increase in li’ however, is necessary to contribute to the
rige.of Bp + ii. A dominant contribution of 1, requires a dramatic
peaking of th% current distribution which is unlikely.)

In all cases shown in Fig. 3, BP increases linearly with PNI
without any indication of saturation at high power levels as
observed with other tokamaks /6/. But there is a clear dif-
ference in slope of Bp Gs. PNI between hydrogen and deuterium.
As in the ohmic case, Bp is higher in deuterium than in hydrogen

plasmas.

- The difference in A(Bp + ii) and A Bp1 is mostly caused by
plasma rotation and the b%am contribution to B8_ which - in

case of tangential injection - influences the plasma equilibrium
more than the plasma diamagnetism. The beam contribution to B _,
. deduced from the comparison between equilibrium and diamagnetic
Bp, agrees fairly well with the code calculation. Because of the
kinetics in the slowing down process, the beam contribution to
Bp is higher in deuterium than in hydrogen typically by 0.05.

But the difference in A(Bp + ii ) between D+ - and H+ -plasmas,
as shown in Fig. 3, is too bi% to be explained by the beam con-

- tribution alone. As in the ohmic case, the discrepancy reflects
mostly a differénce in the confinement properties. This is also
born out by the variation of T (0) x ﬁerwith Pyr+ T,(0) x ﬁe

is an easily accessible measure of the electron energy content
with T_(O) determined by ECE and Ee by HCN-interferometry.

Te(O) X He is higher in p* than in m' plasmas indicating that
_the difference in Bp is mostly a bulk plasma property. The
maintenance of the better confinement properties of deuterium
with NI is remarkable because, with hydrogen injection into D'-
plasmas, fhe plasma becomes a mixture of H+ and D+ with a 1:1

composition at high injection power into a medium density discharge.



3. NI into Material Limiter Discharges

Neutral injection was carried out into limiter discharges with

two different limiter configurations -

- a toroidal limiter mounted at the bottom side of the plasma;
the limiter was toroidally closed /7/; -

- a poloidal wing limiter /1/.

In both cases the limiter material was carbon.

The two limiters are sketched in Fig.-4 in a polodidal cross-

section together with the circular plasma. The dashed contours

-outline the separatrices of the divertor configurations, possible

with each limiter. The toroidal limiter only allowed single-null

divertor discharges where the magnetic axis was moved upward by

A Z (typically 4 cm) by a radial magnetic field. In the case of

the poloidal limiter, double null divertor configurations are

possible with the multipoles activated and the limiter wings

moved to the wall. '

The advantage of this toroidal limiter is that the plasma can
freely increase and shrink in major radius (like in the divertor
configuration) without having inner magnetic surfaces intersect
the limiter. Such a variation in major radius occurs as soon as
the NI beams are switched on or off because of the contribution
of the beam pressure to the plasma equilibrium conditions. The
amplitudes of these excursions depend on beam power and the
response time of the vertical field feedback system. (An example
of the radial movement of the plasma column due to the NI beams
is given in Fig. 23).

With the poloidal limiter as an obstacle against this movement,

the plasma cross-section is reduced during the initial and final
phases of NI and the movement of the plasma might cause a more
violent plasma limiter interaction. A remedy to this lack of
stability is to work with a vertical field variation pre-programmed
to match the expected effect of NI on the plasma position (feed
forward) . '




The linear increase in A( Bp + ii ) orAABpl, respectively,

of limiter discharges due to NIzhas already been documented

in Fig. 3. The difference in absolute value between poloidal and
toroidal limiter discharges is due to the different plasma currents
and not correlated with the limiter cdnfiguration.

An important criterion for future plasma devices and fusion
reactors is the variation of the global energy confinement time

g at high injection power and at high levels of plasma energy

; +
and Bp. In Fig. 5, e NI® 'E

the diamagnetically measured Bpl. With tangential injection, B_,
represents more the thermal energy content of the plasma cdompared
to Bp from the plasma equilibrium, which contains the beam con-
tribution.

* is plotted versus P is deduced from

TE+ for the two limiter configurations(although at different

plasma currents)and for hydrogen and deuterium discharges with

the toroidal limiter are compared. The general tendency of TE

is to decrease with increasing NI power to values which are far
below the ohmic values. An injection power equivalent to the

ohmic input (PNI = 0.3 MW) is sufficient to significantly reduce
TE+. With Py = 0.6 MW, TE* has already reached the low level of

confinement characteristic of NI heated tokamak plasmas. Increasing
the power beyond this level causes only a moderate further decrease

; . A
in confinement time™.

As already indicated in Fig. 3 and as in the ohmic heating phase
~ with NI also, TE+ is higher with deuterium than hydrogen as working

gas. In the plateau phase of TE+ vs. PNI'

ment times is 1.3.As in Fig. 3, the higher confinement time with

the ratio of the confine-

poloidal compéred to toroidal limiter discharges is not a conseqguence
of the different limiter configurations but is caused by the

X It requires only a simple consideration, to realize, that a

linear increase inAB8_, with P is in agreement with the varia-
L2 + . . NI : : 4
tion of 1" as shown "in Fig.5:
: B_(OH)+AB "B_(OH) + CoP, .

T (NI) =C, bp( l U p; =+ CE; l(P ECN;

abs 3°NI OH 4" NI)

with x = pNI/POH and 8>0 . U and I are loop voltage and plasma
current, C1 4 are constants.

= + 10X
& TE (OH)1+ Bx




difference in plasma current. Contrary to the ohmic phase,

with NI the energy confinement time increases with plasma
current. :

Figure 6 shows the variation of TE+

ﬁe of ohmically and NI heated limiter plasmas. The increase in

with line averaged density

confinement time with density is a well documented experimental

result of ohmically heated plasmas /8/. The increase in T which

El’
is caused by a corresponding decrease in electron thermal transport,

_continues till the ion losses contribute to the global plasma

losses. From there on, T_ is independent of ng in ohmic plasmas.

E

With NI, we find no density dependence of T i in the density

13, - 13__-3 -
< ng <5 x 10 "cm ~. The lack of density dependence

is first documented by Fig. 7 which shows the variation of B_ +

range 2 x 10

' li/2 during a NI pulse with an increasing density. Apart from the
initial increase due to NI, Bp+li/2 does not further rise with
density. The TE+ -data,shown in Fig. 6,are taken during stationary
phases of NI into hydrogen and deuterium plasmas. With NI the lack
6fidensity dependence is not caused by the neoclassical ion con-
tribution to the global energy confinement as in the ohmic case.
In the density range of the present investigations, the power loss
is predominantly through the electron channel /9/ and the lack

. of density dependénce of TE+ points toward a modified electron
thermal transport.

4. NI into Divertor Discharges

With NI into divertor plasmas, two types of discharges are ob-
served /10/. The characteristics of the two discharge types are
plotted in Fig. 8.1 (L-type) and'Fig. 8.2 (H-type) . The only
difference in the external controls is a slight change in the
preprogrammed density duriﬁg the ohmic phase. The line-averaged
electron density ﬁe is 2.7 x 1013’cmn3 during the ohmic phase
of the L-type discharge and when it is raised to 3.1 x 1013cm

an H-type discharge occurs. Figure 8a shows ﬁe during the NI pulse

=




(hatched time interval) as it develops with density feedback
control. In the case of an L-type discharge n ‘tends to decrease.
The H-type discharge starts like an L-type w1th decrea51ng den-
sity. But shortly after initiation of the NI pulse, Ee suddenly
increases (as indicated by the dashed line) without modifications
from the external controls. Figure 8b compares the central electron
temperature Té. Despite the higher density, Te of the H-type dis-
charge is higher by 350 eV. The improvement in electron energy
content of the H-type discharge is obvious from a eomparison of
(Bp +]j/2) and Bp¢ as plotted in Fig. 8c. The increase in Bp due
to NI in an H-discharge is nearly twice the increase in an L-type
discharge.

4.1 The L-Type Discharge

In L-type discharges the plasma density generally decreases even
with the gas flux ¢ from the external gss valve kept constant
and in spite of the additional partlcles deposited w1th1n the
plasma by the beam. An example of the time variation of the line
average density ne measured along a chord through the p%gsmeB
center is plotted in Fig. 9. ne decreases from 3.7 x 10

during the ohmic phase to 2.4 x 1013 T with neutral injection.
¢G is not regulated by a feedback system during the NI-pulse but
is held constant at the level which maintained a density plateau
in the ohmic phase. ¢G is about 3.5 x 1021 atoms/sec in the case
shown in Fig. 9 with 1.2 MW injection power. The neutral source
introduces ¢B'"3‘1 X 1020 fast atoms/sec and a negligible flux
of cold atoms. When the beam is turned off (arrow 1 in Fig. 9),
the density decreases even further before the density feedback
system is activated again (at arrow Zj to restore the density

to the original . value.

The loss of plasma particles during neutral injection is par-
ticularly severe at medium plasma densities. At low density

(g ~1 - 2 x 10" cm
hlgh den51ty (n ~ 7 x 10

3) the plasma density stays constant; at

13 ) the relatlve decrease in density

with neutral 1n]ectlon is small:A n /n 521051



From the other tokamaks like ISX-B or DITE /11/, 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"”. The possi-
bility that the density decrease is caused by a reduction of
the recycling coefficient r or that it is, in case of ASDEX, a
divertor related phenomenon will be briefly discussed, before

we concentrate on the role of particle confinement during NI /12/.

4.1.1 Reduction in Recycling Coefficient and Refueling Efficiency, .
with NI

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 Tﬁ*is much longer than the inherent particle con-
finement time Tp' This pertains fqr limiter as well as divertor
discharges. The difference in recycling between the two configura-
tions is that in limiter discharges the immediate hydrogen ex-
change occurs between the plasma and the vessel wall, particularly
the limiter /13/. In a divertor discharge the main recycling occurs
between plasma and divertor chambers which are filled with hydrogen
in the course of the discharge /14/. 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 Tb of fhe plasma within the
separatrix, the recycling coefficient r and the actual external
gas flux Y¢G which fuels the plasma /14/:

NS B[y, + 0,1

Y is the fueling efficiency which is experimentally found to
be smaller than 1 for divertor plasmas /15/. ¢B is the atom
flux due to the NI-beams. '

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

a decrease of the plasma content at constant external gas flow.
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- A reduction of r can be expected during neutral injection.
The ion temperature at the plasma edge, measured by a charge
exchange analyzer, increases from typically 80 eV to 200, 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
Jis 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 conternit 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 decfease during neutral injec-
tion could be a reduction of the fueling efficiency, particularly
as it is observed, that the electron temperature of the boundary

" layer increases with neutral injection. The increase in electron
temperature may enhance the ionization processes within the
boundary layer at the cost of dissociation processes. Thereby,

“the flux of Franck-Condon atoms into the main plasma may be
reduced.

An increase of the external gas flux ¢G by a factor of 3 during

NI with 1.2 MW 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 récycling flux too, becomes less effective
for refueling the main plasma.
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4.1.2 Decrease of the Particle Confinement Time

Variation of the boundary layer density

Fig. 10a shows the decrease of the line density of the
main_plasma and Fig. 10b the variation of the boundary
layer density measured in the divertor chamber during
neutral injection. The main plasma line density is measured
along three horizontal chords, one through the plasma
center, one through z = a/2 and one through z = 3/4 a.

(The. insert to Fig. 10b is discussed in sec. 4.2.1).

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 after 13 msec. The
density through the center seems to decrease even later,

but there is no sharp discontinuitj as in the othér 2 cases.
The initial phase of NI is accompanied by a peaking of the

density profile.

‘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 confine-
ment. 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
concept of a Tb—reduction. The sudden increase in boundary
layer density may originate from an enhanced particle efflux

" from the main plgsma into the boundary layer till a new equi-
librium is established.




S

The particle balance equation for the plasma within

the separatrix in a divertor tokamak can be written /14/:

aN N
ac +_?;* = Y(@g + Bp) [+ ¢B] (1)

¢D is the recycling flux from the divertor chambers. Within
the short time scale of Fig., 10 the neutral pressure of the
divertor chamber does not change'so that ¢D is treated as a
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:

dn - = g_-

I (1= Y) (B + B + 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
platé and incorporating the local recycling of the boundary

layer plasma within the divertor.

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

BB Tt (@ + @) [+ Tp¢B ] 3
n, =T B+ 8, [+d51)

If we assume that at t = O the particle confinement time

T_ is reduced from Tp1 to sz, and, for simplicity, neglect
@5 then the plasma content decreases with time:
-t/
T T .
No(t) - —IP2 . (1 < =Bey o (4)
1 L ;
Ns p1 p1
and decays to:
Tp2 '
N =N —2Es . _ (5)



w T s

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

c _ ~No _ T51 p2
eff = %% (£=0) 517 Tp2 : (6)

The time variation of the boundary layer content isz

T _.-T ~E/R o el
E‘t) =1 -y —L—-B*—‘E_ : (e DZ - e ) (7)
T T
e} p2 it
n ' Tp1 T#* - Tp1
— has a maximum at t = t, = ——E-——§— £ -1 (8)
n M T -~ T% T#
o p2 n n
At a line average density ﬁe = 3.7 x 1013cm—3 a particle
~confinement time Tp1 = 35 msec is assumed /14/. From egs.
(5) and (6) and the density as plotted in Fig. 10, sz
‘can be estimated. An average value T _, = 25 msec is used

in the following. As the density profile peaks during the
phase of decreasing confinement, the actual plasma outflux
N/'rp2 may be higher than computed from the decrease of the
line average density.

T¥ can be estimated from those cases with strong sawtooth
oscillations 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 % .

The dashed curves in Fig. 10a 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 /15/.

Though there are discrepancies in the exact description of
the time varation of the two densities the occurence of a

a maximum in the boundary density after the estimated time
lapse and with the expected relativé height supports the
concept of reduced particle confinement. An exact descrip-
tion cannot be expected from this simplistic treatment
(sudden decrease in Tp and assuming dN/dt ‘= dﬁe/dt) which
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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.23).
A simulétion 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.

A peak in the boundary density as shown in Fig. 10b is
observed during neutral injection into double null divertor
discharges with constant external gas flux during injections
and without strong sawtooth activity., Otherwise, the maximum
in boundary layer density is maéked by a sharp increase or
by sawtooth fluctuations (inverted) in some cases with large
amplitudes.

Measurements of the volume ionization rate

During the density plateau phase, the volume ionization

rate
fnone <ov>idv , (9)

(n_ = neutral density, <ov> % = ionization rate coefficient)

baiances the ion efflux N/Tp across the separatrix. In order
- to maintain a constant plasma content with a reduced confine-
ment time, an enhanced ionization rate is required. The
ionization rate is proportional to the Ha - D, -radiation.
(As the neutral injection experiments are generally carried
out with H°-beams fired into D+;plasmas, sensors are used
which measure the sum of Ha - and Da -radiation.) In order to
estimate the volume ionization rate, several H, -monitors
have to be placed around the torus. The Ho =B, -intensity
increases at all representative toroidal positions: At the
injectors, owing to the ionization of beams and cold atoms
‘from the source, at the location of gas input valve in case

of a feedback-controlled discharée, but also at positions
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between these distinguished points. From these observa-
tions, it can be concluded that the volume ionization rate
increases. Nevertheless, the density decreases, confirming
the hypothesis of a particle confinement time reduction

during neutral injection.

Measurements of the hard X-ray radiation

In Fig. 11 the time variation of the line averaged plasma
density Ee’ the plasma current Ip and the hard X-ray count-
ing rate Qx is plotted during 3 phases of the discharge -
the build-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-
panied by a sharp rise in the hard X-ray counting rate. It
results from runaway electrons striking obstacles at the
vessel wall (such as auxilliary limiters 10 cm away from the
sepafatrix). 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 séme. The hard X-ray radiation sets in shortly after the
initiation of neutral injection at a time correlated with

the decrease in plasma content. As 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 in-
crease in hard X-ray flux.

The ob&ious 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 (other
mechanisms which simultaneously enhance cross-field transport
of thermal and suprathermal particles, however, cannot be
excluded) .
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We conclude, that the reduction of plasma density in
L-type discharges is mostly due to a decrease in particle
confinement time from about 35 msec during the ohmic .

 phase to approximately 20-25 msec at Py, = 1.2 MW. With
rising power, we observe that the density decreases faster
at the beginning of NI but it falls to a-level which in-
creases -with beam power.

At high injection power, @
¢B # 0, we find:

B cannot be neglected. With

. @ -t/T -t/T
o= iy Wr ey 1 e BRp e B 1O
o P G D
The plasma content decays to:
b2 Py
N, =N, —o (14— (11)
pl (@5 + @p)
and the decay time Teff is:
N(D
Teff = Tp2. 1+ §_ ) (12)
The complications in determining reliable particle confine-
‘ment times during NI have been mentioned above. In addition,
at low PNI' the actual rate of density decrease is masked
by strong sawteeth on the measured density traces. Therefore,

it is not possible, presently, to determine the precise

of T_ with P . (unlike 7" 5) .
(11) and (12) and the variation of the line density

with increasing P

variation as shown in Fig.

From equ.

NI’ of L-type

we have to conclude that Tp
discharges further decreases with rising beam power.

4.1.3 Decrease of Energy Confinement Time '

sl
él and'L’;p_L increase linearly

21 ) is plotted

As with a material limiter, BD +
with PNI'
in Fig. 12 versus PNI'
200 kA.The current variation of Bp deviates from'a Ip_

For different plasma currents, A(Bp +
Again, there is no saturation down to I_ =

2 dependence.
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Such a scaling would be expected from the lack of current
dependence of e of ohmic discharges and a largely current in-
dependent heating power. TE+ of NI heated'plasmas, however, in-
creases with plasma current as already indicated in Fig. 5. The

variation is roughly 1linear.

Figure 13 shows temperature profiles at an injection power of
1.25 MW and compares them to the profiles during the ohmic phase.
Ip L-type discharges, all profiles are rather peaked. Te v
culated from these profiles, is 60 msec during ohmic heating and
falls to 35 msec with NI.

cal-.

Thé variation of the global energy confinement time with injec-
tion power is plotted in Fig. 18 for two different plasma currents.
The decrease of g with Py 2t low injection levels and then a
leveling-off at high PNI is similar to limiter discharges (see

Fig. 5). Also as in limiter discharges, there is no density de-
pendence of TE (documented by Fig. 20). '

In summary, we can conclude that L-type discharges are characterized
by simultaneously reduced particle and energy confinement times.

The reduction is approximately by a factor 2.

4.2 The H-type Discharge

The deterioratioh of particle and energy confinement time is

not an inevitable feature of NI heated tokamaks. As shown in

Fig. 8, particle and energy content of H-type discharges suddenly
increase at the transition from the L~ ‘into the H-phase.

4.2.1 Increase of Particle Confinement Time

The increase of density is mostly caused by an improvement in
particle confinement and not by an enhanced impurity influx into
the plasma. Figures 14a and b show experimental results to document
this. Together with the line density, which is plotted for orienta-
tion, the bolometrically ﬁeasured plasma radiation (Fig. 14b) and
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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 typeé
(solid line: H-type; dashed line: L-type). During most of the
injection phase the normalized impurity signals of H-type are
lower than those of L-type discharges. (Without Ee -normaliza-
tion, as it might be appropriate for the OVI-radiation, the
oxygen-radiation is comparable in both cases.)

The improvement of particle confinement is effectively docu-
mented by the variation of denéity'ﬁe in comparison ;o the
external gasflux ¢G of density feédback-controlled L- and
H-type discharges. Figure 15 plots ng and ¢G of two discharges,
# 6028 L- and # 5991 H-type, during the NI pulse. In the L-type
discharge, the reduction of density is counteracted by -the gas
valve which opens fully. Yet, the limited throughput cannot
prevent the decay in particle content.

During the H-phase of shot # 5991, the density increases though

the external gas valve closes and ¢G ~ 0. The density increases
above the ohmic level and decreases again after a maximum (causing
the gaé valve to open again). The NI pulse length is too short for
establishing equilibrium again, which would give rise to the same
A density as during the ohmic phase, but at a lower value of ¢G

than during the L-phase.

A global particle balance indicates (with limited accuracy as
mentioned above) that Tp during the H-phase resumes a value
comparable to the one during ohmic heating. The extent of changes
in refueling and recycling at the transition from L to H is diffi-
cult to estimate. As we observe an increase in electron and ion
temperature at the plasma edge during the H-phase, a reduétion
both in vy and r is expected. A reductibn of these two parameters
would cause a decrease in plasma density (at constant ¢G) contrary
to the observed variation.

Figure 16a shows the atom flux ¢é which emerges from the upper
neutralizer piate (the experimental geometry is plotted as insert
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to Fig. 16a). The atoms which give rise to ¢a are neutralized

 and backscattered ions which, according to their energy, originate
in the main plasma and hardly in the cold boundary layer. At the
transition L to H, ¢a decreases sharply to a level comparable to
the one during the ohmic phase. The reduction in ¢a is the ‘con-
sequence of a corresponding reduction in ion outflux from the

main plasma into the boundary layer due to the improvement in
éarticle confinement. (The peaks in ¢a during the H-phase are

caused by fluctuations in the edge plasma as discussed in Sec.
d4.5}).

On account of the lower particle fueling of the divertor chamber
. from the main plasma, the atom density rise there dufing the
L-phase, is stopped. The atom density in the divertor chamber

is constant or even decreasing during the prhése. As a con-
sequence, there is reduced particle backflow from the divertor

chambers into the main plasma chamber for refueling the plasma.

This .-reduction in recycling flux is obvious from the Ha N Da -
radiation from the main plasma, or from the variation of the
chafge exchange fiux ¢cx emitted from a zone close to the upper
stagnation point. With the divertor configuration, the location
of the recycling neutral density is ardund the stagnation points.
@, decreases at the transition L to H (see Fig. 16b), owing to

a reduction in neutral density there ané not to a decrease in ion

density or temperature.

The density ﬁe increases in the H-phase despite the reduction in
neutral density from external and recycling gas fluxes. In reversing
the argument put forward in Sec. 4.1.2, the risg in density can
only be achieved by an improvement in particle confinement and not
by changes in boundary conditions or plasma wall interaction.

The sudden improvement in Té is also reflected by a corresponding
change in boundary layer density. The insert to Fig. 10b shows _
its variation at the transition from the L- into the H-phase. The

improvement in particle confinement gives rise to a temporary
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reduction in ion outflux and, as a consequence, to a minimum

in boundary layer density, causing the reversed variation as
observed at the transition from the ohmic to the L-phase.
Together with the confinement of thermal particles, the confine-
ment of runaway electrons also improves at the transition into
the H-phase. The hard X-ray flux decreases in the H-phase, nearly

to its value dhring the ohmic phase.

4.2.2 Increase of Energy Confinement Time

As indicated in Fig. 8, the virtue of H-type in comparison to
L-typé dischargés are higher Bp-values at the same injection
power. Figure 17 shows A(Bp +li/2 of H-type discharges at
different plasma currents. For reference, the corresponding
data of L-type discharges of Fig. 12 are replotted (dashed
lines). Apart from the difference in absolute value of Bp + li/z,

Fig. 17 also reveals that H-type discharges are only observed
at P > 1.8 MW. ' '

NI
~So far,.the highest Bp—value, measured at a plasma current of
200 kA (g=5.4), is 2.65 (the beam contribution to this value
is ~0.3). This value corresponds to 65% of the aspect ratio A
(A=4.1). The highest observed value of the volume averaged
toroidal beta is <B> = 1.06% at g(a) = 2.8 (In = 380 kA).

Figure 18 plots the global energy confinement time of H-type
discharges versus PNI at 2 plasma currents and compares them
with the values of L-type and ohmic discharges. The g -values
of Fig. 18 are deduced either from profile measurements or from
Bp_l and therefore they do not, or in case of TE+, do negligibly
include the beam -energy.

The most important results of the investigations, presented
here, are the high energy confinement times of H-discharges,
which are comparable in magnitude to those of ohmic discharges.
For H—t&pe discharges, T; increases with plasma current. This

E
current scaling of NI heated discharges is observed in L-type
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discharges too and seems to be independent of the inherent
confinement properties within the parameter range of our
investigations. As ohmically heated discharges do not show a
current variation in Tgr the agreement in absolute value of Tg
between H-type and ohmic discharges is accidental.

In H-type discharges, we do observe a slight dependence of
TE on plasma density, somewhat reminiscent of the ohmic phase.
This density dependence, however, is only observable during a
NI pulse with a moderate density variation. Figure 19 compares
the rise in Bp + ii during NI of two discharges with different
density variation? (The corresponding variation during a limiter
discharge is plotted in Fig. 7). In one case (dotted line), the
density decreases after a maximum; Bp +li/2 shows the same
variation. In the other case (solid line), the density was kept
constant by additional gas puffing and, as a consequence, Bn + ii
stayed constant, too. In a wide density range and by plotting
TE—values of different shots, this positive density variation
BE TE is lost within the scatter of the data points and no density

variation is observed as shown in Fig. 20.

Characteristic of H-type discharges and possibly required for
their formation are broad density and temperature profiles. An
example is shown in Fig. 21. The dashed curve represents a semi-

circular variation and serves as a guide to the eye for indicating
the profile shape.

Figure 22a plots two density profiles obtained by Abel-invert-

ing line densities, measured by HCN-laser and 2 mm /u—wave inter-
ferometry during a 380 kA discharge. The peaked profile is measured
at the end of the L-phase just prior to the transition into the
H-phase, the broad profile develops during the H-phase. Compared

to the density profile of Fig. 21, measured at a plasma current

of 300 kA, the density profile at higher plasma current seems to

be even broader.

The broad profiles are caused by high densities and temperatures

at the plasma edge. Figure 22b shows the rise of the ion temperature
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at r = 35 cm from the L- into the H-phase and Fig. 22c com-

pares the electron temperature at the same radial plasma

position of an L and an H-type discharge. The latter measurements
are car}ied out with a Thomson scattering system utilizing a

50 cps neodynium laser /16/..Five cm awéy from the separatrix,
temperatures are about 1 keV.

4.3 Experihental Discrimination between L- and H-Type Discharges

There are several distinct differences between L- and H-type
discharges which allow a clear classification. In Figs. 15 and |
16, we have already pointed out the different recycling signals. ;
In order to demonstrate the further differences in Fig. 23 we
compare two subsequent discharges: #4803 an L-type and #4804 an
H-type discharge. No change in the setting ofjthe external dis-
charge or NI parameters was carried out from the external control
system between the two discharges.

The increase in BP during the H—phése can immediately be seen
.from the variation of vertical field current and radial plasma
position, the external constituents of the Shafranov relation.
Figure 23a plots the vertical fiéld current IVF and Fig. 23b

the radial plasma position R—R0 of the two cases. As mentioned

in“Sedi =1} By +‘£i can be deduced from these values.

2
Because of the increased central electron temperature, but
particularly on account of the Te—profile broadening, the loop
voltage Ul further decreases at the transition into the H-phase
as documented by Fig. 23c. Ul is measured by two loops mounted
within the vacuum vessel close to the plasma surface. The two
.loops are installed in such a way that the véltage, induced by

the vertical field variation, is largely compensated. Ul—values

close to zero are observed. . ?

There is also a pronounced increase in fusion neutron flux ¢n
from the plasma at the transition L to H as plotted in Fig.23d.

The flux increase is partly caused by the increase in density
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and the profile broadening. Neutron spectra, obtained from
the exposure of nuclear emulsion plates /17/ indicate non-thermal
contributions to the neutron production rate at high NI powers.

These non-thermal contributions seem to be higher in H- than in
L-discharges.

4.4 Operational Regime of H-Discharges

~In the following, the cxperimental cohditions and the range of
plasma parameters which allow the develcopment of the H—regimé
‘are described™. Figure 17 reveals that there are only L-type
Nt S 1.8 MW. Above this
power level, both discharge types are encountered depending on

discharges at an injection power level P

Ee and BT' Figure 20 indicates that the H-phase develoops above
Ee =3 x 103em™3 at Ip = 300 kA. The high density values are
achieved by strong gas puffing during the NI pulse. Under these
circumstances, density and recycling ﬁignals increase sharply
and it is, in some cases, difficult to define the discharge type.
At high deﬁsity, L-type discharges can develop again, possibly
because of the limitation in available injection power or beam
penetration. H-type discharges have been obtained at plasma
currents between 200 and 450 kA. A decrease of the toroidal
magnetic field resulting in a lower g(a)-value can lead to a
transition into the L-regime. H-type discharges have not been

observed for cylindrical values of a(a) < 2.45.

The H-regime is characteristic of divertor discharges in ASDEX.

It has never been obtained in ASDEX limiter discharges. TE+—values
of toroidal limiter discharges plotted in Fig. 5 are comparable

to those of L-type discharges (see Fig. 18). Given a limited number
of shots with material limiters, the accuracy of this statement

is also based on the observation that the H-regime disappears at
the transition from divertor to limiter discharges. In sequential

discharges, both divertor and limiter behaviour could be compared.

X*The limited material presented at the workshop, allowed the
conclusion that a further premise for the development of the
H-regime is deuterium as working gas. Meanwhile, the H-regime
has been explored in hydrogen, too. These results will be
published elsewhere. ' *
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The H-type characteristics of the divertor discharges with NI
always disappeared in tha limiter discharge, which followed.

A limiter-separatrix distance of 2 cm, which corresponds to

the density fall-off length in the boundary layer, is sﬁfficient
for the deterioratioﬁ. ' .

The observation that the H-type does hot develop in limiter
discharges.may_be the result of the higher impurity content

of these discharges. The role of impurities in the formation

of the H-type discharges was empirically studied by puffing

in small amounts of low-2 (CH4) and high-Z (Kr) gases into

the discharges. The addition of impurities deteriorates an
H-type discharge or prevents its formation. A premise for the
attainment of the H-regime seems to be the development of
broad temperature profiles, which are compatible with the
divertor configuration with its lack of édditional edge cooling,
and where high edge temperatures do not lead to an intolerable
impurity inflow. Radiation, particularly from the plasma edge
due to added impurities or those réleased from the limiter, may
© = in case of ASDEX - suppress the formation of broad profiles
‘and prevent the attainment of the H-regime.

4.5 MHD-Observations

The attainment of H-type discharges with the improved confine-
ment properties is independent of the presence of sawteeth
oscillations during the ohmic phase. However, it is generally
easier to maintain a stable OH-discharge with sawteeth present.
Fig. 24a shows the variation of the central line density due to

sawteeth during the ohmic phase and with NI at different numbers

-0of sources. All cases shown in Fig. 24a are L-type discharges.

The different density traces are shifted vertically for discrimina-
tion. During the ohmic phase, the line density values are identical
for all discharges. A sawtooth causes a sudden reduction in line

density because of a broadening of the density profiles and also

a loss of particles. The sawteeth in the density as plotted in

Fig. 24a coincide with sawteeth in the electron temperature measured
by ECE.
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The sawtooth repetition time T increases with beam-power

s.t.
and, at a beam power above 2 MW (7 sources), there is a single
sawtooth shortly after beginning of NI but no one more during

the NI pulse. Figure 24b compares T of limiter and divertor

s.t. _
discharges. Sawteeth are observed in limiter discharges up to

the highest injection power. For P__> 1 MW, the sawtooth period

NI
is roughly coristant around 30 msec.

Though the power limit of ~2 MW for sawtooth-free injection
into divertor discharges seems to coincide with the power limit °
for the attainment of H-type discharges, above this power level,

L-type as well as H-type discharges are free of sawteeth. The

sawtooth-free NI-phase seems to be more a characteristic of
divertor discharges.

In H-type discharges, the plasma center is sawtooth-free bup relaxa-
tion phenomera occur which affect the outer vlasma region between

r = a/2 and a. A burst is detected as a high frequency (80-120kHz),
low_amplitudé oscillation by Mirnov cdiis and as a'heaviiy damped
low fréquency (~6kHz) oscillation with high amplitude by those

soft X-ray diodes which view the outer plasma zones.

These bursts lead to periodic density and temperature reductions
between a/2 and a. In the plasma center, the gross plasma para- '
meters remain unaffected. These features are documented in Fig.

25a which shows the variation of the electron £emperature (ECE)

in the center and near the plasma edge from the ohmic into the

NI phase. Figure 25a exemplifies the transition from the ohmic
sawtooth discharges, with the sawteeth affecting the plasma center,
into the H-phase during NI, with bursts affecting the outer plasma
layers. Figure 25b shows the effect of a single burst in a better
time resolution to indicate more clearly its consequence on the
electron temperature. Further plotted is the reduction in line
density and, as a result of the Bp-loss by a burst, the inward
displacement of the plasma. The edge location of these fluctuatlons
is also indicated by impurity line radiation. OVI-radiation is
modulated by bursts because it orlglnates from the’ plasma periphery,
while FeXVI-radiation from the plasma center is unaffected (see
Fig. 14b). ' '
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Because of the particle loss and the sudden increase in

fall-off length of the boundary layer density, the plasma-

wall interaction is intensified during a burst which is obvious
from afl recycling signals (e.g.see Fig. 16) but can also be seen

in high speed films taken during the NI'pulse.

The repetition time of these bursts can var& in a wide range
from 0.3 msec up to 60 msec. As each burst gives rise to a
slight reduction in Bp' their erratic nature causes the high
scatter in the TE-values of Fig« 18.

We observe, that bursts affect the thermal plasma. There are:
no ‘indications that they also influence the high energy beam

ions. The observed thermal particle losses are isotropic.

4.6 Beam Deposition in H- and L—Dischargés

An alternative explanation to the changed confinement proper-
ties between L- and H-discharges is a loss of injection power
-to the wall in L-type discharges and therefore a degraded per-
formance of this discharge type. The question of particle ana
energy depositions is generally addressed by measuring the
charge exchange efflux of the injected species, favorably near
the injection angle. Tangéntial charge exchange measurements up
to the injection energy have not yet been carried out on ASDEX.
In the perpendicular direction, the hydrogen charge exchange
flux can be measured up to 32 keV before the signal disappears
in the background. From these measurements, no significant dif-

ferences between L- and H-type discharges have been observed.

.The main argument against the possibility of different energy
deposition is drawn from the radial inward displacement of the
plasma as soon as the beams are switched off (see Fig. 23b).

Figure 26 plots the amplitude of this excursion versus beam

power PNI' There is a linear relationship between the two,and
the absolute values of AR for L- and H-discharges are the same : 1

in the power range where H-discharges are poséible. The amplitude
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of the inward movement, however, is the result of a complicated
interplay between fast particle energy content, response of the
vertical field feedback system and possibly eddy-currents in the
vessel. Nevertheless, the agreement in AR of L- and H-discharges
-should rule out that half of the beam power is lost in the case

of an L—discﬁarge, as would be necessary_ to explain the different

"energy content to an H-discharge at the same confinement time.

4,7 Role of Electron Transport in Energy Confinement

Transport code analysis sho&s that the deterioration in energy
confinement is caused by an enhanced electron transport /9/. The
limitation in heating efficiency of a NI heated plasma due to

the electron losses is documented by the variation of the central
electron temperature with beam power, as plotted in Fig. 27. The
results of Fig. 27a are obtained from L- and H-type deuterium
discharges. Those plotted in Fig. 27b are restricted to L-type

- hydrogen discharges. Common to ‘all L-type discharges shown in
Fig. 27 is a rise in T_(0) with injection power up to a satura-
tion level. The saturation level increases with toroidal field

BT and plasma current IP . The increase caused by BT (or g(a) )

.is due to a peaking of the Te-profile. There is no indication

of a dependence of the plasma energy content on toroidal field
(BT-scans, however, have not yet been carried out in a wide range).
The increase in slope and saturation level of Te(O) with current,
as shown in Fig. 27b, is one reason for the plasma current scaling
of the energy confinement time. '

Though the central Te—values become invariant, the loop voltage
still decreases with increasing beam power indicating a further
increase in plasma conductance. This is caused by a broadening
of the Te;profile toward higher beam power which also causes

a broadening of the current density profile (and a reduction

of li as noted in Sec. 2).

"In H-type discharges (open symbols in Fig. 27a),. no saturation
in Te(O) is observed stressing again the role of electron trans-

port for global eneréy confinement. Because of the higher density
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in the H-regime, the H-type data points correspond to lower

values of Pabs/ne’

From the linear point part of Te(O) Vs. Pabs/r-me an electron
AT (0) . . can be defined™. The
e e abs

highest observed value of H-type discharge is Na ™™ 2.3 . % 10
3

héating efficiency n_ = n
= 13

(evem ™ kW~ 1) .Because of the saturation in Te(O), Na
is of restricted importance in case of L-type discharges and

cannot be used for any scaling.

4.8 Ion Heating Efficiency

In Fig. 28 the central ion temperature Ti(o) is plotted versus
the absorbed power normalized against the density for Ip = 300 kA

and 380 kA. The heating efficiency ny (ny5 ATiﬁe/Pa

s) for L-type
13

eV cm kw ; for

H-type discharges, it is between (2.5-4.2) x 10 13 eV cm _3kW _1,

discharges is between (1.6-2.8) x 10

and ny is observed to increase with plasma current. It seems
likely on the basis of the power transferred from the ions to
.the electrons, that the higher heating efficiency of H-type dis-
-charges is the response of the ions to the increased electror.
temperature. '

X The definition of ng = ATe/Pabs is appropriate on the basis

of the Alcator scaling with Ty Ong. Under these circumstances,

A T, is independent of Ee' As we find T

adopt the definition of'ne as stated above.

independent of Ee' we




Summarx

NI has been carried out into maﬁerial'limiter and divertor
discharges of ASDEX.With NI into divertor discharges two

operational regimes,one with high Bp (H-type) and ore with
low Bp (L-type) , are observed. Hydrogen and deuterium have

been used as working gas.

. As in the ohmic case, the confinement properties of NI heated

~deuterium plasmas (HO -+ D+) are superior to those of hydrogen
: +

plasmas (H° > H').

In all cases investigated, a linear increase in B8_ with in-

jection power P has been observed up to the highest wvalues

NI

of PNI (3.1 MW) and down to the lowest plasma current (200 ka).
The highest Bp-value, measured at Ip = 200 kA of an H-type

discharge’ is 2.65, which is 65 % of the aspect ratio.

The global energy confinement time T of limiter and L-type

E
divertor discharges is found to deteriorate with NI. An injec-
tion power which is about twice the power input during the

ohmic phase is sufficient to reduce 1. to half the ohmic value.

E
A further increase of PNI causes only a moderate further drop
of T+ In L-type divertor discharges a reduction in particle

confinement time rp is observed simultaneous to the deterio-

ration of energy confinement. LikeT Tp is' found to decrease

'
also by about a factor of 2. The coiclusions drawn with respect
to the particle confinement, require experimental conditions
with controlled plasma wall contact. These requirements are
established in divertor discharges, but the results and con-
clusions seem also to be relevant for limiter discharges with
density clamping. The consequences of NI have also a detrimen-
tal effect on the containment of run-away electrons, an obser-
vation, which might indicate partial magnetic field ergodiza-
tion as loss channel.

H-type divertor discharges start with L-type characteristics
but, shortly after beginning of NI, they go into another

phase with improved energy confinement time. Together with TE




an improvement of the particle confinement time is observed too.
The absolute values of. T, and Tp are comparable to thosg of
ohmic discharges. This agreement, however, is accidental be-
cause the density- and plasmé current séaling of ohmically
heated discharges differ fromthose during NI. In L- and H-type
discharges, an increase in g with Ip is observed. In L-type

discharges, there is no increase in TE with Ee as in ohmic
discharges; in H-type discharges, a weak density response of

TE has been noted.

The deterioration and improvement of energy conflnement seem
to be corollary to changes in electron conflnement. In L type
divertor discharges, saturation in the central electron
temperature with beam power is observed. The saturationllevel,
however, increases with plasma current. No such saturation
has yet been observed for H-discharges.

The observation of restored energy .confinement may indicate
that the generally observed degradation-in confinement with

NI is not an unavoidable consequence of NI as a heating method,
nor a general property of high temperature, or of high 8

p
plasmas.

The new regime extends ovér a wide range of g-values, plasma
currents and densities, although, thus far, it has only been
obtained in divertor discharges. A prerequisite for its formation
seems to be the development of broad temperature profiles,
which are compatible with the divertor configuration with its
lack of additional edge cooling, and where high edge tempera-
tures do not lead to an intolerable impurity inflow. A broad
‘current density profile is indicated by a laék of sawtooth
activity in the plasma center. Although a sawtooth-free dis-
charge may not be sufficient in itself to develop the H-regime,
the resulting broad pressure and current density profiles may

represent the necessary criterion for its formation.
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Figure Captions

Fig.1:-

Fig.2:

Fig.3:

A e - Y

Fig.5:

Fig.6:

Fig.7:

Fig.8:

Central electron (measured by electron cyclotron emission)
and ion (measured by passive charge exchange) tempera-
ture dﬁring neutral injection (NI). The NI phase

is marked, as in the following plots, by a hatched

area.

Variation of B_, (measured by a diamagnétic loop) and
the global energy confinement time TE+' deduced from
it, at the change-over from hydrogen to deuterium as
working gas in ohmic discharges.

e
Increase in (Bp 5 7%) with respect to the ohmic phase
versus the power PNI injected into the vessel for
toroidal and poloidal limiter and divertor discharges
with hydrogen (Ho + H+) and deuterium (HO -+ D+) target

plasmas and at different plasma currents.

The two limiter configurations are sketched (poloidal.
cross-section) together with the limiter compatible

divertor configurations (dashed contours).

" e -
TE of limiter discharges versus PNI

deuterium asworking gas and at different plasma currents

with hydrogen and

TE(.,O), deduced from plasma profiles, and TE+(I,D) ver-
sus line average plasma density ﬁe of ohmic
(Ip = 250 - 300 kA) and NI heated nlasmas.
;
Variation of B +‘7% during NI into a toroidal limiter

discharge withprising density.-

Time dependence of various plasma parameters of L-type
(Fig. 8.1) and H-type (Fig. 8.2) discharges: a) line-
averaged density ﬁe, b) electron temperature Te (no
signal during the dotted intervals because of an off-
set check), c) (Bp'+_li/2) from plasma equilibrium and
Bpl. : :

The dashed vertical line indicates the transition from

the L- to the H-regime, PNI = 2.42 MW.




Fig«9:

- 35 &

Time dependence of Ee during the NI pulse which is
terminated at arrow 1. At arrow 2 the density feed-
back system is activated to restore the original

density.

Fig.10 a): Line density versus time measured along three hori-

zontal chords with different distances (Z) from

the plasma center.

b): Line density of.the boundary plasma measured in the

Fig.11:

Fig.12:

Fig.13:

Fig.14:

divertor chamber.

Insert: Variation of the boundary density at the

transition from the L- to the H-phase.

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

Plotted are plasma current Ip' line average density

He (z=0) and hard X-ray flux ¢x through three phases

. 0of the discharge: The initial phase, the neutral

injection phase with expanded time scale,and the
termination of the discharge.

1

Increase in (Bp + 7%) for various plasma currents

for L-type discharges.

Electron and ion temperature profiles of L-type dis-
charges in comparison to profiles during the ohmic
phase;'

a) Plasma radiation from an L- and an H-type discharge
as measured by a bolométer. The signal is divided
by the plasma density. The line average density
is replotted for reference.

b) .Radiation of OVI and FeXVI each normalized against
plasma density from the two discharge types.
The arrows indicate the transition from the L- into

the H-phase.




Fig«l5E

Fig.16:

Fig.17:

Fig.18:

Fig.19:

Fig.20:

Fig.21:

T2 36 =

Time dependence of line averaged density Ee and
external gas flux QG of L-type (left column) and
H-type (right column) discharges. The dashed line

indicates the transition from the L- into the H-regime.

Time dependence of the atom flux ¢a which emerges

from the neutralizer plate and the charge exchange

flux ¢cx emitted near the stagnation point during

NI, and at the transition L to H (indicated by the

vertical line).

Insert: Notifies the origin of the two fluxes ¢a and
¢C¥-

Increase in (Bp + li/2) for various plasma currents

for H-type discharges. The values of L-type discharges

(Fig.12) are replotted for reference (dashed lines) .

Thermally (1.,
. & E

(TE , plotted as circles) measured confinement times

plotted as crosses) and magnetically

for two plasma currents and for L-type and H-type dis-

charges. The range of 1., of ohmic discharges is indi-

cated by error bars forEhydrogen (H+) and deuterium (D+)
plasmas.

: 1
Time dependence of (Bp + 7%) during NI into two dis-
charges with different density variation during the
H-phase. The transition into the H-phase is indicated
by arrows. o '

Global energy confinement time versus density for L-
(solid symbols) and H-type (open symbols) divertor

E’ +, x, TE+: other svmbols). In case

of the triangles, no clear assignment of the discharge

discharges (1

type has been possible. The dashed lines separate the

data points obtained at different plasma currents.

Temperature and density profiles during.an H-type
discharge. The dashed arcs indicate a se@i—circular
variation and are plotted to point out the profile
shape.




& 8F =

Fig.22 a) Density profiles obtained from Abel-inverted HCN-

Fig.23:

Fig.24:

Fig.25:

laser and 2 mm U-wave interferometer data. The L-type
profile is measured just prior to the transition into

the H-phase.

b) Variation of the charge exchange ion temperature at
the transition from the L- into the H-phase at
r =7/8 a.(35 cm).

c) Comparison of the electron temperature at the same
radial position of an L- and an H-type discharge.
The measurements are carried out with a 50 cps

Thomson scattering system.

Comparison of several plasma parameters;of an L-
(4804, dashed curve) and an H-type discharge (#4804,
solid curve) | '
a) vertical field current IVF b) shift of the plasma
position R-R (RO = 165 cm) <c¢) loop voltage Uy,
d) neutron count rate Qn'

The transition into the H-phase is indicated by arrows.

a) Variation of the line averéged density indicating
sawteeth during NI with different numbers of NI sources.
The density traces are shifted vertically for clarity.

The densities during the ohmic phase agree in all cases.

b) Sawtooth repetition time T versus beam power for

s.t.
limiter and divertor discharges. The NI pulse length is

200 mszac as indicated.

a) Variation of the central (r=1 cm) and peripheral
(r=30 cm) electron temperature. Demonstrated is the
transition from the ohmic phase with sawteeth into
the H-phase with bursts. (No signal during the minima
because of an offset check.) '

b) Shown is the effect of bursts on line averaged density

ne, on radial plasma. position R—RO and electron tem-

perature in an expanded time scale.
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Fig.26: Radial excursion AR of the plasma column when the NI
beams are switched off versus PNI for L- and H-type

discharges.

Fig.27: Variation of the central electron temperature versus
' absorbed beam power Pabs normalized against density Ee:
a) comparison between L- and H-type discharges at
different toroidal field values with NI into deu-
terium plasmas. ‘
b) at different plasma currents with NI into hydrogen

discharges.

n_ is the electron heating efficiency.

e

Fig.28: Central ion temperature versus Pabs/ﬁe for L- and

H-type discharges at different plasma currents.

ny is the ion heating efficiencv.
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