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ABSTRACT

Confinement properties of ASDEX discharges are studied when NI and ICRH or NI and LH were
applied simultaneously. ICRH leads to a larger change in plasma energy content when applied
together with NI. At high power the Bp—increases of NI and ICRH are additive corresponding to
the total heating power. In the combination of NI and LH the Bp-increase is the same when NI is
applied to inductively or non-inductively driven plasma current despite the different current
profiles. The effect of sawteeth on central confinement is described in detail in ohmically and
beam heated plasmas as is the suppression of sawteeth by LH. The suppression of sawteeth by LH
in low q, beam heated plasmas leads to a substantial increase of B,. The H-mode can be realized
with NI under current drive conditions. ICRH can cause the H-transition in combination with NI.
The H-mode, however, can also be realized with ICRH alone.

INTRODUCTION

ASDEX is equipped with neutral injection (NI), ion cyclotron resonance (ICRH) and lower hybrid
(LH) heating. The operational parameters of the different heating systems are specified in
Table l. In this paper we present and discuss observations which were made when the different
heating methods were applied simultaneously. Because of their importance for the continuation
of the fusion programme and their appeal to plasma physicists, we will concentrate on confine-—
ment aspects.

TABLE 1
HEATING METHOD OPERATIONAL MODE POWER PULSE LENGTH TECHNICAL SPECIFICATION
MW s

NI Do 4.2 0.4 45 kv
HO 3.5 0.4 40 kv

ICRH 2QcH 2.6 .5 67 Miz
D(H) 2.3 0.5 33.5 MHz

LH LHCD 1 | s 1.3 GHz
LHH 1 1.5 1.3 GHz

Table 1: Technical parameters of the heating systems on ASDEX. NI is carried out with either
deuterium (D®) or hydrogen (H®) injection. ICRH is used with 2nd harmonic heating on
hydrogen (2Qcy) or in the hydrogen minority mode (D(H)) applied to basically deuterium
plasmas; LH is used in the current drive (LHCD) or in the heating (LHH) mode.

1University of Stuttgart, Germany; “Academy of Sciences, Leningrad, USSR; 3present address: JET
Joint Undertaking, England; AUniversity of Washington, Seattle, USA; 5CEN Grenoble, France




A comparison of different heating methods clarifies the role of the microscopic heating mechan-
isms, which are different in the three cases on plasma confinement: With NI, the plasma is
heated by classical Coulomb collisions with the beam ions; in the hf-cases, the plasma is
heated by the interaction of a fraction of either ions or electrons from the Maxwellian dis-
tribution, which is in resonance with the wave. Unlike the hf-cases, NI heating refuels the
plasma and transfers parallel momentum to it, thus giving rise to plasma rotation. Both NI and
ICRH in the D(H) minority heating mode introduce non-thermal ions in either the parallel or
perpendicular direction; at low density LH gives rise to a non-thermal electron distribution.
Both cases of deviating Maxwellian velocity distributions introduce additional free energy to
drive velocity space instabilities at the risk of degraded confinement. NI and ICRH-D(H)
directly heat electrons and ions; ICRH-2 Qcy heats primarily ions, while LH is found to heat
electons at low density. The power deposition profile with NI is broad, depending on the plasma
density; ICRH and LH exhibit narrow power deposition; in the case of ICRH its location changes
with the toroidal field Bf.

Combining NI and LH (in a k-spectrum setting which allows current drive (LHCD)) affords the
possibility of studying global confinement at a different current distribution. In particular,
with LHCD the resistive coupling between j(r) and Te(r) is broken. In this scenario it can be
clarified whether To(r) and, as a corollary to it, the confinement properties can develop
differently during NI in comparison with the case with the additional constraint of resistive
coupling. Another aspect of this combination is that LH can suppress sawteeth (Séldner and co-
workers, 1986). This offers the possibility of exploring the limitation of sawteeth on central
plasma parameters and ultimately on the fusion reactivity of the plasma core. Finally, there is
of course an obvious reason for combining different heating methods namely to achieve a high
heating power.

Experimentally, an important motivation for combining the different heating methods has been
the observation that injected beam ions interact with both the LH and the ICRH waves, causing
an energy upshift of the energetic beam component (Ryter and co-workers, 1986). The low energy
beam components and the bulk plasma (apart from bulk heating) are not affected. The slow decay
time of the energy-upshifted ions when the beams are switched off indicates good confinement
and nourishes the hope of detecting synergetic effects.

2. SUMMARY OF THE INDIVIDUAL ACHIEVEMENTS OF THE THREE HEATING SYSTEMS

The most successful heating system on ASDEX is NI, which yields the highest plasma temperatures
(T{ ~ 5 - 6 keV), the best confinement times in the H-mode (Tg = 120 ms) even at high power
(Gruber and co-workers, 1985) and allows the B-limit to be reached (Keilhacker and co-workers,
1985). Generally, NI gives rise to the H-mode unless too low or too high a density or too low a
beam power is chosen. The lower density limit for the H-mode is Ee = 1.7 - 1013 cm'3; the high
density limit depends on the refuelling technique, being 7 - 8 x 1013 cm=3 with gas puffing and
beyond Ee = 1.1 « 1014 cp=3 with multiple pellet injection. Under optimal conditions the power
limit is 1.2 MW with co- and 0.8 MW with counter-injection. Beyond these limits, NI gives rise
to L-type behaviour with confinement times and scaling features comparable to those of ohmic
limiter plasmas.

ICRH has been applied both in the 2nd-harmonic (2 Qcy) and the hydrogen minority D(H)-schemes
(Steinmetz and co-workers, 1986a). The plasma generally reacts with degraded confinement, indi-
cating L-mode characteristics. Figure 1 shows the increase of the plasma energy content W, due
to an NI-pulse and a subsequent ICRH-pulse of the same power (both in the L-mode). The W._—trace
of Fig. 1 is supplemented by the central line average density and four Te-traces at different
radial positions. The B,-increase with ICRH is somewhat higher, indicating an improvement over
the L-confinement of beam heated discharges. The ICRH confinement times are systematically in
excess of those with NI; the differences, however, are still within the combined error bars on

TEI.
Like the other two heating methods, LH leads to degraded confinement when applied at a density

above ng = 1 x 1013 cp3 (S6ldner and co-workers, 1985). (At low density, in the suprathermal
electron regime a slight improvement of Tg with LH was observed (ibid.)) The importance of LH

Loa systematic difference in the Tg-analysis is introduced by the different methods, by which
the heating power actually absorbed by the plasma is determined. In case of NI, Pabhg is cal-
culated independently from a Monte Carlo routine; in the case of ICRH, Papg 1s determined
from the rate of change of the plasma energy content when the ICRH-pulse is applied or
switched off.
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in the context of this paper is its non-inductive current drive capability. At Py = 0.6 MW a
current of 300 kA can be driven at Ee =1+ 103 cn3 fort=1s (Leuterer and co-workers,
1985). The different current distributions of inductive or non-inductive current drive, re-
spectively, are measured by the Li-beam technique (McCormick and co-workers, 1986). Figure 2a
compares an ohmic and an LHCD current profile in parameter settings which were used when LH and
NI were combined (as described below). On application of LHCD the current profile is indeed
maximally changed from the ohmic extreme, where the peaking of the curent density is limited by
sawteeth, to the LHCD extreme, where its broadening is limited by the current density gradients
at the q = 2 surface: With LHCD the plasma shows a tendency to develop a large saturated m = 2
mode .

Figure 2b compares the corresponding Tg-profiles obtained under OH or LHCD conditions. Contrary
to the broadening of j(r), Te(r) peaks with LHCD, thus demonstrating the decoupling of current
and electron temperature profiles.

3. EFFECTS ON GLOBAL CONFINEMENT

3.1 Combination of ICRH with NI

The combination of ICRH with NI has some obvious technical advantages. With NI preheating, it
is possible to apply the full ICRH-power up to Pi¢c = 2.3 MW (0.8 MW of NI-preheating is suffi-
cient). In the case of an ohmic target plasma the ICRH power is limited to Pic = 1.2 MW owing
to excessive impurity radiation caused by ICRH (Steinmetz and co—-workers, 1985). With NI, the
power flux in the discharge is sufficiently increased so that high radiation levels can be
tolerated without causing disruptions. On the other hand, disruptions and strong bulk radiation
can also be prevented and ICRH can be applied to full power without NI assistance after the
vessel wall has been carbonized (Janeschitz and co-workers, 1986). In a similar way, titanium
evaporation in the divertor chamber removes oxygen from the discharge so that a higher impurity
influx due to ICRH application can be tolerated. Under these circumstances, the full ICRH power
can be applied to an ohmic discharge even under regular (stainless-steel) wall conditions. In
the application of ICRH to an ohmic plasma, the power launched by the antennae Pyrc is ~80 % of
the generator power. In the case of an NI preheated plasma 90 % of the generator power can be
launched. Also the fraction of the launched power, which is actually absorbed by the plasma
improves from a maximum of ~60 % in the OH-case to a maximum of ~70% with NI-preheating
(Steinmetz and co-workers, 1986b)..! (See footnote on next page.)

The improved application of ICRH power in a beam heated discharge is demonstrated in Fig. 3.
Plotted is the rise in plasma energy content AWic due to ICRH normalised to the launched ICRH
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Fig. 2. Current density (a) and T, profiles (b) (vertically measured) of an ohmic
and a lower hybrid current driven discharge. (fg = 1.2 x 1013 en™3, 1, =
312 kA, Br = 2.3 T, Ppg = 0.87 MW).

power Pyc versus the total power Pyc + Pyy. Two cases are considered: (1) ICRH is applied to an
ohmic target plasma and (2) ICRH is applied to a beam heated plasma. Figure 3 shows that ICRH-
power is more efficiently used in a plasma which is preheated by NI. The difference in AV1c/Prc
cannot be fully explained by the trivial reason that the ohmic power input decreases as soon as
ICRH heats the plasma. (With NI-preheating, the reduction of Pgy reduces the NI heating effi-
cieny.) Impurity radiation losses also cannot fully explain the differences in ICRH heating
efficiency. Impurities, however, play a role because AWIC/PIc is lower with carbonized

walls. The advantage of NI preheating might be (1) a favourable interaction of the ICRH wave
with the energetic beam particles to the extent that gross plasma parameters are affected, or
(2) improved wave absorption at higher ion temperature of the target plasma.

Re (1): The possibility of a favourable coupling of the ICRH wave (2 QCH) to the beam ions was
studied in a case where first the ICRH power was applied to a deuterium plasma pre-
heated by hydrogen beams. The results were compared with a case where deuterium was
injected into a deuterium plasma where no beam ion—-ICRH wave interaction could be
expected. Indeed, plasmas without hydrogen content quickly disrupted when ICRH (2 QCH)
was applied. Therefore, Hy was blown into the DO =+ Dt case to provide wave absorption.
A hydrogen concentration of 20 % was found to provide good 2 flcy heating. Figure 4
compares the B —development of the two cases H® > D* + ICRH (2 Qcy) and D° + DT + ICRH
(2 Qcy) + Hp—addition. Contrary to expectation, the second case (without high energy
hydrogen) displays the larger B,. (The difference can only be partly explained by the
slightly higher ICRH-power in the second case.) Obviously, the favourable beam-ion-wave
interaction observed in the beam ion distribution is insufficient to give rise to
synergetic improvements in the plasma energy content. If this effect is present, it is
masked by the isotope effect on confinement (Stidbler and co-workers, 1984) which causes
the larger Bp-rise in the second case with deuterium as the abundant plasma species.

1The absorption coefficient @ is deduced from dW/dt (W = energy content) when ICRH is switched
on or off. In the analysis, assumptions have to be made on the variation of Tg in the initial
phase of the ICRH-pulse or after it. A systematic error can be introduced in the determination
of a (and consequently of Tg) when ICRH is applied to an ohmic plasma (when Tp rapidly degrades
with auxiliary heating power) or together with NI at already degraded confinement conditions.
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Re (2):The power scans of Fig. 3 are indeed carried out in different temperature regimes (with-
out NI: Tg(0) = 1.1 = 1.7 keV, with NI: To(0) = 2 - 2.5 keV). Nevertheless, the
increased temperature of the preheated discharge does not seeem to explain the
improvement due to preheating. First, the difference in AWyg/Pyc is observed only on
application of NI, but it does not occur when Tg(0) rises from l.1 to 1.7 keV when ICRH
power is applied to an ohmic plasma in a power scan as shown in Fig. 3. From theory,
improved wave absorption is expected at increased ion temperature for 2 {gy-heating.
However, the advantage of NI preheating is more pronounced in the D(H) minority mode,
where no such dependence is expected.

The rise in AWye/Ppc with beam heating might be due to better rf coupling at modified
plasma parameters in the scrape-off-layer in front of the antennae. Indeed, the
increase in AWyg/Pyc corresponds to a similar increase in dW/dt - the rate with which
the plasma energy content W rises when the ICRH pulse is initiated. In the case of D(H)
minority heating, the total improvement in AWyg/Ppc cannot thereby be explained. It
might partly be a bulk property and depend on the hydrogen minority concentration.

0.8 MW of NI power is sufficient for the manifestation of the favourable effects of NI
preheating as shown in Fig. 3. No substantial further improvement is achieved at higher
Pyr (Steinmetz and co-workers 1985). Even at high heating power, the increase in Bj by
ICRH and NI is additive. Figure 5 demonstrates the linear superposition of ICRH and NI
power both for 2 Qcy— and D(H)-heating. In both cases, the discharge is preheated by
0.8 MW beam heating to operate under optimal absorption conditions, in a power range of
the L-mode where Ty is already rather insensitive to heating power and where the ohmic
power input can be neglected. AB, (NI) and ABP (ICRH) are the same irrespective of the
sequence of application. (In addgtion to the diamagnetic By, the electron B,,, deduced
from Thomson scattering (Meisel and co-workers, 1986), is plotted to rule out falsifi-
cations by non-thermal contributions to Bj, during ICRH.) The diagram documents that at
high power the rise in B, does not depend on the preparation of the target plasma irre-
spective of whether it is basically an NI or ICRH-heated discharge. The most important
parameter for the gross confinement properties of the discharge is the total heating
power. Additional features of the heating method (e.g. momentum transfer causing
plasma rotation) seem to play a minor role. The overall higher Bj-values of D(H) in
comparison with 2 Qcy are again mostly due to the isotope effect on confinement.

3.2 Combination of LH and NI

This scenario concentrates on the effects of different current distributions (OH or LHCD) on
global confinement when NI is additionally applied. Another aspect is that, in the OH-case
thermal electrons and, with LH, suprathermal electrons carry the current. Low density ohmic
discharges with mostly suprathermal current carriers showed improved energy confinement
(FuBmann and co-workers, 1981).

Figure 6a compares the plasma current, loop voltage and density for a case with NI (Pyy = 1.6
MW) alone and one with 0.8 MW LHCD and NI of the same power. Note the decrease of the loop
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Fig. 4. Variation of diamagnetic 8,, and Bpe of the electrons during
the ICRH (2Qcy) and NI-pulse. In case a, hydrogen was injected
into a deuterium plasma (Pyc = 1.0 MW, Pyy = 1.8 MW); in case
b, deuterium was injected into a deuterium plasma (Pyc = 1.2 Mw,
Pyr = 2.0 MW) with additional Hy-gas puffing (Ip = 380 kA,

By = 2.3 T, ng = 4.2 x 1013 em =3),

voltage when LH is applied, which indicates that most of the current is non—-inductively driven.
Figure 6b plots the Bp-values for the two cases. Shown is Bpy from the diamagnetic loop,
889" + 1;/2 from plasma equilibrium and B e of the electrons as measured by laser scattering.

e rise in Bp, when LHCD is added is smafl, mostly because the ohmic input power of Ppy =
0.28 MW is instantly turned off. B, + 1;/2 decreases after an initial increase when LHCD is
turned on. The rise of 8, is offset by the drop in 1§ as soon as the plasma current distribu-
tion broadens. The increase in B;; during the injection phase is the same for the two cases
with different current distributgon. The electron temperature profiles of the four cases of OH-,
LHCD-, and NI into OH and LHCD are shown in Fig. 6c. The Te-profiles in the OH- and LHCD-
phases differ in the known fashion; during beam heating, the Te profiles are rather similar for
inductive and non-inductive current drive. During NI, the current profile remains broad under
LH drive conditions (1§ remains low); the suprathermal electron population, however, seems to
be reduced (as indicated by decreasing non-thermal ECE radiation).

Figure 7 summarizes the results obtained when either ICRH or LH is combined with NI. Plotted is
the energy content of the discharge versus the total heating power. The results of combined
heating are compared with those when NI or ICRH alone is applied. (The vessel wall was carbon-—
ized for these cases.) This diagram confirms what has been discussed in detail above, namely
that ICRH and NI power can be superimposed linearly and that the heating results are independ-
ent of the method of current drive. The improvement of ICRF-heating when simultaneously applied
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together with NI may give rise to a rather linear dependence of Wp on Pyt without the slight
saturation in W, with pure NI-heating at high power generally observed in the L-mode. This
result indicates favourable aspects when a high auxiliary heating power is split up into ICRH
and NI.

4. EFFECTS ON CENTRAL CONFINEMENT BY SUPPRESSION OF SAWTEETH

Localized power deposition in a narrow zone in the plasma centre can give rise to rather viol-
ent sawtooth activity (Jacquinot and co-workers, 1985) as a reaction against further pinching
of the current channel. In most cases the sawtooth drop occurs in a phase of still linearly
rising central electron temperature. As the sawtooth amplitude rises with beam power, sawteeth
represent a degradation of central confinement that limits the central energy density and ulti-
mately the fusion reactivity. In order to make full use of the auxiliary heating power and to
achieve high central temperatures, means of suppressing sawteeth have to be developed. Sawteeth
can be suppressed by LH preferentially with the current drive wave-spectrum (Séldner and co-
workers, 1986). The Tgo-profiles shown in Fig. 2 are obtained in an OH-discharge with and an
LHCD-discharge without sawteeth. In the following section we discuss the effect of sawteeth on
the central energy density, the possibility of increasing it when sawteeth are suppressed and
finally the aspects when LH is applied to NI heated discharges with large sawteeth to begin
with.

First of all we describe some of the differences between sawtoothing and sawtooth-free ohmic
discharges in ASDEX. Figure 8 compares the plasma current, line average density along different
chords and central electron temperature of two consecutive discharges, one with and one without
sawteeth. The second discharge starts also with sawteeth; they are suppressed during the second
current ramp-up phase; the current was ramped up once more to study the plasma behaviour at
different qy-values (lst, 2nd, 3rd plateau: q, = 4.2, 3.3, 2.8). During each plateau, steady-
state conditions are established. Without sawteeth the central Te is slightly above T, averaged
over the sawteeth and roughly agrees with the peak values of Te just prior to the sawtooth
drop. Figure 8 shows also the Tg- and ne-profiles for the two qy-values. The ng-profile shows a
clear peaking without sawteeth; the Tg-profiles remain largely unaffected and in particular
broaden with decreasing qdas as in the case with sawteeth (see Table 2). It is interesting to
note the change in np-profile shape when the effects of the anomalous inward velocity are no
longer balanced by the sawtooth turbulence.

TABLE 2
9a 4.2 3.3 2.8
Teo/<Te> 3.1 2.4 (2.2) 2.0 (1.7)
Ngo/<ng> 2.3 1.9 (2.5) 1.6 (2.4)

Table 2: Peak to volume averaged electron temperature and density
for the sawtoothing and sawtooth free discharges (in brackets)
of Fig. 8. At q; = 4.2 both discharges were with sawteeth.
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The energy content of the two cases is the same at all current values. The central energy
density, however, rises by about 25 % when sawteeth disappear. The central confinement time,
(defined as the ratio of the central energy density to heating power density) increases much
more, however, if the central heating power is corrected for impurity radiation. There is a
substantial rise in impurity radiation from the plasma core (~1 order of magnitude) when
sawteeth disappear. The impurity radiation saturates at a high level (comparable to the central
ohmic power density). Nevertheless the central energy density remains high and no thermal
collapse occurs. It is unclear at present whether the enhanced core radiation prevents a
peaking of To, similar to the peaking observed for the density.

In beam heated divertor discharges, the sawtooth repetition time Tgy is a strong function of
beam power. Figure 9a shows the line average density during the beam pulse at different Pyy.
The plasma density decreases because of the degraded confinement properties of the L-mode. Tgt
increases with the beam power and for Pyy > 2 MW the discharge is sawtooth-free (apart from a
possible sawtooth just after NI was started). At higher density or lower q, more heating power
is necessary to suppress sawteeth. The suppression of sawteeth with beam heating has only been
observed in the divertor configuration. In limiter discharges of ASDEX, sawteeth occur up to
the highest power with only a slight increase in Tg¢ (Fig. 9b).

Figure 10a plots Tg gt = Tgt Te/AT, versus total heating power for high q; and low q, NI heated
and a low q, NI + ICRH heated discharge (T is the mean temperature averaged over sawtooth ex-
cursion with amplitude ATg). TE,st represents the central electron confinement time due to the
repetitive sawtooth oscillations. Tg gt is found to increase rapidly with the heating power; a
further increase of the total power Geyond the values shown in Fig. 10a yielded sawtooth-free
discharges. The central electron energy density for NI and NI + ICRH power scans is plotted in
Fig. 10b for two gz-values. There is no change in the central electron energy density W, at the
transition from the NI-sequence with rare sawteeth to the NI + ICRH-sequence with frequent and
high-amplitude ones. Unlike in the ohmic case, no distinct increase of the central energy den-
sity W, occurs when sawteeth disappear. In particular, the nearly sawtooth-free NI-discharges
do not markedly differ in W, from those with NI + ICRH, which still have frequent sawteeth at
the same total power (encircled data points in Fig. 10b).
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Central electron energy confinement time TE,st due to
a repetitive sawtooth relaxations defined as TE,st =

Tgt * Te/ATe (Te = mean central electron
temperature,ATy = sawtooth amplitude) and central
electron energy density W, versus total heating
power. The results of two different q,-values and

Q=37 Rl with NI and NI + ICRF heating are shown. The
27 = a encircled data points show W, without sawteeth
0 ] , . for NI alone and with frequent sawteeth in case
0 1 2 3 4 of NI + ICRH. (In case of NI + ICRH at q, = 3.7,
Ptot TE,st could not be measured because the ECE spec-

trometer did not view the plasm centre.)

The different effect that sawteeth have on the central energy density in ohmic and auxiliary
heated discharges is the result of two different mechanisms limiting the central energy den-
sity, namely the sawtooth relaxations and the steady-state power flux across the q=1 surface.




In ohmic discharges, sawteeth are the limiting process. With beam heating sawteeth become less
important while the conductive losses across the q = 1 surface between the sawteeth increase
owing to enhanced heat transport. Because of the enhanced conductive losses, the central
electron temperature saturates long before the actual sawtooth drop occurs. Figure lla shows
the sawtooth modulation of To(0) at different heating power levels in the transition from
sawtooth-dominated To(0) (linear To-increase) to transport dominated To(0) (Tg-saturation). In
the saturated case, the maximum Tg is 12 % above Tg. It is, furthermore, important to note that
the cases with rare sawteeth show a tendency to develop saturated m = 1 activity, as shown in
Fig. 11b (and in more detail in Fig. lle) for an NI + ICRH-case. As soon as the mode sets in,
the rise of Tg(0) is reduced, with To(0) remaining below the value at lower beam power without
the mode (also the central energy density does not further rise in spite of the additional ICRH
heating power). Because of the overall enhanced transport coefficients in the L-mode, no
density profile peaking or impurity accumulation occurs when sawteeth disappear.
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LH current drive suppresses sawteeth both in OH and beam heated discharges. Figure 12 shows the
density variation with NI (Pyy = 0.8 MW) and with additional LHCD (0.6 and 0.8 MW). The study
of sawtooth suppression was concluded in the density range ng < 2 x 1013 e¢m~3, where the
current drive efficiency of the present LH-system is sufficiently high. W, (Tg(0)) increases
from 65 mW/cm3 (1970 eV) with NI alone to 76 mW/ecm3 (2210 eV) with additional 0.8 MW LH. Unlike
the ohmic case, no large improvement in the central energy density is achieved (the slight in-
crease is due to the additional LH heating power). The distinct T,-profile changes of LH
applied to ohmic plasmas are not observed in beam heated plasmas. The Ty-profiles are rather
invariant when sawteeth are suppressed (a slight peaking is still indicated). Their form still



depends on q,. The low overall confinement properties (at low density or with beam heating)
prevent impurity accumulation.

There is, however, a notable improvement in global Bp when the large sawteeth of beam heated
discharges are suppressed. This improvement is obvious only at low q, when the extent of the
q=1 surface is large (in ADSEX we find rq=1~ a/qy) (F. Wagner and co-workers, 1986). Figure 13
compares the Bp variation of two consecutive discharges, both with two separate NI-pulses of
different power (lst pulse: Pyr = 1.3 MW, 2nd pulse: Pyy = 1.7 MW). In the discharge with LH,
sawteeth were suppressed by 0.55 MW of LH power. The suppression of sawteeth leads to a sub-
stantial improvement of Bp by ~30 %. The rise in B, is in excess of the one due to the
additional LH-power, thus indicating improved use o¥ the NI-power. The effect of sawteeth on
the Bp—development can be distinctly seen during the 2. beam pulse at higher power. The two Bp—
traces fall apart at the moment when the first sawtooth occurs (see arrow in Fig. 13). Figure
13 also plots Bpe for the case with large sawteeth at higher power to document that this purely
thermal quantity is also modulated. It cannot be decided at present whether this B,-rise is due
to better confinement of the thermal plasma or improved beam deposition (or both).

5. H-MODE STUDIES IN COMBINATION WITH LH AND ICRH

The H-mode (Wagner and co-workers, 1982 (a)) combines the virtues of good global and central

confinement and shows sawteeth only under atypical circumstances (low power, low q,). We also
applied NI together with LH or ICRH to study the development of the H-mode under these condi-
tions.

The H-mode can be realized under current drive conditions (with loop voltage Up = 0) at a
density above the H-mode density threshold (1.7 + 1013 em™3) but still in a range of sufficient
current drive efficiency. After the H-mode transition, however, when the density increases
owing to the improved particle confinement, the current decreases (U, = 0!). The realization of
the H-mode under conditions of no inductive toroidal electric field (Er,r = 0) have contributed
to a clarification of potential mechanisms to cause the H-transition. It does not seem to be
caused by drift effects which depend on Etor/Bpol (as in the neoclassical pinch) and influence
particle transport. This effect has been considered in the past because of the vanishing B
at the stagnation point (Hinton, 1984).
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Fig. 13. Diamagnetic B, variation during NI (lst pulse 1.3 MW, 2nd pulse 1.7 MW) with and
without LH (current drive, Ppy = 0.55 MW). LH suppresses sawteeth yielding higher Bp.
For the second NI pulse Bpe is plotted to document also sawtooth modulation of this
parameter.

NI and ICRH were combined in an effort to achieve the H-mode with as little NI heating power as
possible and with the ultimate goal of realizing it with ICRH alone. Figure l4a compares the
Hy(DIV)-radiation in the divertor chamber and the line average density of an H- and an L-dis-
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Fig. l4. Line average density and the Hy-radiation in the divertor chamber during

NI and ICRH

a) NI, L and H-case; Pyyp = 2.5 MW

b) ICRH, L-case; Pygc = 1.7 MW.
Note the modulation of density and Hy-radiation by ELMs in the H-phase
and by sawteeth in L-discharges.

c) NI + ICRH - 2Qcy yielding an H-phase with frequent ELMs

d) NI + ICRH - D(H) yielding an H-phase at a beam power (Pyy = 0.5 MW)
where the H-phase is not possible with beam heating alone.

e) ICRH alone yielding an H-phase at marginal conditions. (The encircled
section is enlarged in the insert).

charge with NI alone. The H-transition gives rise to a sharp drop in Hy(DIV)-radiation and a
simultaneous rise in density (Wagner and co-workers, 1982 (b)). Figure l4b shows the same
parameters in an L-type ICRF heated discharge. The dominant MHD feature of the H-phase are ELMs
(Keilhacker and co-workers, 1984) and of the L-phase sawteeth. Both modulate the Hy(DIV)-
radiation in a characteristic way.

Figure l4c shows Hy(DIV) and Ee of a discharge with 2.5 MW of NI-power to which 1.8 MW ICRH -

2 Qcy power was added. The H-phase only develops during the ICRH-pulse. Its quality is low
owing to high-frequency ELMs and operation in hydrogen. High frequency ELMs are tpyical when
the H-phase is only marginally developed as also shown in the purely NI-heated case (a) just
after the H-transition. The H-mode studies were continued in the D(H)-mode because of reduced
impurity radiation. The lower heating power available in this mode is overcome by the advantage
of basically operating in deuterium. Figure 14d shows the result when 1.8 MW-ICRH and 0.5 MW
NI-power were combined. The H-mode develops in a very unstable form with three distinct H-
phases (drop in HL(DIV) and simultaneous rise in ng) interrupted by L-phases during the
heating pulse. The NI power of 0.5 MW, however, is well below the power threshold of 1.2 MW for
the H-mode with beam heating alone. In the case shown in Fig. 14d, ICRH-heating clearly con-—
tributes to the H-mode formation. The final example (Fig. l4e) shows the development of the H-
mode with ICRH alone (Ppc = l.7 MW) without any NI assistance. The H-mode, however, develops
only marginally out of an L-phase with sawteeth. The sudden transition into a distinct H-phase
(see insert to Fig. l4e) changes (in a known fashion (Wagner and co-workers, 1985)) the bound-
ary layer properties and therefore the coupling conditions for the antennae. As the rf-system
was operated at maximal voltage, the sudden change in wave coupling caused failure in the
operation of one antenna. Unfortunately, this technical difficulty has not yet been overcome.

The different stages in the development of the H-mode as shown in Fig. 14 demonstrates that the
H-mode is accessible in combination with ICRH-heating but also with ICRH alone. More details on
the H-mode with ICRH are provided by K. Steinmetz (this conference). In order to produce long
and stable H-phases which allow the assessment of its confinement properties, however, more
ICRH power than presently installed on ASDEX is required.



6. DISCUSSION

NI and ICRH heating power give rise to similar confinement regimes (L and H). In particular,
the manifestation of the H-mode only with ICRH-heating could be of great importance both for
the understanding of confinement physics and the development of controlled fusion research. On
simultaneous application of ICRH and NI the plasma energy content increases linearly according
to the total heating power. The synergetic improvement as observed in the combination of NI and
ICRH may prevent the deviation of Wy versus Piop from linearity at high power as is generally
observed in the L-mode with beam heating alone.

The confinement characteristics of the tokamak plasma seem to be an intrinsic plasma property
and not to depend on the microscopic nature of the heating method. It also seems to be irrel-
evant for the gross confinement structure whether particles and momentum are transferred
together with the heating power or whether the particle distribution functions are distorted by
energetic tails in the parallel or perpendicular degrees of freedom. The 1lack of importance of
the plasma collisionality on heating and confinement is again confirmed. It does not matter
whether the plasma is heated at high collisionality (when the heating method under consider-
ation is applied alone) or - at the same power - at low collisionality when applied together
with another heating method. This result might be of interest in conjunction with direct
particle orbit losses or in considerations of the extent to which dissipative trapped particle
modes influence transport and confinement. The comparison of the D(H)- with the 2Qcy-ICRF
heating modes reflect the isotope effect on confinement (Stidbler and co-workers, 1984) and
confirm once more the importance of large ion Larmor radii or slow ion sound velocity for low
electron heat diffusivity (Wagner and co-workers, 1986).

The combination of LHCD and NI yields a synergetic effect only at low qg: The plasma energy
content, increased by NI, is further raised when sawteeth are suppressed. This is a surprising
result because sawteeth are an internal instability which should affect the central confinement
but not the global one. On the other hand, the sawtooth drop in the plasma centre transiently
increases runaway electron losses and the level of high-frequency B,-fluctuations outside the
plasma and gives rise to energy losses into the scrape-off layer. The same signatures are
observed at the OH-L transition in the initial beam heating phase. Obviously, the plasma reacts
with enhanced transport after the sawtooth drop during the phase of increased power flux (as
indicated by the rapid transport of the thermal wave) which reduces the total energy content.
This additional loss mechanism can be prevented by LH-current drive or at high NI power in the
case of the divertor configuration.

Another surprising result of the combination of LH and NI is that the rise in energy content of
the beam heated plasma does not depend on the current distribution. This seems to indicate that
NI heating and confinement do not depend on the actual current distribution, the nature of the
current carriers (thermal or non-thermal) or on the existence of resistive coupling between the
current and electron temperature. This conclusion contradicts those from other observations,
which indicate a decisive role of the current distribution on confinement such as the invari-
ance of the radius of the q=1 surface on NI heating power or the differences in plasma profiles
between (currentless) stellarator and tokamak discharges (Wagner and co-workers, 1986).

The results and conclusions drawn above apply to low-density discharges where the LH-system of
ASDEX can be used for current drive. It seems premature, however, to generalize them and apply
them also to the medium and high density ranges. A peculiarity of low-density NI is a low Tg-
value already in the OH-phase which is hardly further decreased with NI. This might be due to
the fact that NI predominantly heats the plasma ions, giving rise to large differences between

1 and Bpe (see Fig. 6b). The energy content in the discharge is mostly due to ions. The ion-
efectron equilibration time in the plasma centre is ~100 ms and Tg is ~30 ms. Another problem
of NI into low-density discharges also shown in Fig. 6b is the large beam contribution to Bp-.
This is obvious from the large difference in A(8, + 13/2) and AB,, with NI. The ion slowing-
down time is about 80 ms. Part of the Bp,-rise will also be due to the perpendicular non-
thermal beam—ion contribution. Because of these peculiarities at low density, changes in the
electron confinement on account of decoupled current- and temperature profiles might escape
observation. On the other hand, the measured B,,-values are the same in the two cases (see
Fig. 6b), ruling out at least large changes in the electron confinement.

Similarly, sawtooth suppression might exhibit new aspects at higher density which are not
observed at low density. At high density the suppression of sawteeth by auxiliary heating might
also improve core confinement (as in the OH-case), but only when good global confinement is
provided, too. Then, however, means of preventing impurity accumulation, as observed in OH




plasmas, or the quiescent H-mode (Keilhacker and co-workers, 1984, Miiller and co-workers, 1986)
or the development of saturated m = 1 modes have to be found.

The discussion of the LH-experiments, as presented here, indicates the necessity of applying LH
in a more relevant density range with a LH system operating at higher frequency.
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ABSTRACT

Injection of frozen hydrogen pellets was already proposed as a means of fuelling plasmas at an early stage of fusion research.
After an extended period of technical development, gas gun pellet injectors are now available with speeds of up to 2000 m/s
(in single-shot operation and in series of up to 7 shots per discharge). Centrifuges can deliver up to 80 pellets per discharge
with speeds of up to 800 m/s.

Substantial progress in understanding pellet ablation was achieved with the description of a cold gas mantle shielding the pellet
against the hot plasma. For ohmic discharges with sufficiently high density, good agreement between this “neutral shielding
model” and the experimental observation of ablation was found. In the case of non-thermal electrons much faster ablation has
been observed. The pellets explode at the plasma edge in extreme cases. With neutral injection part of the pellets often seems
to be ablated outside the plasma. Inside the plasma enhanced ablation by fast ions has to be taken into account.

For several years now a growing number of experiments with pellet injection have been conducted on hot plasmas. So far
different influences on the plasma performance have been reported: Strong peaking of the density profile is usually also seen in
cases where the pellet does not penetrate to the centre. In ohmic discharges with sufficient edge recycling it was observed that
the averaged density increases and in parallel the particle and energy confinement are substantially improved. With growing
neutral injection power, this improvement degrades, while the central particle and energy confinement remain enhanced.

The peaked density profile is accompanied by a strong inward drift of high-Z material. The resulting radiation from the centre
keeps the increase of the density limit below or equal to 100%.

1. INTRODUCTION

Early in fusion research Spitzer [1] (1954) advocated injection of hydrogen pellets for the fuelling of a stellarator. He argued
that fuelling close to the walls by gas puffing is extremely inefficient: this fuel would be the first to be withdrawn by the

divertor.

It took about two decades to introduce experiments with pellet injection and about another decade to get reliable pellet injectors
at least for a fair number of the larger fusion devices. This relatively slow de;'elopmenb was caused, on the one hand, by the
difficult technical problems in preparing and accelerating pellets of frozen hydrogen. The unexpected success, on the other hand,
of fuelling a fusion plasma by gas puffing played a role in limiting the requirements for pellet injectors. A lack of confidence -
that frozen hydrogen pellets can penetrate deep into hot plasmas might finally have contributed to reducing the efforts made.
These difficulties have now been overcome. Pellet injectors with velocities of up to 2000 m/s and up to 80 pellets per discharge
are feasible and pellets can travel deep into hot plasmas, the ablation is - to a fair degree - theoretically understood, and pellet
injection experiments have demonstrated the capacity for improving refuelling, for diagnosing plasmas and, most essential, for
improving plasma performance. Furthermore, there is hope that the systematic changes of plasmas by pellet injection will
contribute to the understanding of confinement.

This review of pellet injection work only briefly summarizes the technical development and status of injectors. Ablation theory

and comparison with experiments are also reported in condensed form. The report concentrates more on contributions to
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plasma confinement. In the following the most essential highlights of pellet experiments will be reviewed without any claim to
completeness. In the next section an attempt is made to derive a common picture of these experiments and to discuss it. The
report closes with some remarks on status and prospects.

2. STATUS OF PELLET INJECTORS

For the acceleration of pellets the thermal and mechanical properties of solid deuterium or hydrogen have to be taken into
account. Acceleration methods have to be chosen which couple nearly no thermal energy to the pellet: the atomic binding
energy in deuterium is ~ 0.01eV, while the kinetic energy at 1 km/s is of the order of 0.02 eV. The tensile strength of solid
lydrogen imposes a strong limitation on acceleration. Hydrogen of 4.2 K has a very small tensile strength of 5.5 x 10° Pa only,
wlich even decreases to 4.5 x 10° Pa at about 12 K [2]. Taking into account these limitations, two types of pellet injectors have
been successfully developed: the gas gun and the centrifuge.

Dilfferent types of gas guns using hydrogen or helium with pressures of up to 1C MPa of the propellant gas were developed at
Risp 3], at ORNL[4,5] and at IPP Garching [6, 7]. In an Oak Ridge gun the pellet is frozen from the gas phase into one or
more holes in a rotatable disc (Fig. 1a). The pellet is brought to the entrance of the barrel by rotation. In the pellet guns of

Risg and Garching (Fig. 1b), the pellet is formed by extrusion from stored solid deuterium. The high extrusion pressure leads
to a more homogeneous ice. The formation of the pellet itself is done by cutting with a rotatable cylinder or punching with a
moveable barrel. Extrusion and punching with the barrel are also used in the repeating pellet injector of ORNL. Guns of these
types produce pellets from 0.3mm in diameter up to 4.6 mm in diameter and accelerate them up to velocities of 1600 m/s.

Pellet centrifuges were developed at ORNL and Garching. The pellet velocities available are not limited by the tensile strength
of the rotor material but by the strength of the solid deuterium. The ORNL centrifuges (8] (Fig. 2a) using carbon fibre or
Kevlar rings would be able to accelerate pellets to a velocity of up to 2000 m/s with about 40 Ha. However, above a pellet
velocity of 800 m/s, the pellets are damaged. The IPP centrifuge (Fig. 2b) [9] uses a non-optimized disc rotor and was operated
up to pellet velocities of 720 m/s. It ejects up to 80 pellets at minimum time intervals of 20 ms. While in the ORNL centrifuge
at maximum pellet velocity a stress of < 3.3 x 10° Pa can be estimated, in the IPP centrifuge one finds, correspondingly, the
extremely high value of ~ 10° Pa. This difference might be explained by the different temperatures at which the pellets are fed
into the centrifuge. The pellets in the ORNL centrifuge are inserted at extrusion temperature (typically 12 K), while in the
IPP centrifuge the pellets are fed in at about 6 K.

The injection of pellets can be facilitated by the use of guide tubes, which were suggested by Risg [10]. With limited curvature
of the tubes pellets remain undestroyed and survive without substantial loss of mass and velocity, and the scatter angle remains
acceptable. These guide tubes facilitats the application of injection in plasma experiments.

Today, development is mainly directed at higher pellet velocities for multiple and repeating gas guns. Higher velocities can only
be reached by a higher temperature of the propellant gas. In a recent development at Risg high temperature was obtained by
an electric arc (Fig. 3). The pellet reached a velocity of close to 2000 m/s [11]. Other investigations include rail gun technique
(University of Illinois) [12] or two-stage gas guns (JET, [13]). These developments aim at velocities of 5 — 10 km/s.

3. PELLET EXPERIMENTS

In a very first experiment with frozen hydrogen, (Risg [14]) a pellet (diameter 0.25 mm) was dropped with a velocity vp = 10m/s
into an E x B rotating plasma PUFFATRON. In a somewhat similar way pellets were dropped into the PULSATOR vessel
|15]. The tokamak was ignited when the pellet was in the centre of the vessel. The pellet could replace part of the gas filling.

The first experiment with a “fast” pellet shot into the ORMAK tokamak was carried out at Qak Ridge National Laboratory in
1976 [16]. Droplets were formed by liquid hydrogen streaming through a nozzle. The subsequently frozen pieces were accelerated
by a helium gas flow to about 100 m/s. The relatively small pellet with a diameter of 200 could only increase the plasma mass
by 1% while travelling about 8 cm dezp into the plasma. The comparison with ablation theory clearly showed the existence of
a shielding cloud. Otherwise the electrons of the hot plasma would much sooner have destroyed the pellet with its sublimation
energy of only 0.01 eV per particle. The H, light signal was set proportional to the local ablation rate and good agreement
with the neutral shielding model [17] was observed (Fig. 4).
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In the following period of pellet experiments on ISX-A and ISX-B the pellet velocity and especially the pellet mass relative to
the target plasma mass were increased. Injection using a single-shot gas gun with v, = 330m/s on ISX-A [18, 19] led to an
increase of the plasma mass by 100%. An increase of the order of 30% as measured by the central interferometer signal (curve
A in Fig. 5) showed, after the fast rise caused by the pellet, a continuing slow increase. The enhanced, temporal increase seen
in some cases (curve B) was attributed to inward diffusion of the material deposited in an outer shell. We shall come back to a
discussion of this important phenomenon. Relatively high density jumps (~ 100%) starting from a low-density target showed
no remaining density build-up (Fig. 5, lower curve) and were accompanied by strong m=2 oscillations.

With the experiments on ISX-B [20] the range of operation was again substantially increased. Single pellets with v, < 1km/s
of 3.7 x 10'? hydrogen atoms per pellet were fired into the ISX-B tokamak with ohmic (OH) and neutral injection (NI) heating.
These discharges already showed most of the features of high-performance pellet injection: the ablation path was accompanied
by H, radiation with about 2H, photons per 100 ionization processes. The H, light showed oscillation, which was attributed
to an instability, and the path was bent in the direction of the electron current (OH discharge). If the pellet could travel across
the axis, a strong reduction of H, light beyond the axis was seen: the large pellets cool the plasma down on their way to the
centre and beyond the magnetic axis find a meanwhile reduced temperature on the magnetic surfaces. OH discharges at low
densities (i, < 10 m~?) show a distinct increase of ablation which is attributed to the runaway electrons. In NI discharges
enhanced ablation by the beam ions was also observed. In OH experiments the density could be raised by up to 300%. The
particle confinement time rose from 18 to 50 ms, and - following the Alcator scaling - the energy confinement time went from
9 to 25 ms. No considerable loss due to radiation or charge exchange particles at the moment of injection was observed. In
an OH discharge where runaway electrons were present, the pellet did not travel to the centre. In this case a fast drop of the
temperature (1 ms time scale) was observed in front of the pellet. Also a fast redistribution of the density profile led to a
pronounced peaking 20 ms after injection. The pellet was present 100% in the plasma compared with an efficiency of only 30%
in the case of gas puffing.

Following these experiments, pellet injectors were used on a large number of devices. Pellet injection played an important role
in producing a stellarator plasma in W VIL-A. [21]. Starting from a tokamak the plasma current was decreased, the external
rotational transform increased, and the neutral injection switched on. Pellet injection was used to improve the target for neutral
injection. It led to a higher plasma density, and hence to better absorption of beam neutrals and beam ions and finally a faster
plasma energy build-up (Fig. 6). The good particle confinement of the stellarator (7, ~ 200ms) kept practically all the pellet
mass inside the plasma.

A double gas gun allowed two pellets (v, < 1150ms) to be injected into ASDEX [22]. Photographic observation revealed the
peaked structure in the H, signal to be associated with bright and dark stripes extending parallel to the magnetic field. The
location of the stripes was usually reproducible. In some cases the dark stripes could be associated with magnetic surfaces
with a rational g-number. However, recent observations on W VII-A [23] showed a clear stripe structure even in a case strictly

without shear. The explanation in terms of an instability of the ablation therefore seems to be the most probable one.

Pellet injection in ASDEX was used for a detailed analysis of the particle transport I',. The decay of the incremental density
rise [25] and of the total density [26] after a pellet could be described by I, = —D[%> + a(r)Zn], with D ~ 0.4m?/s and
a(r) = 1 (Fig. 7). This means that the increased particle confinement time in this case reflects the deeper fuelling, while the
diffusion coefficient remains essentially unchanged compared with discharges without pellets [27]. Pellets doped with 1% neon
showed in ASDEX diffusion again with D ~ 0.4m?/s for neon [26, 7|.

In the PDX divertor tokamak three pellets fired shortly after each other led to deeper penetration |28, 29]. In OH discharges
where pellets reached the centre n.(0) =~ 3 x 102°m™2 was achieved, and the very peaked density profiles decayed within 100
to 200 ms (Fig. 8). No improvement of confinement was seen. With moderate NI heating (600 kW), a peaked density profile
could also be obtained and an increase in . from 20 to 30 ms was reported. At high beam power only a fraction of the pellet

mass could be found after injection in the plasma.

In the ALCATOR C high-field tokamak injection of up to four pellets [30-32] could considerably raise the density to record
values of fi. < 102! cm~2 and n.(0) < 2 x 102* m~2. A peaked density profile was found although the pellet did not penetrate
to the centre. An analysis of the decay of the peaked profiles showed an unusually high ratio v/D = 10r/a?cm™" in the plasma
centre (v: inward drift, D: particle diffusion coefficient). At the same time energy confinement improved at the high density:
the 7,(#,) curve did not show the saturation effsct bzt zeached with its highest values the ALCATOR scaling. A detailed

investigation [32] showed the ion confinement to become neoclassical, while in gas puff cases ion confinement was worse by a
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factor of about 3...4. It was argued that the improvement might be caused by a more peaked density profile compared with the
temperature profile. The larger values of 7. at very high densities led to record values of fi, x 7. beyond the Lawson criterion
(Fig. 9). The peaking of the hydrogen density was accompanied by a strong central peaking of light (C) and heavy (Mo)
impurities, as detected by soft-X-ray radiation [33].

Pellets from a Risg gas gun [34] were injected into TFR plasmas and the redistributions of density and temperature during
and after ablation were investigated |35, 36]. With pellets of about 10'° particles and v, = 500m/s the density rose by 30%.
In contrast to experiments with a larger relative increase, no fast inward drift of material was observed while a cooling wave
travelled with 1400 m/s faster than the pellet into the centre (Fig.10 [35]). This is comparable to the speed of temperature
changes in a minor disruption. The profile T.(r) 800us before and after ablation had the same relative shape. In a recent study
the stripes of the H, light, which extend in the toroidal direction, were used to identify the direction of the magnetic field [37].

The determination of a q profile was easier if the stripes were coloured with neon.

First experiments using a centrifuge were carried out on DOUBLET III [38, 39]. Pellets with 7 x 101° deuterons each and
with a velocity of 800m/s could be injected at time intervals of 31 or 39 ms. Pellets were injected into limiter discharges with
ohmic and neutral injection heating, where the pellets penetrated 33 and 20 to 25 cm deep, respectively, into the plasma with
a radius of 40 cm. Bremsstrahlung indicated density peaking, which was attributed to inward diffusion of inverted profiles.
The typical behaviour of the averaged density i, can be seen from the interferometric signal of Fig. 11: during the OH phase
fi increased in stairsteps. After two more pellets with increase in the NI phase, no further increase can be seen. Thus the
long particle confinement time in the ohmic phase has become small in the case of neutral injection. The energy confinement
with OH heating was similar to the ALCATOR C observation: saturation at higher densities with gas puff (r, < 55ms) but
proportional increase with fi, up to 120 ms with pellets. With neutral injection the energy confinement time degraded with
time and with growing heating power. Compared with gas puff, an increase of 70% was reported for 2.4 MW while no increase

can be seen for larger heating powers. The authors attribute the improvement by pellet injection to deep refuelling and reduced
edge recycling.

First pellet injection on a large tokamak was carried out on TFTR with a multiple gas gun [40-44]. Up to, seven pellets with
particle numbers of 0.7 x 102! and 2.1 x 10?! for deuterium and hydrogen, respectively, could be fired with velocities of 1000
to 1500 m/s. Typical penetration was half the plasma radius of 0.8 m. The pellets were used to produce a target for neutral
beam injection (80 keV D-injection). In the ohmically heated phase an increase of the average density limit by up to 100%
and a central density n(0) = 4 x 102°m~3 were observed. The global energy confinement time went up to 400 ms. This value
continues the trend of saturation of the 7, (#.) curve at high fi. values. A n.(0) X 7z value of 1.5 X 102%s/m?® was reached [45].
The peaked density profile was accompanied by a flat T, grofile. Central radiation losses, with bremsstrahlung a good part of
them, came close to the local heat production. Beam deposition in these pellet-prepared discharges was strongly shifted to the
plasma edge. In spite of that the centre reheats fact (Fig. 12), and the authors quote a local energy confinement time of above
1 s for radii of below 0.4 m. The global epery confinement time with 5.4 MW NI was not increased beyond the value of 200
ms with gas puff.

For about one year a centrifuge [42] has been in cperation on ASDEX. The centrifuge delivers up to 80 pellets with 200 to 720 .
m/s (typically 650 m/s). The pellets with about 4.5 % 10'° deuterons each can be fired at time intervals of 20 ms or more.
Pellets were used in ohmic discharges and with differezt additional heatirg. With ohmic heating and divertor operation, two

regimes with distinct differences were observed:

- In the first case [47, 48] pellets were injected early in the diszharge, without gas puff in parallel and with moderate plasma
target densities (7, &~ 2 X 10!°m~2). In these very low recycling cases the density in the centre was higher compared
with gas-fuelled discharges, although the pellet was ablated in the outer 15 cm of the radius. The attempt to get to high
averaged densities ended with deep penetration up to the centre, very peaked profiles and high radiation there, and finally
led to an internal disruption with m=2 activity. A TRANSP analysis showed the local thermal conductivity and particle .
transport to be close to the values of gas puff discharges. The energy confinement time was even smaller for the same 7.

for pellets because of the additional convection and partly the radiation.

- In a second series of experiments [49, 50|, the target plasma already had a high density (fi. ~ 6x 10'° m~?), pellets started
later in the discharge, and the gas puff was optimized to reach maximum densities. While the density limit could only be
increased by somewhat more than 50%, an interesting phase of high central density was observed, which remained nearly
stationary after the pellets were switched off (Fig. 13a). Comparison of the two nearly stationary and source-free density
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profiles with gas puff only (curve G) and after pellet injection (curve P) (Fig. 13b), showed that the particle confinement
must have changed. One can deduce v/D =~ 2.7 x 107% x r®*m™! for the gas puff case and v/D ~ 3.1x 107% x rm™!
for the “after pellet phase”. It seems to be possible to initiate the central peaking even with slow pellets of 200 m/s
penetrating only 5 to 8 cm deep. During the period of rising density and the stationary phase the energy confinement
time went up to a high value of about 145 ms in this case and remained there for 400 ms (Fig. 13a). In another case
g =~ 160ms was reached. The discharge ended - although diverted and wall-carbonized - with an increase of radiation
in the centre, a flattening of the T, profile and an internal disruption at the time when the ballooning criterion [51] was
locally violated in the centre. g as a function of fi, during and after pellet injection is compared with gas puff only in

Fig. 14. A clear improvement compared with the saturation curve can be seen.

4. DISCUSSION AND SUMMARY

a) Ablation

Comparison of experimental studies of ablation with theory (for references see [48, 49]) demonstrates in most cases that the
pellets are shielded from the hot electrons of the plasma. Ohmically heated discharges with moderate or high density show
good agreement with the neutral shielding model {17, 54, 55]. The model describes the fast self-regulation of a 3-dimensional
quasi-continuous expansion of a neutral cloud around the pellet: a higher bombardment of the pellet surface by plasma electrons
" led to more ablation and therefore to more shielding.

Fast, non-thermal electrons in runaway discharges, in slide-away discharges [56], and with lower Lybrid heating at low densities
showed drastically increased ablation and reduced penetration. The deep penetration of the fast electrons into the pellet
destroys the solid structure: A blow-off of the solid pellet to a volume twenty times larger was nicely detected on ISX-B|57).

In experiments with neutral injection enhanced ablation is also observed and is attributed to the beam ions. Codes describing
the additional ion ablation have been developed [58, 59|. The physical process of ablation seems to be changed with neutral
injection. Instead of dominant H, light, continuous light in the outer regions of the plasma can be observed [50|. Beside the
faster ablation inside the plasma, a substantial part of the mass can already be lost on the outside and does not appear in the
bulk plasma. This is probably due to a fast ion population outside the separatrix.

In some areas open questions remain with respect to ablation:

- There is a basic contradiction in the neutral shielding model. The assumption of stationarity only holds for a free 3-D
expansion. The fact that the ablatant will freeze to the magnetic field lines close to the pellet (distance typically a few
millimetres) and should then flow one-dimensionally parallel to the field lines should lead to a substantial reduction of
ablation: the ablatant should form a shielding hose of warm plasma (T, typically a few 10 eV), [60, 63]. The obvious
non-existence of this shielding might be toroidal drift of the high-beta plasma close to the pellet, and might be associated
with the peaks observed in H, light.

The pellets on their path in the plasma bend in the toroidal direction (electron current direction in OH discharges and
the opposite direction for neutral beam co-injection). They bend only weakly in the poloidal direction. It remains to
be clarified whether this motion is caused by a rocket effect or whether the pellet is coupled to a plasma rotation. A
possible explanation might be the following: while viscous coupling between the pellet and the plasma is small, it is much
larger between the ablatant cloud and the plasma. A shielding cloud moving with the plasma would lead to asymmetric

ablation, thus producing a rocket effect.

- The origin of the stripe structure is still to be revealed. The W VII-A stellarator also showed pronounced stripes in an
almost shearless plasma.

- In the case of neutral injection the reduced filling efficiency and changes in the ablation processes need to be studied.

- From a spectroscopic investigation of the ablation process [61] a plasma of n, = 2.4 x 107 m~2 and T, = 1.5 eV was
found, where the ionization takes place. From this a much higher ratio of H, quanta to ionization processes can be
calculated than experimentally observed.
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b) Fast Plasma Response (1 ms time scale)

In most cases no global energy loss of the plasma during injection can be observed. In spite of that, often a locally non-adiabatic
rearrangement of energy can be seen. Even if the pellet only travels to, for example, half the radius, fast cooling (100 time
scale) can be seen in the centre |25, 31, 35]. At the end of this fast process T, profiles which are similar in their radial dependence
to the profiles before injection can be seen. The nature of this process, which is part of the general observation of “profile
consistency”, is not clear. Fast redistribution of ths slasma mass is observed in cases where pellets with a mass relatively large
compared with the plasma mass do not travel to the centre (e.g. [62]). This redistribution seems to be a consequence of the

non-adiabatic behaviour of the temperature: the cooling in front of the pellet produces a hollow pressure profile leading to a
MHD instability.

c) Particle Transport

After numerous experiments, particle transport after pellet injection in ohmic discharges gives a relatively homogeneous picture:

- The global particle confinement time is always increased compared with cases of gas puff. This is partly a consequence
of the deeper fuelling.

- In cases with low edge recycling a large part of the pellet mass leaves the plasma and does not contribute to density
build-up. Detailed analysis estimates a diffusion coefficient D and an inward drift v close to values of the analysis of gas
puff discharges.

- If pellet injection is accompanied by proper edge recycling, the plasma density builds up much faster (steplike behaviour
of fi.(t)) and a significant change in the parameters v and D can be found. Especially in the inner part of the plasma, v/D
is much larger and an inward hydrogen drift can be seen. The density peaks centrally with moderate or even very shallow
pellet penetration. Candidates for the change in plasma behaviour are an increase of v* and a relative change of the
decay length of the n. and T, profiles. Also the change in plasma rotation [50] might be connected to this phenomenon.

A final physical explanation has not yet been found, however.

Neutral injection degrades the particle confinement as the heating power increases even with pellet fuelling. A steplike
density increase was observed with counter-injection [50], indicating an improvement compared with gas puff fuelling only.

d) Impurity Transport and Density Limit

Peaked density profiles are accompanied or followed up by accumulation of impurities. Carbon, but especially heavy impurities,
(e.g. [33]) accumulate in the centre. The limitation of the plasma density by edge effects (“marfes”) can be eliminated by the
pellets. The up to 100%higher density is limited by the accumulation of impurities. Finally, at a local radiation power close to

the local heating power, the temperature profile broadens, ending in an internal disruption.

e) Energy Confinement

In all cases analyzed the energy confinement has a behaviour similar to that of the bulk plasma particle confinement. Improved
global energy confinement times in ohmic discharges are always parallel to a successful build-up of averaged and especially
central density by the pellets. In this way record values of firg [31, 45) were attained. A high plasma edge density obtained by
sufficient recycling is again the prerequisite: too low a density at the edge leads to enhanced convection losses [48]. The high

energy confinement time can be maintained until the radiation collaps occurs [49].

With neutral injection, the global energy confinement behaviour is again similar to the particle confinement behaviour: im-
provement was only found for limited heating power. In contrast to that - as a further demonstration of profile consistency -
a dramatic improvement of the central energy confinement was found (40, 41] if the pellets shift the absorption of the neutral

beam to the plasma edge.

Energy confinement in pellet-fuelled discharges is far from being optimized. Especially the combination of proper gas puffing
with pellets at the right time interval should lead to further improvements.
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5. PROSPECTS

Although pellet injection has so far not solved the problem of degradation with additional heating, pellets have opened up new
prospects. It will have to be investigated under what conditions the improvement of particle and energy confinement observed
in OH discharges can be transferred to a situation with additional heating. Besides the improvement of plasma performance,
pellet-fuelled plasmas greatly extend the experimental parameter space and should thus contribute to a better understanding of
transport phenomena. Attempts to improve confinement and greater attention to limit the impurities are required in parallel.

The parallelism of particle and energy confinement might open the chance for ignition at relatively high n, values.
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- Fig. 7: Comparison of the density decay after pel-

let injection with a model including diffusion

and inward drift on ASDEX.

Fig. 8: Plasma density before and after pellet injec-
tion in PDX.
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Introduction: Investigations performed on ASDEX in a large range of plasma
parameters with and without neutral beam heating showed that the density
limit is normally caused by energy losses at the plasma boundary /1/. The
stronger gas influx needed to achieve higher densities leads to increasing
recycling losses and increasing radiation at the edge. At a certain average
density the discharge becomes unstable. It seems to be obvious that more
efficient refuelling deeper inside the discharge, e.g. by injection of fast
pellets, should result in a higher density limit. High densities have been
achieved in several experiments by a fast density ramp up with a few pellets
/2/,/3/,/4/,/5/. In ASDEX also slow ramp up with a large number of pellets
was applied and pellet injection was switched off or continued with reduced
frequency before the density limit was reached. Very high densities,
favourable peaked density profiles and improved energy confinement were
obtained even after stopping pellet injection. We conclude that pellet in-
jection can change the transport properties of the plasma fundamentally.

The experiment: In ohmically or beam heated divertor discharges the deu-
terium density was first ramped up by gas puffing to a value safely below
the limit. Then deuterium pellets were injected to further increase the
density as slowly as possible until a disruption was detected. Gas puffing
during the pellet injection phase has been optimized in contrast to earlier
work /6/ where it has been attempted to minimise recycling. The pellets
(diameter 1.0 mm, length 1.0 mm) are cut from an extruded rod of frozen
deuterium and accelerated by a centrifuge to a velocity of typically 650 m/s
/7,8/. They can be individually triggered with a minimum time interval of

20 ms. The mass of each is measured with a microwave interferometer system
developped by the RIS@ National Laboratory. One rod is sufficient for 80
pellets which may be injected in one burst. Normally 20 to 30 pellets were
injected with a repetition rate of one per 30 ms. In some discharges the
repetition rate was reduced after a few pellets or injection was switched
off to keep the plasma density constant. The 5-1019 particles of one typical
pellet correspond to a volume averaged density of 1.10!3 cm 3.

Line averaged densities: Figure 1 shows a Hugill plot of divertor discharges
at the density limit. All ohmically heated discharges in non-carbonised

1University of Seattle, DOE contract; 2Academy of Sciences, Leningrad, USSR;
3present address: JET Joint Undertaking, England; 4cEN Grenoble, France
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vessel with gas refuelling lie close to the solid line. The points marked
with figures indicate the best discharges achieved so far with pellet
refuelling in three different scenarios: ohmically and beam heated plasmas
in non-carbonised vessel and ohmically heated plasma in carbonised vessel.
For optimization the pellet frequency and the amount of additional gas
puffing have been varied. The benefit of wall carbonisation for ohmically
heated pellet discharges is clear and much higher than for gas puffed
discharges (not shown in Fig. 1). Low power beam heating increased nR/Br to
about 9 in pellet refuelled discharges without wall carbonisation. It was
not yet possible to exceed this value with wall carbonisation. High power
co—injection did not permit to reach high densities without heavy gas
puffing, so that no substantial improvement could be achieved with pellet
injection at high beam powers.

Profiles: Pellet injection permits a much larger relative increase of the
fusion relevant central density than of the line averaged density usually
plotted in Hugill diagrams. A comparison of density and electron temperature
profiles from two shots close to the density limit, one with gas puffing
alone, the other one with pellet refuelling, reveals dramatic differences
(Fig. 2). Density profiles with efficient pellet refuelling are strongly
peaked in contrast to the rather flat gas puffing profiles. Te profiles of
gas puffing shots normally stay peaked up to the disruptive end while Tg
profiles of pellet shots flatten shortly before the disruption. The time
evolution of a pellet refuelled discharge which was driven close to but not
into the density limit is shown in Figs. 3 and 4. Before pellet injection -
(A) we observe a flat ne and a peaked To profile. The radiation profile
(Prad) is peaked at the edge with negligible radiation on axis. During

pellet injection (B) the density profile peaks, the central radiation
increases exponentially, the T, profile stays peaked as long as the
radiation profile is hollow. These characteristic features are observed
during the pellet injection phase and even a few hundred milliseconds after
its end. Finally (C) the central radiation has strongly increased to a value
comparable to the local power input and flattened the temperature profile.
Te— and ng-profiles are similar to the ones at the density limit shown.in
Fig. 2. Now the discharge disrupts at a density below the limit reached with
continuous density increase. The radiation source has been spectroscopically
identified as iron. An increase of low-Z impurities is not being observed,
Zoff stays close to 1.

The disruption: In contrast to gas refuelled shots a further increase of
the density with pellets is not prevented by edge effects but by central
radiation. With flattening Tg-profile the current density profile flattens
until a stability limit is violated. A stability calculation based on fitted
ng- and T.-profiles states that the ballooning limit is being reached. Wall
carbonisation reduces the level of iron in the discharge by an order of
magnitude, so that the critical level of central radiation is reached later
at a higher density. It has been found that additional gas puffing also
permits to reach a higher density at a certain level of radiation. We have
identified high-Z impurity radiation as the limiting factor. The level of
radiation observed cannot be explained by the higher density, but an
increase of impurities has to be assumed. Enhanced impurity release can be
excluded from spectroscopic measurements. The only possible explanation is
accumulation of impurities.
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Particle transport: The initial idea was to obtain peaked density profiles
by moving the particle source from the boundary to the centre, but the
measured profiles cannot be explained by a peaked source term. The pellets
penetrate to slightly inside half the minor radius only. In the discharge
phase after pellet injection the only particle source is at the edge.
Assuming that the particle transport may be described by a diffusion term
with a diffusion coefficient D(r) and an inward drift term with a drift
velocity v(r), we analysed nearly stationary phases of a pellet shot (C in
Fig. 4) and of a gas refuelled high density discharge (Fig. 2). One finds
that the gas puffing profile is very well approximated with v/D ~ r3, the
pellet profile with v/D ~ r, however. Pellets, though not penetrating to the
centre, apparently change the transport coefficients throughout the plasma.
The effect begins with pellet injection and lasts until a few hundred
milliseconds after its end, the magnitude of the effect varies, however,
during the density ramp up: the density gain associated with each pellet
scatters and is not proportional to the pellet size (the first ones are
normally very efficient). High power co-injection seems to prevent switching
of the transport properties. The impurity accumulation observed may be
explained by an inward drift as well, if the ratio of drift velocity to
diffusion constant is much higher for high-Z impurities than for deuterium.
Because saturation has never been reached in the experiments a quantitative
description is not possible.

Energy confinement: The modified transport properties do not only result in
good particle confinement but also in strongly improved energy confinement.
Improvement of the energy confinement is not caused by higher densities but
is switched on by pellet injection as we see in Fig. 3. Absolute values of
up to 160 ms were achieved in other discharges. An improvement of the global
energy confinement time of 80 7 was observed in ohmic discharges only.

High power co-injection prevents an improvement of the energy confinement

as it prevents peaking of the density profiles.

Conclusions: Pellet injection is able to switch the confinement properties
of a tokamak discharge fundamentally. This switching is possible with
pellets penetrating to the half-radius (there are indications that even much
smaller penetration depths are sufficient). Improved particle confinement

and triangular density profiles permit to achieve extremely highcentral
densities. Substantially improved energy confinement is provided in this
transport regime. The problem of impurity accumulation has to be solved
which prevented to sustain this transport mode stationarily and a way has to
be found to sustain the regime with high heating power.
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1. INTRODUCTION

In ASDEX a comparison of ohmically heated divertor discharges with gas fuelling (GF)
and pellet fuelling (PF), without any gas puffing after a gas puff “start-up” phase, has been
done [1].

With a large interval between successive pellets (At, ~ 40ms) the density stayed below
2-10'°*m~® and only small differences resulted in the radial plasma parameter profiles and
the transport behaviour comparing PF and GF discharges at the same density. With
At, ~ 35ms a medium density of 7, ~ 3.3 -10'°m™3 resulted where the pellet penetration
depth increased up to > 25 cm, primarily a consequence of the continuously falling electron
temperature (shot PM). The PM density profiles are much more peaked than the profiles
of the gas-fuelled discharge GC at the same density fi., whereas the PM T, profiles become
only slightly broader compared with the GC T. profiles (see Fig. 1). The corresponding
T.(0)/(T.) values for both discharges are still within the scatter of the data showing pofile
consistency at the corresponding ¢ = 3.4 : T.o/(T.) = 2.2 + 2.7 [2]. In the PM discharge a
distinct increase of the totally radiated power and of the radiation power density in the
plasma centre is observed and sawteeth are absent after 1.1 s. With still further reduced
At, < 33 ms the density is limited to < 5-10'°m~2 by a radiation collapse and is comparable
with the density limit of a GF discharge. Only combining pellet injection and gas puffing
and using wall carbonization considerably higher densities can be obtained [3].

This paper deals with a detailed comparison of the radial transport of the PM and the GC
discharges with the transport analysis code TRANSP (4] using the measured radial profiles
of n., T. and radiation losses.
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2. PARTICLE TRANSPORT

In the PF discharges the particle fluxes I' inside r < 0.75a are solely determined by the
decrease of the particle content after the pellet injection event, which is equal to the pellet
fuelling rate there. Only for larger r > 3/4a has the particle recycling flux (and the gas puff
rate in GF discharges) to be considered as an additional source term. From the calculated
T at r = 30cm (Fig. 2) a N = ' - 27R - 27r = 10®'s™! is obtained therefore, which is equal
to ANI,,;M/Atp. The total particle confinement time has been estimated from pressure
measurements in the divertor chamber to increase from 60 ms (GC) to about 100 ms (PM),

yielding only a small recycling flux 2-10°m™2s7! at r = ¢ in the latter case.

The particle lux I' can be modelled by the ansatz I(r,t) = "D?a_: — nv;,, where v;, is an
anormal “inward drift” velocity. Fits have been tried to yield a consistent description of D
and v;, over a pellet cycle by using 1) vi, = v(a)r?/a?, yielding D(r,t), 2) vin = 3;—:D, yielding
D, 8) D = 4000 cm?/ s, yielding v(r,t) and 4) D = 0.2 + 0.4x., yielding again v. The electron
thermal diffusivity x. was determined from the energy transport analysis (s. Sec. 3). In
practice scatter is large, but model 3) can be excluded and models 2) and 4) give about
equal results for D and v, correspondingly. The same model, D = 0.3x. and v, = 355 D
describes also GF discharges with constant or rising density [5].

3. ENERGY TRANSPORT

The global energy confinement time 73 = Wyi/(Pheat —Wpl) are degraded in the PM discharge
from 72 ms (GC) to a pellet-cycle-averaged value of 44 ms due to three effects:

1. The total plasma energy is smaller in PM as the temperatures are decreased and the
density profiles are strongly peaked (accounting for 20% of the decrease in TE)-

2. Radiation losses are increased from 110 kW (GC) to 1860 kW (PM) (accounting for
10%) (see Fig. 8).

3. Non-adiabatic fast losses (AW < 2kJ) occur after each pellet event constituting a time-
averaged loss rate of about 50 kW for the quasi-steady PF discharge state (accounting
for 10%). This energy loss is an order of magnitude higher than the energy required
to ionize all injected particles. It is further equal to the time-averaged energy increase
during the pellet cycle shown in Fig. 3a for the quasi-steady discharge phase.

Due to the deep pellet fuelling the convective energy losses Feony = %’C(Te + T;)T exceed
the electron conduction losses throughout the plasma in contrast to the GF discharges
(Pond.c > Peonvs Praa for i, < 3:10'°m~3; Fig. 8b). The cycle-averaged f and B, + li/2 values

of the kinetic analysis agree with the magnetic measurements.

The local transport analysis shows further that within the error bars the cycle-averaged
thermal heat diffusivity x!

(-4

can be described by the scaling xcumc ~ (n23T.q)~" derived from
GF discharges [5], showing no major change in the anomalous transport mechanism. But

x. is larger than ycarc just after the pellet injection event (t = t,) and smaller at the end of
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the pellet cycle (¢t = t,+ At,) (Fig. 4). On the other hand, the ohmic input power is strongly
changing over one pellet cycle, too, due to the T, decrease at the pellet injection event and
the corresponding increase of the loop voltage Uy, (e.g. t,+5ms: P(OHM) = 650kW, t,+At, :
P(OHM) = 450k W). Therefore a description x. ~ (Peond,e/27R)/ (n,TeTLG%T;‘), where P.n4,. is
a certain fraction of the input power P(OHM) = UL, - I and %‘% ~ ,_"—.’,- is fixed by the profile
consistency (s. Fig. 1; r* may be the ¢ = 2radius), is strongly suggested and supported by the
results given in Fig. 4b. One then obtains a local diffusivity x. ~ B;U.r*?/(R?n.T.q) which
is derived under the assumption of profile consistency and is essentially equal to xcme =
3.4-10'B;a/(Rn?8T,q) [m?/s,T, m , keV| with U, ~ a - R/r*2. The ion heat conductivity is
about one to two times the neoclassical one and much smaller than y. both for PM and
GC discharges.
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A crucial and still unsolved problem in tokamak physics is the understanding
of anomalous heat transport across the magnetic field via heat conduction of
the electrons. All efforts to establish a universal expression for the
diffusivity X, as a function of local plasma parameters which is valid also
for auxiliary heating have failed so far. The problem has become even
greater since it became evident that plasma confinement deteriorates during
additional heating in a parameter range that is still very close to ohmic
heating conditions. The conventional way of thinking is that additional
heating of plasma affects its temperature locally according to the energy
deposition profile. Consequently the electrical conductivity 0 « T3/2 wi1l
rise and thus the current density profile takes a new shape determined by
the power deposition profile. This statement is, however, in clear contra-
diction to the experimental finding: electron temperature profiles exhibit a
remarkable invariance to external influences and possess a very character-
istic shape. An example is given in Fig. 1 showing temperature profiles as
taken with a new Thomson scattering device with relatively high spatial
resolution using a 60 Hz Nd:YAG laser. The profiles are normalized to the
central value and represent four different cases: Ohmic heating (OH) alone,
OH with additional neutral beam injection (NI) with different power deposi-
tion. In one case 29 keV DY-particles were injected into a relatively high
density target plasma. The beam power is then deposited at radii of 25 ...
30 cm. This is compared to the case of 40 keV D° injection in a low density
plasma with peaked power deposition. Although the central T, values rise
appreciably, the relative T,-profile shapes remain unchanged. This profile
invariance has been further checked in discharges with addition of Ne
impurities, which clearly documents that rather 1/T+dT/dr and not dt/dr
keeps constant. Profile consistency has also been confirmed in cases with
and without sawtooth activity. Despite the lack of sawteeth the T, profiles
are found to be consistent and are still affected by q;. The electron
density profile ng(r), however, becomes steeper in this case. Another
example of this disparity is a discharge with pellet refuelling during which
the no(r) profile is changed enormously while the Tg-profile shape keeps
practically fixed (Fig. 2).

It is well-known, on the other hand, that Te-profiles can easily be
influenced by the choice of the safety factor q,, i.e., the ratio of the
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toroidal magnetic field to the plasma current. Amazingly, this statement has
also proved to hold for additionally heated plasma discharges: the Tg—pro-
file shapes are influenced in the same manner by q, as in the OH case,
regardless where the heating power is deposited. This is demonstrated in
Fig. 3 for two cases with identical plasma current but variable toroidal
field with q; = 2.9 and 4.7, respectively. Profiles are normalized to the
peak value again and do not change shapes when NI-power is applied. The
dependence on q,, however, is quite evident and can be summarized impress-
ively for a large variety of plasma conditions in a plot of TolO) It
versus q,, where <Tg> is the volume averaged electron temperature (Fig. 4).
Te(0)/<Te> represents a measure for the peakedness of a T, profile and shows
a characteristic q-dependence. The tendency is similar for ng(r) profiles
but many exemptions exist which do not fit to the same characteristics, e.g.
discharges with pellet injection or witout sawtooth activity /1/.

So far we concentrated on OH an NI conditions. When the plasma is addi-
tionally heated by high frequency radiation e.g. ion cyclotron resonance
heating or lower hybrid heating, the profile invariance has to be restricted
to a region r > rj, where rj might be interpreted as the radius of the q =1
surface. In both cases the heating effect is higher in the plasma center.
Obviously this region r < r} is a confinement region of its own, and has to
be treated separately in comparison to the region r > rj. But if the Tg-
profiles are normalized to a value at a radius where the influence of the

q = 1 surface is negligible one observes that all profiles coincide amazing-
ly for r > r) within the error bars of the diagnostic and yield an almost
constant slope

1 dT

+ L2 = (4 +0.3) ! for r > ry » 72

(1) ey
Tr/a = 0.45 dr

for all discharge conditions (see Fig. 5). If we apply the same procedure to
merely OH and NI heated discharges, we note that eq. (1) is valid as well.
In this case the deviation from eq. (1) for radii r < rj is only due to the
different q, values (Fig. 6). Thus, the profile steepening for large q,
values (Fig. 4) is mainly caused by phenomena within the q = 1 surface. Then
the plasma turns into the high confinement regime during neutral injection
(NI(H)) the Tg-profiles deriate slightly from the general shape due to an
additional edge temperature rise.

The dominant role of q alone to constitute the T, profile shape is quite
obvious and points to the current density profile as a leading quantity to
be invariant. This is also supported by the observation that the inversion
radius of sawteeth is only a function of 7 and otherwise remarkably con-
stant /2/. Via the coupling To(r) c:j(r)2 §, the temperature profile is then
forced to become invariant, too. There are indeed reasons for j(r) to take a
"natural shape" arising from very basic principles as minimization of
magnetic field energy in a plasma column with a given toroidal current I.

References
/1/ Gehre, 0., et al., this conference
/2/ Wagner, F., Phys. Rev. Letters, to be published



= B

NI (40 keV) o BLg. L
L ] —
ANI Ezg k:VJ :g:g: ?j—,gysss Variation of the deposition profile
- at . 16931 1.40s A ohmic heating (OH)
s N LR q = 2.95 Te(0) = 0.65 keV
> s L9 e 2 MW neutral injection (NI) D°
~ e a2 (40 kev) »H* & = 2.9 - 10!3em™3;
05- Q. To(0) = 1.68 keV; q = 2.9
A 1.3 MW NI, DO(29 keV) »D*; q =2.6
L] fi=5.6- 1013em™3; To(0) =1.1keV
 {
é 2
0 r . 7 . . T T & gaspuff shot 18710
-04  -02 0 02 04 v
r(m) x| pellets
A A‘
151 =
A A
& gaspuff 0.8s shot 18710 )
4 pellets . @ ‘*****A
1 -.tg I' - :
% AABD D, p = I *
5 - a ‘_é . * ® —— oo *
el A AA“A.‘AA - *‘.. ..:
05- ah A 05- o
= 2 _wYXIZXXYY
oL oan | o g p3latttanly
A A v A
a ! a
0 T T T T T T T T *r T T T T T L
=04 -0.2 0 02 04 -0.4 -0.2 0 02 04
r(m) r{m)
Fig. 2: Comparison: gasfuelling — pelletfuelling
left: To(r) with gasfuelling (A) and after a series of 20 pellets (A)
right: ng(r) during gasfuelling (A) and pellet fuelling (dark sym-—
bols) showing the time evolution of ne(r); (t=1,3-1,5-1,7-2,1 s).
a OH 09 s A OH 096s
aNI(2MW) 175s 4 a NI(2MW) 175s
q°=4.7 q =2.9
= ! shot 19150 & a 5 11 shot iiss 8 “3 ak
E" - A A . :: ] ad® I} %
i—' ‘2 ﬂ A‘ . ﬁ‘ Ai
05 Al ah 051 A
A
A
] a 2
A b A 4
O T L] L) L T T T T T 0 f L] T L] T T T T
-0.4 -0.2 0 02 04 =04 =02 0 02 04
r{m) r(m)
Flg. : Comparison of Te profile shapes during ohmic heating (A) and

2 MW neutral injection (A) at q; = 2.9 and q, = 4.7




- 44 -

Telo)/(Te>

Fig. &4: left: peakedness T (0)/<Té> of temperature

right: ne(O)/<<ne> vs. q

3 A
q?.. :u
~
o : ___'a'-
5... ‘:0
L ]
* OH :
x NI 1 MW
o NI 2MW -
T T T
2 4 6- qq::

different heating powers
e OH, x | MW(NI), o 2 MW(NI)

a

21 5 LH O4MW
s ICRH 04 MW A
o NI 2 MW{4OkeV) a
v NI 13 MW(29keV)
v pellets
].5' o
A® se
5 0, 0 g
9_' f‘?" o
S 29 =
-.w |- v:}’ "‘;’
- —
g
- vﬁo
VA shot t(s)
05 o 18424 146
v v & 18688 1.78
o 19150 1.75
o 16931 14
vi 18716 161
0 1 L] 1 1 L] T
0.5 04 03 02 01 0
r(m)

Fig. 5: different cases of

Fig. 5 and 6:

additional heating

2

*OH with sawteeth
o OH without sawteeth
a  pellet refuelling

T T

2 4 6 qq
profiles vs. q, at
2.
OH NI(2MW) 4
095 175s shot e
a a Q=29 19154
v q=33 19153 <
1l <« v q=38 19152 &
151 . . q=42 19151 Rs°
a g=47 19150 y&
4 KL
l’
05- &
a a ‘
¢ }
c 1 ¥ L T L L]
0.5 04 03 02 01 0
rim)

Fig. 6: OH and NI heated discharges

with 2.9<q,<4.7

Temperature profiles normalized to the T, value at ol
vs. radius r of the flux surface at which T, is measured.

0.18 m

The B-shift of the flux tubes is taken into account. A small
area around the magnetic axis is not covered by the laser beam

of the scattering diagnostic




= &5 -

PARTICLE CONFINEMENT IN OHMICALLY HEATED ASDEX PLASMAS
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Abstract: The anomalous particle transport in ohmic deuterium and hydrogen
discharges is investigated by scans of the plasma current, density and
toroidal magnetic field. At smaller current or larger ion mass more peaked
density profiles are found. The flux—-surface-averaged transport is analysed
by computer simulations. It is shown that the inward drift velocity is
independent of the poloidal and toroidal magnetic field and the ion mass
number but inversely depends on the density and electron temperature.
Empirical scaling relations for the electron heat diffusivity and the
diffusion coefficient are also presented.

Introduction: Anomalous diffusion and inward drift in ohmically heated

(double-null divertor) discharges are investigated in the ASDEX tokamak by
extensive parameter studies. For deuterium and hydrogen plasmas the vari-
ation of the density profile with plasma current Ip, toroidal magnetic field
By and line-averaged density n, is explored. Several series of discharges
are studied in which only one of these parameters has been scanned. In all
cases, data measured during long current and density plateaus are analysed.

Diagnostics: The electron density n, is measured by a multichannel HCN-laser

interferometer /1/ working at a wavelength of 337 um. Figure 1 shows the
arrangement of the viewing chords with respect to the ASDEX plasma. The
electron density profile ng(r) is constructed by a fit procedure for the
measured line densities of the horizontal channels. A modified parabola of
the form ng(r) = ng(0) [1 - (r/a)B]® describes the profile inside the
separatrix while an exponential function with a typical decay length of 2 cm
is used outside. For the rather smooth profiles found in ohmically heated
discharges, this method yields good accuracy.

The electron temperature T, is derived from the extraordinary mode of the
second harmonic of the electron cyclotron emission (ECE) from the plasma.
Its intensity is registered by a four-channel polychromator, constructed to
observe simultaneously four slightly different wavelengths between 2.0 £ AL
3.0 mm corresponding to four radial positions in the plasma about 6 — 8 cm
apart from one another. The complete T, profile can be established by a
sequence of at least two identical discharges with properly varied wave
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length settings of the polychromator. For details of the ECE diagnostic
employed see e.g. Ref. /2/.

Analysis of the particle transport by computer modelling: The steady-state
particle balance equation with anomalous outward diffusion and anomalous
inward convection reads

dn
_D_dr_e+ Vin Ne =T'i, (1)

where T'y is the flux density due to ionization of cold atoms which mainly
takes place near the plasma edge.

The experiments are simulated with the BALDUR transport code /3,4/. For
deuterium and hydrogen plasmas the computations fit the measured ng(r) and
To(r), the central ion temperature T;(0) from CX diagnostics and the
poloidal beta B, from the diamagnetic loop. The following expressions for
the electron heat diffusivity X, and the diffusion coefficient D are to be
used for best fits in ohmically heated plasmas:

Ye(r) = 1.61 x 1016 A;=1/2 B, ng(r)~1 Te(r)7! q(r)7! cm? s71 &)

D(r)

I

0.2 Xe(r), (3)

where By is in kG, ng is in cm~3 and Te is in keV. Aj denotes the ion mass
number. Note that the ion mass dependence given holds under pure deuterium
and hydrogen plasma conditions after glow-discharge cleaning. The ion heat
diffusivity X used is one time the neoclassical values according to Chang
and Hinton. For the anomalous inward drift velocity vip = Y(r/rw)2 is
applied instead of the Ware pinch. Y is a factor whose parameter dependences
are investigated by scanning I, and ng, and ry is the wall radius (ry = 49
cm). As illustrated by Fig. 2, this model yields the measured profile
variation, characterized by ng(0)/<ng>, on I,, where <ng> is the volume-
averaged density. For deuterium vij, = -550 (r/rw)2 cm s~—1 is used while for
hydrogen vy, = -710 (r/rw)2 cm s~ is applied. The inward drift velocity is
found to be independent of the plasma current. In Figs. 3 and 4, examples of
computed density and temperature profiles from these scans are compared with
the measured results for deuterium and hydrogen, respectively.

Results of the density scan are presented in Fig. 5. For a given electron
temperature the inward drift exhibits an inverse He scaling. Scanning the
toroidal magnetic field (see Fig. 6) yields a weak rise of the measured
na(0)/<ng> values with increasing By which is ascribed to the variation of
the q=1 radius. These scans show that vj, is independent of the poloidal
magnetic field B,, By and A but it depends inversely on ng and Tg. Equa-
tions (2) and (3§ and B¢/q = Rg Bp/r yield

viglr
3%%()—1 =— A 1/2 By(r)] £(x) (4)

independently of By, ng, and T,. Smaller currents and larger ion mass corre-
spond to higher |vin[/D, i.e. more peaked density profiles, in agreement
with the measurements. The vj, scaling given by Eq. (4) differs from the
previously used relation vj,/D = -2a r/aZ with o being a constant. An
explicit dependence of X, D and vi, on Zgff was not identified in the
scans.
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INTRODUCTION

In the past the penetration requirements for neutral beams have been
derived from the postulate that the beam power should be deposited near the
plasma axis. It has been demonstrated theoretically that the shape of the
deposition profile is governed by the parameter a/) (a = minor plasma
radius, A = mean free path of the injected neutrals at line-averaged
density). Assuming constant electron thermal conductivity, it can be shown
theoretically, that decreasing penetration (i.e. increasing a/A )of the
beam results in decreasing global energy confinement time and decreasing
attainable central electron temperature, values of a/\A in excess of 2
being considered as critical /1/. Consequently the beam enrergies necessary
to penetrate large plasmas in order to heat the plasma centre lie in the
range of several 100 keV /2/, which leads to serious difficulties for
positive-ion-based neutral beams due to the decreasing neutralisation
efficiency. As a solution negative-ion-based systems have been proposed,
which would offer reasonable efficiency, but require the development of a
new technology.

In order to make an experimental assessment of the required beam
penetration a series of experiments were started in 1984 in ASDEX, in which
neutral beam deposition was varied systematically. The first results
reported at Budapest /3/ showed (in agreement with other experiments /41)
no degradation of heating and confinement within the parameter range
accessible, but suffered from following drawbacks: the plasma density was
too low (T, = 6 x 1013 cm™3) for extremely hollow deposition profiles to be
produced and the power level was only moderate (1.3 MW). This paper
describes the continuation of the experiments at almost twice the density
and three times higher power.

EXPERIMENTAL PARAMETERS AND RESULTS

The experiments were carried out under the following conditions:
Ip1 = 420 kA, By = 2.2 T, Te = 1.15 x 1014 cm=3, py-plasma, double-null,
diverted. The density was built up with Dy gas—puffing before and during
the injection pulse ( T = 400 msec), and reached a stationary state towards
the end of the pulse. Comparison was made between shots of different beam

<
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energy per nucleon, i.e. 40 kV acceleration voltage, H%-injection, <E> =

25 keV/AMU (Py = 3.6 MW) and 44 kV acceleration voltage, D%-injection,

< E> =13 KeV?AMU (Py = 4.1 MW), keeping everything else identical. All the
shots were L-type discharges.

The global energy confinement time, evaluated from the diagmagnetic Bpol
during the stationary phase, does not show a significant difference (see
Fig. 1). The value of T = 35 msec is consistent with ASDEX L-scaling. The
electron temperature profiles during the stationary phase (taken from YAG-
laser scattering and B-shift corrected) are shown in Fig. 2. As can be
seen, there is a reduction of about 10 % in To(0) for the low-energy case
(44 kV DO) inspite of the somewhat higher power. The corresponding power
deposition profiles are shown in Fig. 3.

DISCUSSION

If one interprets this reduction of To(0) for the 44 kV DO%-case as the
onset of degradation of heating, one may identify the corresponding profile
parameter a/\ = 6 with the limit for off-axis deposition in tokamaks
()= (Ee UTOT)“l; ﬁe = line-averaged density, Opgr = total trapping cross-—
section).

In calculating a/A = 6 a correction for steeper injection angles (15 -
20° on large machines instead of 45° on ASDEX) has been applied. Applying
this scaling law to larger plasmas yields the curve shown in Fig. 4. It can
be seen that e.g. 70 keV D© in JET or 120 keV DO in NET would be
sufficient to produce deposition profiles of the same relative shape as in
Fig. 3b and would hence result in non—degraded heating.

At low energy (E < 20 keV/AMU) the deposition limit may not be
determined by heating but by impurity radiation due to enhanced charge-
exchange wall erosion. Enhanced impurity (iron) influx was e.g. observed in
the 44 kV DC-case at the end of a 400 msec—pulse, but was absent in the
40 kv HO-case. Low energy injection at a/A = 6 may therefore be limited by
an additional constraint, namely to E > 20 keV/AMU independently of plasma
size and calls for a high proton ratio from the ion sources. From the
present data it cannot be entirely excluded that this limit may even be
higher (v 30 keV/AMU).

It is important to note, that hollow deposition profiles as shown in
Fig. 3b are sensitive to central impurity radiation leading to radiation
collapse. The viability of hollow deposition profils must therefore be
confirmed in long pulse experiments.

I1f the principle of "profile consistency”, i.e. the invariance of the
temperature profile with respect to power deposition /3,5,6/ will persist
in larger tokamaks, it may even not be required to obey a/A = const. in
order to produce heating and confinement without degradation. Other scaling
laws may have to be considered, e.g. relating A to the width of the
toroidal shell outside q = 2 /6/, or possibly A = const., suggesting that
it may be sufficient to deposit the power independently of plasma size at
constant depth measured from the plasma edge and X chosen just large
enough to avoid enhanced charge exchange wall sputtering (see above).

It should be noted, that the conclusions contained in this paper are
valid for injection into tokamaks and do not necessarily apply to
stellarators. -

Finally it may be appropriate to reconsider the development of power
recovery and plasma sources with high atomic ion yield in comparison with
negative ions.
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FIGURE CAPTIONS

Fig. 1: Global energy confinement time T vs. species—averaged beam
energy <E> and full beam energy E, respectively

Fig. 2: Electron temperature profiles

Fig. 3: Power deposition profiles for ohmic power (pg ), electrons (pe),
ions (pj) and total power (I ).
a) for 40 KV HO?, 3.6 MW
b) for 44 kV DO, 4.1 MW

Fig. 4: Opacity ng*a vs. species—averaged beam energy <E> ;
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Abstract: The anomalous electron heat diffusivity X, is investigated by a
power scan of the injection heating and by the time evolution of L (low
confinement) discharges. It is shown that deviations from the ohmic scaling
occur if the non-ohmic electron heating locally exceeds the ohmic power
density. The change in scaling is attributed to the injection heating with
its different dependence on the plasma parameters rather than to other
instabilities or saturation effects. Constraints on X, are derived from the
electron and ion energy equations and the shape of the measured electron
temperature profiles. For small injection power complex X, scalings result
which cannot be represented by superposing the ohmic and L scalings.

Introduction: As reliable microinstability-based diffusivities are not

available at present for tokamaks with ohmic and auxiliary heating, prefer-
ence is given to empirical scalings determined by means of transport modell-
ing of many series of discharges. The flux-surface-averaged electron heat
diffusivity X, and the diffusion coefficient D exhibit a scaling in injec-
tion-heated plasmas which greatly differs from that with ohmic heating
/1-4/. 1t was demonstrated that the ohmic transport scaling is not a univer-
sal plasma quality which is independent of the heating method. One possible
explanation for the different scaling is that neutral injection changes the
transport mechanism, i.e. the underlying instabilities and/or saturation
effects. There might exist a threshold parameter which distinguishes between
the confinement regimes. Another possibility is that the transport mechanism
itself remains unchanged and the X, scaling is modified by the injection
heating with its different variation with the plasma parameters. These
questions will be pursued by studying the transition between ohmic and L
transport and by following the time evolution of L discharges /5/. The paper
deals with the anomalous transport in the ohmic, L and intermediate regimes.
Results from transport computations (with the BALDUR code /6,7/) are used.

Constraints on X, with ohmic and injection heating: The steady-state elec-
tron and ion energy equations and measured T, profile shapes are used to de-
rive constraints for the electron heat diffusivity. In the stationary ohmic
and neutral-beam-heated phases of ASDEX characteristic shapes of Ty(r) are
observed. This is illustrated by Fig. 1, which shows an example of the time
evolution of the electron temperature profile in an L discharge with an in-
jection period of 400 ms and an absorbed beam power Pgpg = 2.0 MW. As can be
seen, a Gaussian shape is found during the stationary ohmic phase. After the
beginning of neutral injection (t,; = 1.12 s), the T, profile changes to an
approximately triangular shape which is then maintained during the whole in-
jection period. The 'confinement zone' (hatched in Fig.l) is defined by rq=1 <
r <0.9a, where the plasma radius a is equal to the separatrix radius of 40cm.
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Neglecting the ion heat conduction, the steady-state electron and ion energy
equations yield

1d (rnxe dTe
r dr

L. ) + njgl + P
dr

b= 0 (1)

with njt2 = Etjt. The power density of the ASDEX neutral injection system
can be approximated by Py(r) = op/r with ap = Paps/ (472 R, a) and major
radius R,. After integration it follows that

dTe

s -1
Xelr) = [% Ex Bp(r) + ap] n(r) L idr .

(2)

With P, = 0 and Tg(r) = To(0) eXp(—arZ/az) one obtains the constraint

OH 2 B,(r)
¥ (xr) =€ _ 4" E .
e 8T O © ra(r)Te(r) (3)
Large injection power and To(r) = Te(0)(1-r/a) yield the constraint
L -1 -1
o~ 4
xe(r) a oy Te(O) n{r ) (4)

Comparing the constraints shows that the X; scalings depend on the heating
method and its variation with the plasma parameters. Neutral injection does
not introduce a Bp(r) dependence in contrast to njtz. Owing to jg¢(r) ~
Te(r)3/2 the ohmic heating and electron temperature profiles are stongly
coupled, whereas Pp(r) depends on the target density and injection energy.
It is obvious from Eq. (2) that the transport in the intermediate range
cannot simply be represented by superposing the ohmic and L scalings, but
that rather complex, mixed Xz scalings occur. The beam heating modifies the
ohmic contribution by changing E; and the T, profile shape and the ohmic
heating modifies the beam contribution.

Transition between ohmic and L transport: The confinement in the inter-
mediate range between OH and L scaling is studied by simulating a series of
discharges at @ = 2.5 x 1013 cmn™3, I, = 380 kA, Zgfgf = 1.5 and Poy = 0.52 MW
with various injection powers. Figure 2 shows the increase of the electron
heat diffusivity with rising absorbed beam power. Obviously, at small Pgpg
equal to 0.3 and 0.6 MW the Xg values clearly exceed the ohmic result
(cross) in the middle of the confinement zone at r = 2a/3. This explains the
observed decrease of the global energy confinement time Tg /2/. The X,
profiles with ohmic heating and Pahpg = 0.6 MW are presented in Fig. 3.
Special attention is paid to the local ratio of the injection and ohmic
heating power densities. Results for various absorbed beam powers are shown
in Fig. 4. It is obvious that Pb/(njtz) ~ 0.3, where the influence of beam
heating should become important, is already exceeded with Pzpg = 0.3 MW. As
shown above, the corresponding X, and Ty are indeed found to deviate from
the ohmic scaling. With Pzpg = 0.6 and 0.9 MW, neutral injection becomes
dominant in the confinement zone. This explains the observed fast transition
of Tg to the L scaling. For Pypg 2 1.2 MW the beam power density is large
compared with njtz, which agrees with the essentially pure L confinement
found. The power scan shows that the transition to the L regime correlates
with the ratio Py/(njt2). Both the deviation from the ohmic scaling and the
approach to the L confinement occur at power density ratios which agree with
the expected values. According to the electron energy equation, injection
powers of this level perturb the ohmic state. The associated change in
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confinement suggests that the X, scaling responds to the auxiliary heating.
The fact that the coupling between the ohmic heating profile and To(r) is
broken up with neutral injection should play an important role. As the
smallest injection power scarcely modifies the plasma parameters, such as
density and temperature gradients and poloidal beta, a transition to other
instabilities and/or saturation effects, i.e. to a different transport
mechanism, is very unlikely.

Transport behaviour after neutral injection: A characteristic time develop-

ment of the diffusivities X and D in L discharges was found by means of
transport simulations /1,2/. It was shown that the L phase persists for
about 100 ms after the end of injection. As the slowing-down time of the
fast beam ions is only about 10 ms, the injection power rapidly decays. It
is thus concluded that the L transport does not require the presence of
injection heating, beam fuelling and direct ion heating. Simulations of many
L discharges revealed that the phase with the ion-electron energy transfer
rate Py, > 0 also lasts for a time span of about 100 ms, which suggests that
the L phase is maintained by non-ohmic electron heating.

The time development of the electron temperature profiles measured after
injection is shown in Fig. 5. Although the beam power is negligibly small,
the Gaussian-shaped T, profiles typical of the ohmic phase are only reached
after about 80 ms. The central steepening of the profiles results from the
electron heating due to Pj., which is largest in the plasma centre. Profiles
of Pie/(njtz) after neutral injection which were determined by simulating
the L discharge with Papg = 2.1 MW in Figs. 2 and 4 are presented in Fig. 6.
The absorbed beam power is negligibly small at t-t,ff = 43 ms, so that the
only non-ohmic heating is due to Pj.. Owing to Pj. a transport scaling
different from the ohmic one should thus persist in a considerable fraction
of the plasma cross—-section. Close to the end of the L phase, however, the
ratio of the power densities has become so small that the scaling becomes
almost purely ohmic. It is concluded that deviations from the ohmic scaling
occur if the non-ohmic electron heating (due to neutral injection or ion-
electron energy transfer) locally exceeds the ohmic power density.

References

/1/ Becker, G., ASDEX Team, Neutral Injection Team, Nucl. Fusion 22 (1982)
1589.

/2/ Becker, G., Campbell, D., Eberhagen, A., Gehre, 0., Gernhardt, J., et
al., Nucl. Fusion 23 (1983) 1293.

/3/ Becker, G., Nucl. Fusion 24 (1984) 1364.

/4/ Kaye, S.M., Goldston, R.J., Bell, M., Bol, K., Bitter, M., et al., Nucl.
Fusion 24 (1984) 1303.

/5/ Becker, G., Report IPP III/109 (1986).

/6/ Post, D.E., Singer, C.E., McKenney, A.M., BALDUR: A One-dimensional
Plasma Transport Code, PPPL Tramsport Group, TFTR Physics Group, Report
33 (1981).

/7/ Becker, G., ASDEX Team, Neutral Injection Team, Report IPP III/98
(1984).




- 56

2.01
=
$
1.0
0
0
r(cm)
Fig. 1: Te(r,t) after the beginning of

neutral injection (tgp = 1.12 s) mea-
sured by multi-pulse Thomson scatter-
in% in an L discharge with n = 2.4 x

1013 em™3, 1 280 kA and Pgpg = 2.0
MW. The hatched area denotes the con-
finement zone.

— 47
o Pans =06 MW
£
Q
k=]
i 2
>
) i
[0} A 777 M-
0 20 40
r (cm)

Fig. 3: Xe(r) in the confinement zone
(hatched) with ohmic heating and neu-
tral-beam heating with two sources.

1

2.01 t-tope =
26 ms

43

76
93

(L SRR

T, (keV)

| 777

0 r 7 /'/i.
20 40

0

r(cm)
Fig. 5: As in Fig. 1, but after the end
of neutral injection (tgoff = 1.52 s).

I,=380 kA, L type
4
0
E
3]
"'o (-]
< 24
0 T T T .
0 1 2

Pops (MW)

Fig. 2: Approximately homogeneous
electron thermal diffusivity from simu-
lations versus absorbed beam power

(@ = 2.5x1013 cm™3). For comparison,
the ohmic X, (2a/3) value (cross) is

shown.
1 1-380kA Pobe=
151 i
] L type 21 MW
Py
"'ljtz
101
| 12 MW
§ \/
1 0.9 MW
\/ 0.6 MW
] ::::ﬁ:::::: 0.3 MW
0 ' g . ;
0 20 40
F (cm) IPP3- BEC 040-85

Fig. 4: Ratio of the beamand ohmic power
densities versus radius fromsimula-
tions of the power scan of Fig. 2.

1,2380 kA
0 r - -
0 20 40
r (cm)

Fig. 6: Ratio of the power densities of
ion-electron energy transfer and ohmic
heating versus radius after toff.



- 57 -

TRANSPORT IN BEAM-HEATED ASDEX DISCHARGES BELOW AND IN THE VI-
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Cormick, D. Meisel, V. Mertens, E. R. Miiller, H. Murmann, H. Niedermeyer, W. Poschenrieder, H. Rapp,
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D-80468 Garching, Fed. Rep. Germany.

1. INTRODUCTION

Radial transport and confinement properties of ohmically and beam-heated ASDEX dis-
charges are studied using the PPPL transport analysis code TRANSP[1] and measured
radial plasma profiles and global parameters. Results are that the anomalous electron
thermal transport is dominating in low-density ohmic as well as “L” beam-heated ASDEX
plasmas. It leads, however, for these regimes to different scaling laws of the global energy
confinement time [2]. At high-density ohmic and “H” mode beam-heated discharges the
neoclassical ion heat conductivity and convective losses (H mode) are comparable to the

electron losses and tend to dominate the energy balance.

The ion heat conduction y; is described by two times the neoclassical value calculated by
C. Chang and F. Hinton in all discharge phases (OH, L, H, H*). Thereby a x; of three times
Xineoc! fits the central ion temperature measured by the energy spectrum of CX neutrals
whereas a X; = Xineoct yields for the calculated T; profiles the measured neutron fluxes.

Experiments show that the electron temperature profile shape in ohmically and beam-
heated “L” discharges is only influenced by the safety factor ¢*(a)[8]. According to this
concept the elctron thermal diffusivity x.(r) depends directly on the electron thermal con-
ductive loss P.,nq4. across the magnetic surface with radius r, which is a certain fraction of
the input power. From the definition x. = —(Peond,e/27R)/ (n,T,,.,'Ta'-ga—{:‘) and from the “profile
consistency” argument %‘% ~ war'T’, (where r* may be the ¢ = 2 radius, and a is a func-
tion of ¢*(a)) one obtains x.(r) ~ Peond,e(r)/(ne(r)Te(r)r?). The definition of a local x. which
depends on local plasma parameters does not seem to be appropriate. In this paper the x.
values deduced from the transport analysis of OH, L and H mode discharges are used to

show which description is applicable.
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2. PROFILE CONSISTENCY IN OHMIC AND BEAM-HEATED “L MODE” PLASMAS

In nearly steady-state ohmic discharges x. can be described by a local parameter dependence
Xe(OH) = xcmc ~ (Bia/R)/(n28T.q) [2]. But in ohmically heated pellet discharges only the x.
values averaged over one pellet cycle agree with xcarc, whereas a description in agreement
with “profile consistency” depicts also the time-resolved x. measurements and yields an
explanation for the scaling given by xcmc [4].

L-mode discharges at ¢*(a) ~ 2.6 have been studied using H° — D*,D° — Ht ,D° — D*
injection with 14.5-40 keV maximum energy/nucleon yielding about the same normalized T,
profiles (Fig. 1a), despite quite different heat deposition profiles (see Fig. 1b), total heating
powers (P, = Py + Po + Poy = 1.5 <+ 4.1MW) and densities (7, = 4.10!'° +11.3-10'°m~3). The
electron heating (P, + Poy) exceeds slightly the ion heating (P) and T; R T. is obtained.
Accordingly the central confinement times 3 = Wyi/(Ps — W) are increasing with off-axis
heating deposition, whereas the global confinement times are about the same. The deduced
Xe(r) values given in Fig. 1d can well be described by x. ~ cond,e/ (neTer?) for rg—; < r < 0.8a
for individual discharges, and at a fixed radius of r = 2a/3 the relation (x.n.Te) |2a/3~
P.ond.c(2a/3) holds for different discharges too. At that radius Peona,. = (0.5 <+ 0.65) P, holds,
showing the dominance of electron thermal transport in the L. mode over the entire density
range.

Despite this good agreement a fit of x. depending on the local plasma parameters I, n. and
T, has been tried with the limited data base at present available (not only the discharges
described here). Good agreement'fé)btained with a scaling x.(L) ~ r?/(I*3(r)nd2(r)Te(r) Ai),
whered; is the ion mass. This parameter dependence will be tested using a simulation code
to reproduce the measured temperatures. We are aware of the “explosive” nature of the
1/T. dependence and that the limited parameter set may give a misleading tendency with
inherent correlations of the chosen local parameters.

3. H-MODE CONFINEMENT BELOW AND AT THE BETA LIMIT

Beam-heated ASDEX discharges with D° — Dt gshow an H mode conflnement of

75 (a) = 0.2I MA, s| independent of the heating power for plasmas with g < 0.9, and f. =
0.0281/aB,[ MA, m, T]. Reaching the j. limit the energy confinement times decrease with
increasing heating power. This confinement factor of 0.2 s/MA is more than a factor of
2 better than reported from D III and PDX discharges. At higher plasma currents (I, >
400kA) or lower g* values (< 3) the confinement factor is decreased (r3(a) S 60ms S 0.151;)
[5]. Together with H° — D and H° — H™ injection results, a scaling 7;(H) = 0.114; is
deduced.

At these high confinement times and therefore high plasma energies (see Fig. 2a) the con-
vection losses (Peony/Pr = ng(T, +T;:)/T(E), with the particle flux ' and the medium energy
(E) of the injected neutrals) and the ion conduction losses are comparable to the elctron
conduction losses (see Fig. 2b). These are now only between 0.25((/; = 310k4,g¢"(a) = 4)
and 0.4(I, = 410kA, g*(a) = 2.7) of the total heating power over a large part of the plasma
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cross-section. At the higher plasma current the neoclassical ion heat losses are reduced
(xi ~1/I?). The ion heating by the beams exceedsthe electron heating with D° — D7 injec-
tion (P, < 3P,.) and the contribution of the beams to the total 3 value is about 25%. This
fact results in the difference of the 75 values with and without the beam contribution given
in Fig. 2c. The confinement time 7z includes only the conductive and convective losses and
shows the influence of the radiation and CX losses on 7.

For these H-mode discharges no description compatible with “profile consistency” is avail-
ableht present. But the local parameter dependence of x.(L) given above fits also the x.(H)
values covering now a parameter range of 0.6 < x.(L, H) < 3.7m?/s,200 S I < 350kA,2.8-10'° 5
ne $11-101%m=32,300 S T, < 1100eV,1.3 $ A; S 2. The x,. for the discharge near the § limit
described in Fig. 2 is above this scaling derived from discharges below the A limit.

4. CONCLUSIONS

In OH and L mode discharges the concept of “profile consistency” is supported by pellet
injection and strongly varied deposition profiles, respectively. In H-mode discharges no
consistent picture has evolved up to now. But also a dependence of x. on local parameters
seems possible in both L and H mode. D° — D* injection provides high confinement times
with a scaling 7z = 0.174;[8, MA| for ¢*(a) > 3 and with strong ion heating. At the § limit
confinement degrades with increasing x. compared with x. below the g limit.
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INTRODUCTION

Dimensionality analysis of experimental series of data has revealed a new
powerfull tool for a deeper understanding of turbulent physical systems. The
analysis of theso—called strange attractors provides a tool to identify the
fractal dimension Y of a time series. This fractal dimension is associated
with the number of indipendent processes which characterize the system, and
if it exists, it provides a distinction between deterministic chaos and
noise /1/. Here it is used the well known definition of V¥ as the lim R-> 0
of the ratio (d log C(R))/(d log R); C(R) = 2/(N-1)N) -E_H(R -1 ZE - %3] D
where H is the heaviside function and Rj = |Xi - Xil is''the Euclidean norm
between all pairs of Xi whose component$ are the values of the single time
series signal at D different delayed times: Xji = {xi, X1 +M, Xi+2Mr-Xi+(D-1N@
D is the so-called embedding dimension and M is the delay time factor. In
the context of fusion research this method has been applied previously to
the study of fluctuations on DITE, RFP, TOSCA and JET /2/, /3/, /4/. The
present analysis exploits the poloidal divertor configurations of ASDEX and
its strong additional heating power which give it access to the new favour-
able H-confinement regime and allow it to approach MHD Beta limits /5/. As

a consequence a wider variety of fluctuation phenomena are observed by
Mirnov coils and soft X-Rays diagnostics /6/.

CHOICE OF DIAGNOSTICS AND DISCHARGE PHASES

Different phases of a typical high power NI-heated discharge are analyzed.
The important time traces of this discharge are shown in fig. 1. (Actually
four shots are used of the same series because of the high time-resolution
diagnostics (250 kHz) recovered over different shots, #18041, #18040,
#18026, #18039.) The analysis is concentrated on the characteristic phases
indicated in the same fig. 1. For comparison also an L-discharge is analyzed
(#18024) . Diagnostics used for characterization of the MHD fluctuations were
soft X-Rays and Mirnov coils. For present analysis 5 signals are considered:
SXF and SXJ which are central X-Rays signal (q<¢ 1); SXL and SXA which are
peripheral X-Rays signals (q» 1) and A8SSW which is a Mirnov signal from a
coil located externally in the equatorial plane of the ASDEX torus.

In general 10 windows of 8 ms each corresponding to 2000 data are taken and
analyzed for each shot in order to give account of different physical phases
and to have enough data (at least if the dimensionality is low). For some
specific situations, the windows could be taken different, for a better de-
finition or much longer in order to have a better establishment of dimensio-
nality or to distinguish between noise and chaos.
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If the dimensionality is low it is found indipendent of the number of data
from 1000 to 10000. Also for the delay time it is found a range of indepen-—
dence of results with 5< ML 10, for N = 2000 (e.g.), but in general

M =5 is taken.

ASDEX RESULTS

According to the preceding definitions results are presented phase by phase.
During an H-shot one can distinguish approximately four phases: They are
shown in fig. 1 on the bottom border.

Phase 1: Deep L-phase, after additional NI heating and before L » H transi-
tion. Combined results from #18041 and #18040.

SXF: ¥~ 1 at the beginning and then increases to ¥ ~ 2 through splitting of
dimensionality: VY - [ (1)%2§

SXJ: ¥~ 1 at the beginning and then increases to ¥ v 2.25 through splitting
of dimensionality: y 82 %%}

SXL and SXA: V- 1

A8SSW: value of dimensionality 2.25¢ ¥ < 3.5

xE- 2 SIGNAL ' BetaT[%] . _ PLO 12.03.84
oo —
NE
607}
NI
207
- 201 |
- B0
!
v&sua PHM!L [PRA:E4_ | FAASEL —1
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iio 118 134 142 150
ASDE X - SCHIESSE e 5 En
Zeit Datum Schuss Diagn. Signal Massstab Faktor Unt. Glttg. Offs
13.54.33 14-HOY-BS 18039 31 FDKO 1.667 B.300E+81 -55.8 2 9

Fig. 1 shows some important parameters during a typical H-shot: NI is the
neutral injection interval, FDKO is the signal connected with H
activity which points the L - H transition (indicated with an arrow)
and BETAT behaviour. In the bottom side the four phases of the ana-
lysis are reported.
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Phase 2: After L-> H transition, toward maximum BETAT. #18040. H-phase be-
gins with sawtooth in edge region and fishbone like signal in
central region.

SXF: v~ 3.3

SXJ: ¥~ 0.75

SXL and SXA: V-~ 1
A8SSW: VvV~ 3.5

Phase 3: From BETAT maximum toward stationary phase with constant BETAT.

#18026.
SXF: Yy begins with value =~ 1 and then increases up to Vv~ 3.6
SXJ: v~ 3

SXL, SXA: V~ 1 in presence of well pronounced sawteeth

ABWNW: 2.6 £Y < 3.5

Phase 4: Stationary H-phase at reduced but constant BETAT.#18039.

SXF: VY~ 1 and after 2.5 < Y < 3‘555 Presence of a splitting of dimensio-
nality at the beginning y-? 6:75

SXJ: noise

SXL: v~ 0.85, SXA: ¥~ 1.2 with well pronounced sawteeth (fig. 2 and 3)

A8SSW: ¥y~ 3.75

In comparison an L-shot was considered (BETAT max - const.) #18024. In ge-
neral the signals are very noisy and no definite values of dimensionality
can be given.
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Fig.

[R]

Signals traces of two X-Rays chords during a time-window of 16 ms.
SXA, the edge chord, shows definite sawteeth, while SXF, the core
chord, exibits a fishbone-like structure. There seem to be no corre-
lation between the two signals. #18039
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Fig. 3:
Dimensionality analysis for chord SXA sig-
nal. Same shot as in fig. 2 but for a longer
period of 40 ms corresponding to 10000 data
points. The result is identical for 1000
data point due to the very low dimensiona-
lity. M=5 is the delay time factor chosen.
The embedding curves are simply connecting
50 calculated points (10 per decade). Loga-
rithms in base 2 are used. The straight
lines which show the D-depending slope are
constructed with the least mean square
method, starting from the same calculated
points. In the square window the slopes,
that is the gradients of the embedding cur-
s w00 ieialom e et e s om s e v VeB.as functions -of embedd?ng dimens%ons D
L2R are reported. The asymptotic saturation
Olngcit . r= _§.1.0=4- 2 value of the slope is the dimension.

SHOT. 18019 CHANNELS - 201 MAMC. SXA
TSTART=  1.330.TSTOP=  1.130.NOATI-4bese V~ 1.2 in this case.

CONCLUSIONS

-2.9%8

-8.93)

The MHD activity present in ASDEX NI heated divertor plasma configurations,
has in general a low dimensionality: ¥ £ 3.75. Signals with a non-strictly
convergent saturation slope are ascribed to noise.

The edge soft X-Rays signals show a very low dimensionality: V=~ 1 during all
phases.

The central soft X-Rays signals, in general, develope a higher dimensionality
passing from L to H-phase and 1 < v < 3.5.

The Mirnov coil signal seems to have an higher dimensionality in respect to
other signals during all phases with 3 < ¥ < 3.75.

In comparison the L-shot shows no information from edge signals and central
signals because of their noisy-like structure.

Thus in general the MHD activity is characterized by fractal dimensionality
associated with strange attractors.

The system seems to be characterized by two subsystems: a core region where
at the end of the evolution a minimum of four indipendent processes is neces-—
sary, and an edge region where for the most of time a unique variable could
be enough to characterize the system evolution reminding the theoretical ex-
ample of the non-linear logistic map.

In some cases the central soft X-Rays signal splits into two different value
of ¥y . An X-Ray signal is an integrated information that is it takes into
account both central and edge X-Ray emission. Two different values of di-
mensionality should indicate that the two subsystems are physically indipen-
dent /7/.

It is to be noted that ay¥= 1 dimensionality value is obtained also in JET
/3/, when soft X-Rays diagnostics exibits sawtooth activity.
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Introduction:
In the divertor tokamak ASDEX we get in the H-regime a clear B-limit /1/ at

I
a B

Ber = 2.8 % [MA,m,T] (1)

if we use for the volume averaged B the B-value measured by the diamagnetic
loop. Below the B-limit the highest B-value during a shot, Bp,x. is propor-
tional to the normalized power
P
PN = 53358 (2)

where P[MW] is the total heating power, 2b the vertical diameter and B the
magnetic field on axis. The confinement time at Bpyy is proportional to the
plasma current I. The proportionality factor depends mainly on the isotope
composition and slightly on current, impurity and other parameters not yet
unraveled. The confinement time at By;y is Iplb >Tp > 1 /7, where the
limits are for deuterium and hydrogen respectively. After By, B8 always
decays to values about or even below 0.7 - 0.8 B;p. At this level nearly
time independent B-values could be observed. The B-decay is usually the
faster, the closer B,y is to B.p. There is no qualitative difference in any
signal between discharges with By = Beor or Bpax < Bere

After excluding all trivial reasons, like wall contact, radiation due to
impurity accumulation etc, the only thinkable parameter which could change
with time and would cause the observed B decay is the current distribution.
But only the longest observed decay times are in agreement with resistive
‘current diffusion (calculated with classical resistivity throughout this
paper). We hesitated for a long time to assume faster current
redistributions then those.

In the numerical calculations, which result in a similar B-limit as observed
experimentally the limit seems to be caused by a combination of ballooning
modes and surface kinks /2/. In a divertor tokamak the behaviour of surface
kinks are unclear due to the unknown influence of the strong shear near the
separatrix. In ASDEX the influence of the separatrix is very concentrated
and therefore the influence should be restricted to higher n-modes. As we

1Academy of Sciences, Leningrad, USSR; 2present address: JET Joint Under-
taking, England; 3Univ. of Washington, Seattle, USA; 4CEN Grenoble, France
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observe no pronounced changes with varying q-values we assume tentatively
that the ballooning mode is responsible mainly for the observed limit.

The influence of the current distribution

We therefore have calculated the influence of the current distribution on
the ballooning mode stability limit using the inner inductivity 1; as a
measure. We used the ballooning mode criterium

2
gp: — *a(s) s-(i-)%}

dezS8tsany q2
and the approximation g (s) s/1.67 /3/, but we neglected the usual condi-
tion q5 = 1. We assume that the ballooning mode criterium is marginal all
over the cross-section.

Figure 1 shows the resulting dependence of 8/¢ q2 on 1; for several families
of current distributions as shown by the inserts (¢ = a/R). We see the ex-
pected strong dependence of B8 on 1, but the surprising result is that B8
depends nearly completely on the global 1 value and only marginally on the
actual shape of the current distribution. We conclude that 1§ is a very sen-
sitive parameter for the description of the volume averaged B resp. the glo-
bal confinement time.

The dependence found in fig. 1 can be described by the approximation:

B 1
i (19 112 +o443515v= 27): (3)
Comparing this formula with experimental 1j-values, evaluated as described
later, we find that the general behaviour of the B-decay can be described,
but that the calculated B-values are larger by 20 - 100 Z depending on the
g-value. Inserting the empirical law (1), found experimentally and numeri-
cally, for the 8 limit, transformed to B.,./e = 14/q one finds that unrea-
sonably small 1lj-values belong to this fB-limit especially at higher q-
values. This is not surprising, because all the theoretical calculations
have been done in the cylindrical large aspect ratio approximation. We
therefore assume as a correction that the q in eq. (3) is not the cylindri-
cal q but qyp . Figure 2 shows now the B/e dependence on 1; with different qy
as parameter. The B-limit B/e = l4/q and qcyl—curves are also shown. They
have been calculated assuming a purely thermal Bp in the calculation of Qs
neglecting contributions by the beam or rotation.

By the measured B(B%ia) and the measured qy a point in fig. 2 is defined and
with it the corresponding 1lj. qy is evaluated from ngu by

q =ac [1+e2(1 + 0.5 (859%)2] with q. = 2222

taking into account the emgirically found dependence of a on B§4Y:
a = 0.375 (1 + 0.07 8%9Y) but limited to a < 0.44 m, due to ouP vessel

dimensions, which was®found roughly in agreement with equilibrium calcula-
tions, (quoted q. values are always with a = 0.4 m).

In fig. 2 data points are shown measured in the described way of a power
scan at 379 kA and q, = 2.79, HO injection (1.8-3.5 MW), where the crosses
are values at B,y and the points intermediate B values during the B8 decay
or the B values on the end of the heating pulses. Supplemented is this scan
by shots at 311 kA, at gq-values of 2.805, 2.71, and 2.85. The slightly
stronger bent of the experimental curves compared with the calculated q. =
const. curves is due to the nonthermal contributions of the beam and the
rotation to BE9Y and by it to qy and by the increasing diameter. As we shall
see later the resulting 1j values agree quite well with 1; values evaluated
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in quite another way beside the lowest point shown, an L-shot, where we,
however, do not expect that the ballooning criterium is fulfilled all over
the radius.

In fig. 3 we show g-scans at otherwise constant parameters (311 kA, 3.5 MW
Hy-injection). The achieved 1i values (and consequently the B values) are
limited to values <1.5. With D, injection (4.05 MW) otherwise the same
parameters very high 1; values result and the B-limit can be reached also at
larger q, values.

To compare the found 1j values we evaluate 1j out of the difference signal

A 1
ngu - ﬁgla =-—%—+-%-"nontherm.
neglecting B,ponth, B8, nonth. is estimated from the injected beam, the
slowing down time and an expression for the rotation, which is proportional
to the energy confinement time. The absolute value of B nonth. is ad justed
so that for long lasting shots where the difference signals approach a
constant value, the so evaluated 1j value approaches the 1j value calculated
out of the electron temperature profile. Time dependence of 1j, evaluated in
this manner are shown in fig. 4. The crosses are the 1j values according to
our modified ballooning criterum. The agreement is nearly in all cases
satisfying in spite of the many inaccuracies involved and the difficulty of
the absolute calibration. With deuterium injection the agreement can't be
reached with constant proportionality factors in every case as the nonther-
mal contributions (probably the rotation) seems to depend nonlinearily on
the beam parameters and the confinement. But the very large lj-values and
their decay are found.

Summary and discussion

We conclude that in the H-regime the ballooning mode is limiting the energy
content of the discharge at Bp,, and afterwards always and already at very
low B-values. The B-limit B/e = 14/q can only be reached by favorable com-
binations of 1; and Q. At large q values 1j must be larger than in the
ohmic cases, which can only be reached transiently by inductive currents,
for which we have some experimental hints. These currents are due to the
injected beam, the plasma rotation and the B,-changes. The B-decay after
Bpax is due to the disappearance of these inductive currents and the
approach to the stationary current profile defined by the conductivity
profile. As a change of Bp and the rotation induce changes of the confine-
ment by altering the ballooning limitation, an increase as well as a
decrease has a self-inforcing effect. Therefore high B values decay faster
and to values well below limits achieved with smaller power.

The B-1limit itself, but also the ballooning limited profiles below of it,
are influenced by ratiomal qy—-values (fig.5). This coupling of the balloon-
ing mode with surface kinks seems to favour the current redistribution. But
much finer scans are necessary to prove this convincingly as higher rational
values are involved, too, and the self-inforcing effect mask the rationals.
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FREE-BOUNDARY FLOW EQUILIBRIA FOR ASDEX AND ASDEX-UG

H.P. Zehrfeld

Max-Planck-Institut fuer Plasmaphysik
EURATOM Association, D-8046 Garching

Neutral beam injection into magnetically confined plasmas 1is
connected with plasma flow and a corresponding alteration of the
equilibrium characteristics of the discharge. In particular den-
sity variations on magnetic surfaces were observed in neutral
beam heated plasmas. This has led to attempts to explain them by
toroidal rotation of the plasma. It has turned out that in view
of the measured Mach-numbers for this flow the mere effect of
centrifugal forces caused by only toroidal rotation is too weak.
However, taking into account the more involved effect of the
combined action of both toroidal and poloidal plasma motion
changes the situation qualitatively as well as quantitatively:
Due to the finite rotational transform of the flow field accele-
rating forces in toroidal direction appear. In an equilibrium
state, they must be balanced by corresponding components of jxB.
This requires plasma currents across magnetic surfaces which to-
gether with the toroidal magnetic field maintain pressure gradi-
ents in magnetic surfaces. In order to demonstrate this effect
quantitatively we have calculated corresponding MHD flow equili-
bria for the separatrix-bounded plasma configurations of ASDEX
and ASDEX-UG. For this purpose the partial differential equation

R iy { OT¥] — (R, Y, IVY F) | D=D(RV,IV¥,F) (1)

must be solved for the poloidal flux Y. D and ¥ are given
functions. F represents five profiles

F = (HM.CM,Jm-wM;(pH) = F(’LP) (2)

The first three quantities can be determined prescribing profi-
les for the density n. the temperature T and the poloidal our-
rent J on a straight 1line s leading from the magnetic axis
(W =V,) to the plasma boundary (¥ =¥). Wm is the poloidal mass
flux, ¢py the electric potential. We have chosen the distributi-

ons
o (-, x)” | Ty (=P 08 = U3 W)+ (g - KW 6 g,

Yy ~ T e oy ~T% = djgy (4)

where x = (W -W)/(Vg-V¥y) and G(x) (0 ¢ G(x) ¢ 1) some function
describing the diamagnetism of the plasma. rn,\/ and H}’P‘ are
profile constants.
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Fig.3 shows surfaces of constant J (the flux surfaces of the
current density field) for an ASDEX case ( f,=a 1). The poloidal
components of the current density perpendicular toO the magnetic
surfaces are responsible for vpressure variations along magnetic
field 1lines. The corresponding mass density anomaly (i.e. a R-
dependence of p if p is conceived as function of Y and R) at
the magnetic axis is given by

R 20 _ B*Wu’/p? + n*R*Qu” (5)

P oR (- (BW'/pcs)?) 52
The anomaly of the radial pressure profile is illustrated by
Figs. 5 and 6. For the Mach-numbers for poloidal and toroidal
flow indicated in Figs.2 and 4 we obtain pressure variations of
about 20% on a magnetic surface. For ASDEX-UG, where considera-
ble smaller values for the poloidal velocity have been used, the
corresponding pressure distributions for the static and the flow
case are barely discernable - purely toroidal flow at moderate
Mach-numbers has only small effect on the density variation
along magnetic field lines. The expression for the plasma flow
field

! ' |
V=1”_£48p +{'%4Br+27rRCbM}RV50_ . 6)

shows that for an appropriate choice of (7 and ¢y both velocity
components can be small,whereas - approaching the boundary of
the first elliptic regime of equation (1)

< 22 Vo = = 2
0\.1‘_‘3%2 /T% . B=FTP/B (7)

- the radial increase of the density (cf. equation (5)) may
reach considerable values.
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MHD CHARACTERISTICS OF ASDEX H-TYPE DISCHARGES APPROACHING THE B LIMIT
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V. Mertens, E. R. Mﬁller3, H. Murmann, H. Niedermeyer, A. Pietrzyk4,
W. Poschenrieder, H. Rapp, H. Riedler, H. Rshr, J. Roth, F. Ryter?,
F. Schneider, C. Setzensack, G. Siller, P. Smeulders3, F.X. Sdldner,
E. Speth, K.-H. Steuer, 0. Vollmer, F. Wagner, D. Zasche

Max-Planck-Institut fiir Plasmaphysik
EURATOM Association, D-8046 Garching

1. Introduction

Due to the favourable confinement properties of the H regime, B values close
to the Troyon limit can be achieved in the ADSEX device at a neutral injec-
tion power level ~3 MW. In many cases, the B limit is a soft one, i.e. 8
attains a maximum and then decays smoothly up to the end of the injection
pulse. Disruptions, however, may occur both during the rise and fall of 8.

2. Temporal evolution of MHD activity in the case of soft B limit

The investigations presented below are mainly based on the analysis of
Mirnov probe signals. Due to the divertor geometry, only a fraction of the
poloidal circumference could be covered, namely 102° at the outside and 44°
at the inside of the torus symmetric to the midplane. The toroidal mode
number n is obtained from 5 probes placed in the midplane at the outer side
distributed over a toroidal angle of 156°. Apart from a few n=2 cases not
discussed in this paper, always n=1 is observed.

In ohmically heated ASDEX divertor discharges, MHD activity is very weak
apart from disruptive ones; in this case the common m = 2, n = 1 precursor
is seen. Application of neutral beam heating at sufficient power level
(maximum 3.5 MW in the case of H, injection ) leads to a continuous mode
which develops during the L phase and attains a steady state lasting up to
the end of the injection pulse if the discharge remains in the L regime. In
the case of transition into the H-type confinement regime, however, the
amplitude of the continuous mode decreases at some time after the H trans-
ition to a low level; in the further course of the discharge bursts occur as
shown in Fig. 1. It is seen from Figs. 2 and 3 that these bursts have a
fishbone-like character, i.e. increase and decrease of amplitude with a
half-width of a few oscillations; they are referred to as fishbones in what
follows.

It is well known that H-type discharges exhibit another quite different kind
of MHD activity, too, namely the so-called ELMs. The most prominent mani-
festation of an ELM is the sudden change of the equilibrium position of the
plasma column by typically a few mm (indicating a sudden decrease of the

lga Technologies, San Diego, Calif., USAj; 2Academy of Sciences, Leningrad,
USSR; 3present address: JET Joint Undertaking, England; 4Univ. of Washing-
ton, Seattle, USA; SCEN Grenoble, France
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Fig. 1: B8;,, H, emission (traces a,c)

and B

(traces b,d) versus time for

shots No. 18030 (a,b) and 18034 (c,d).
Injection starts at 1.13 s and stops at
1.43 s. The temporal evolution of 8

is practically the same for both dis-

charges.
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Fig. 3: Expansion of the sequence
6-7-8 from Fig. 2.
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Fig.2: Examples for ELMs (events
No. 1,4,5,6,8) and fishbones
(events No. 2,3,7) recorded by
Mirnov probes (traces a,c) and
Hy monitor (traces b,d).

equilibrium parameter B8, +
14/2) and a peak in the Hg,
emission. ELMs do not manifest,
however, in the records of the
Mirnov probes apart from the
inward motion.

It is seen from Fig. 2 that
ELMs and fishbones may occur
independently from each other;
on the other hand, fishbones
appear to be triggered by ELMs
in some cases and, more
frequently, ELMs appear to be
triggered by fishbones.

There are several features which are common to the continuous and the

fishbone-like mode, namely

- The amplitudes measured at the outer side of the torus are much larger
than those at the inner side. Amplitude ratios of 15 — 25 are typical; in
many cases, the ratio must be even larger since no signals from the inner
probes are obtained. Obviously, the determination of the poloidal mode
number is particularly difficult in this situation.

- The frequency recorded by the soft X-ray diode cameras coincides with that

of the Mirnov probe signals. During the continuous mode, an m =

1, n=1

structure with frequency doubling is clearly seen. In the case of the
fishbone-like events, the amplitudes are much smaller. In some cases,
doubling of frequency was observed in near-center channels which indicates

that the q =

1 surface may still be present.

- The mode propagates according to the toroidal rotation of the plasma
applied by the unidirectional co-injection. Doppler shift measurement can
only be obtained from a small zone at R ~ R, + 3a/4. The velocity calcu-
lated from the mode frequency is systematically by a factor of 1.4 larger
than the spectroscopic one. This discrepancy increases if an additional
motion of the mode due to the diamagnetic drift is assumed. Thus, the mode
frequency appears to be governed by the central rotation velocity.
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It is seen from Fig. 1 that the repetition rate of the ELMs does not vary
appreciably during the rise and the fall of B. Fishbones appear more fre-
quently in the B decay phase. The duration of a fishbone-like burst,
however, is less than 1 ms and the island size estimated from the amplitude
of B is typically of the order of a few cms. Hence, for this type of shots,
the observed MHD activity does not explain the decay of 8.

3. Discharges dominated by an m=2, n=1 mode

Another type is characterized by a dramatic change of the mode structure. A
typical example is shown in Fig. 4. It is seen that at 1.29 s a continuous
mode develops the amplitude of which increases suddenly at the inner side of
the torus. A temporal expansion of this event is shown in Fig. 5. The change

2 a

Bp m ;___J_J \m—\,\‘___&#
‘pp

1-'// - Hh{ . N\/\/\/\ﬂ\/\/\ﬂf\/

1.20 1.25 1.30 1.35 1.292 foag = 1.294

t(s) |PP3- KLB 296-86

Fig. 4: B, versus time for shot

No. 18033. Injection starts at

1.13 s. The first disruption occurs
at 1.32 S. Trace a: Ha emission.
Trace b: Bg from a Mirnov probe
located in the midplane at the out-
side of the torus. Trace c: Same
for the inside.

t(s)

IPP2- KIR 707-8A

Fig. 5: Onset of the m=2 oscil-
lation in shot No. 18033. Trace
a: H, signal (diode saturates).
Trace b: Mirnov signal, midplane
outside. Trace c: Mirnov signal,
midplane inside. The amplitude
is enhanced by a factor of 4 as
compared to trace b.

of the mode structure is initiated by an ELM which is preceded by a fish-
bone. It is seen from Fig. 4 that the amplitude of the H, spike of this
particular ELM exceeds by far that of the preceding and the following ones.
After the transition, the mode continues to propagate in the direction given
by the toroidal rotation; the frequency of it decreases, however, by a fac-
tor between 2 and 4. Most remarkably, the ratio of the frequencies before
and after the transition is close to an integral number. Furthermore, it is
seen that the frequency recorded before the tansition remains with a small
amplitude which lasts for typically 10 ms. Later on, only the "slow" mode is
recorded. It is clearly anm = 2, n = 1 mode, as shown in Section 4.

In the case presented in Fig. 4, the m = 2 mode leads to a disruption after
30 ms. In the last ms before the onset of the disruption, the signal fre-
quency decreases drastically. In other discharges, the m = 2, n = 1 mode may
attain a saturated level and persist up to the end of the NI pulse. In both
cases, the island size is large and may amount up to 20 % of the minor
radius of the plasma column. It is seen from Fig. 4 that the onset of the

m =2, n =1 mode leads to a violent decrease of Bp.

Most frequently, the onset of the "large" m = 2 mode occurs nearly at the
time at which B attains its maximum. In some cases, however, this mode
develops already in the phase of B rise, in particular, if q, is low.
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4. Discussion of the poloidal mode structure

In the discharges considered here, the boundary q value is 3.5 < q4; < 4.5.°
Hence the mode numbers m = 2,3 and 4 (if q; > 4) are the candidates for the
explanation of the mode structure. In a previous paper /1/, one of the
authors investigated the effect of the toroidal curvature on the poloidal
mode structure. In this model, the modes are created by surface currents
flowing on rational magnetic surfaces parallel to the magnetic field. Typi-
cal examples for the modes m = 2,3 and 4, n = 1 are plotted in Fig. 6 where
the phase is chosen such, that a maximum is located in the midplane at the
outer side of the torus. It is seen that the amplitudes at the outer side of
the torus exceed those at the inner side considerably. The amplitude ratio
depends, of course, on Bp + 14/2, on the aspect ratio of the resonant
surfaces and on the position of the plasma column and may amount up to 5. It
is further seen that the mode structure is distorted towards the inner side
of the torus where the distortion is rather moderate in the case m=2 but
increases drastically with increasing mode number.
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Fig. 6: Polar diagrams of the modes m = 2,3,4. The torus axis is on the
left-hand side.

While the m=2 mode discussed in the preceding section fits quite well into
this picture, the continuous and the fishbone-like mode cannot be explained
by this model. The observed out—in amplitude ratios of 15 - 25 might be
ascribed to the occurrence of two modes, an even and an odd one, coupled
such that two maxima coincide in the midplane at the ouside. It is seen from
Fig. 6, however, that all three modes pretend an m=2 structure as far as the
outer side of the torus is concerned. This contradicts to the observed phase
relations according to which phase reversal is obtained at poloidal angular
distances between 45° and 60° (which would indicate a superposition of m=3
and m=4 if the geometry were cylindrical).

Obviously, rational magnetic surfaces with m > 4 are also present due to the
separatrix. They are located, however, in a region with very large shear and
hence very small island sizes. It is unlikely, therefore, that modes with
appreciable amplitudes develop in this region.

5. Summary

— Three types of MHD oscillations were observed, a continuous, a fishbone-
like and an m=2, n=1 mode.

— The decay of B can be attributed to observable MHD activity only in the
cases in which a strong m=2, n=1 mode develops.

— The continuous and the fishbone-like mode cannot be ascribed to currents
flowing parallel to the magnetic field on rational surfaces.

Reference:
/1/ G.Fussmann, B.J.Green, H.P.Zehrfeld, Plasma Phys.and Contr.Nucl.Fus.Res.
1980 (Proc.10th Int.Conf.Brussels, 1980), Vol.I,IAEA, Vienna (1980) 353.
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Introduction

With high power auxiliary heating at increased plasma pressure many new MHD
phenomena occur which can be studied most suitably by observation of the
soft X-ray ("SX") radiation. In the plasma centre NI excites large m=1, n=1
oscillations, the detailed behaviour of which depends on external parame-
ters. In divertor discharges with NI power {2 MW their occurrence is re-
petitive and terminated by sawteeth. When NI is combined with ICRH the m=1
mode often disappears after a first strong sawtooth which is followed by
"precursor—free" large sawteeth. :

The hot spot model

Detailed studies of the m=1 mode and of sawtooth activity have been made in
ASDEX mainly based on the analysis of the signals of two SX diode cameras.
In the case of a toroidal rotating plasma and disregarding a possible
poloidal rotation these signals represent the projection of an asymmetric
and helical radiation profile into the viewed poloidal cross section. From
comparison with ECE measurements we conclude that the oscillating SX signals
are mostly caused by varying electron temperatures.

Figure 1 shows an example of an m=1 mode during NI rotating opposite to the
electron drift direction. The behaviour of the signals (doubled frequency,
phase relations) can be well described by a rotating hot spot with an
extension 2D, which is much larger than the distance A of its centre to the
magnetic axis (Fig. 2). The hot spot centre describes a circle with radius A
around the magnetic axis, the off-axis rotation of the hot spot affects a
plasma roughly within the q = 1 zone.

Assuming growing values of A (at fixed D) we can distinguish three possi-
bilities concerned to a chord with distance Z to the magnetic axis. These
three cases and their characteristic different features are exhibited
schematically in Fig. 3a,b,c (the dashed curves belong to parallel but
opposite to the axis positioned chords with the same distance Z).

1Academy of Sciences, Leningrad, USSR; 2Present address: JET Joint Under-
taking, England; 3Univ. of Washington, Seattle, USA; 4CEN Grenoble, France
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The sawtooth collapse

Near-axis SX chords show even during the
conventionally defined period of the saw-
tooth collapse an oscillatory structure
which seems to evolve from the m=1 mode
with typical deviations from it. Such
traces were interpreted as relaxation
into an m=0 mode or a sudden change of
direction of rotation.

With the assumption of a growing A,
however, the observed behaviour as seen
in the near-centre chords can well be
described by the hot spot model.

Figure 3d exhibits the characteristic
behaviour of two opposite chords during
such a growth phase. The picture is
"constructed" with the assumption of a
transition from case I to case II and
finally to case III each in a half
period. Measured signals from two oppo-
site SX channels with a radial distance
R=2.5cm ( Z) agree very well with
this model - Fig. 4b demonstrates an
example.

Another example is presented in Fig. 5
(an expended section of Fig. 6). While
the central chord points toward a pre-
cursor—-free sawtooth the near-axis
chords show clearly the development of
a weak m=1 mode which is followed after
two periods by the sawtooth transition
with the typical evolution described
above (Fig. 5a). Opposite chords with a
larger distance R from the axis exhibit
this transition one half period later.

Heat wave propagation

The developed picture based on the hot
spot model explains the spikes in the SX
traces and their irregular nature as
often seen when SX signals are plotted
on a large time scale (Fig. 6). The
traces of this example document that the
hot spot does not reach the plasma edge
and the mode is damped. The hot spot
decays and a heat pulse propagates to
the plasma edge on a time scale roughly
two orders of magnitude larger than the
collapse time and with a velocity of
about 104 cm/sec.

with transitions (sectors hatched).
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Fig. 4: a) The central signal from
a sawtooth event with preceding
m=1 mode. b) Vertically opposite
near—axis signals during this saw-
tooth transition. The expended
interval corresponds to the marked
segment (by arrows) in Fig. 3d.

plasma
center R

Fig. 7 The inner spiral represents the

path of the hot spot centre during a saw—
tooth transition, the outer curve describes
the movement of a second hot spot centre
which is assumed to originate from the
first one. The marked time points corre-
spond to the arrows of Fig. 4b and 8.
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Fig. 5: A sawtooth transition after a
weak but rapidly developing m=1 mode,
shown for opposite channels at differ-
ent distances from the magnetic axis.
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Fig. 6: A sawtooth collapse
with typical spikes and the
propagating heat pulse.
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MHD activity

Together with the signals of a second camera the movement of the hot spot
from the example described in Fig. 4 was reconstructed. Fig. 7 shows the
path of the centre of the hot spot, which starts from an m=1 mode (marked
time point 1) and roughly describes a spiral. After the time point 4 the
determination of A becomes uncertain. From time point 3 on a second hot
spot is clearly seen which rotates at a larger radius. The phase relation
between both hot spots is well described by the assumption of a frequency
ratio 3/2. Within the sawtooth transition the phase velocity of the inner
hot spot decreases to about its half original value. During the m=1 mode A
is smaller than 2 cm, the centre of the mode activity is clearly shifted
outwards from the plasma centre and the mode structure 1s observed up to
r = 14 cm. :

Within the transition 2 to 3 the value of A increases to about 6 cm and the
mode structure extends to r = a/2. The central channel shows at time point 3
a first distinct minimum and does not reach again its maximum value when the
hot spot passes the horizontal channel at time point 4, It is assumed that
the original hot spot is deformed and breaks. up simultaneously when A starts
to increase. Its absolute minimum shows the central channel at time point 5
and a last clear relative maximum is observed at time'point 6.

In the follow1ng phase the MHD activity w1th1n a/2 becomes complicated but-
remains regular and ends finally in a stationary low.frequency m=3 mode.

A thermal wave on a equilibrium transport time scale doés not develop in
this case. Beginning from time point 3 the outer plasma region (r > a/2)
shows growing signals. Already at time point 5 these, signals reach a first
maximum at the top and bottom of the plasma. These maxima are followed by a
somewhat larger signal at the top and a tremendous burst at the bottom
region rising only 50 psec after the beginning of the sawtooth transition
with a duration of 200 pusec (Fig. 8). In this case the energy transport from
the plasma core to the edge caused by a sawtooth event occurs on an ideal
MHD time scale.

The sawtooth events discussed before were
6 observed at the following experimental
{ conditions. Fig. 4/7/8:

1 I, = 380 ka, «}gcl-z.?;
ng = 2.4 * 10*2 cm™ increased from
1.5 1013 cm™3 by means of a strong Ne
center puff;
/ =3 NI power 3.4 MW; L-mode discharge with
L/ m=1 frequency of 26 kHz;
sample frequency 200 kHz.
bottom Fig. gég 1 e
I, = A; :
400 pysec ———————————— I_lz =:3sD .2 10?% eyl
NI power 1.7 MW + ICRH with 400 kW;
Fig. 8: SX signals from the sample frequency 100 kHz.

central and edge chord during
and after the sawtooth tran-
sition of Fig. 4b.
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INTRODUCTION

ICRH experiments in the ASDEX divertor tokamak have now been operated in
the 2oy regime and D(H)-minority mode. This paper presents the status of
these investigations and compares some of the most interesting features of
the RF scenarios with neutral beam heating (NI) in the same machine under
optimized and reproducible plasma parameters. The achievement of the H-mode
with ICRH alone is reported. Considerations on possible synergetic effects
of the combination of ICRH with NI /1/ and impurity studies during ICRH /2/
are presented separately.

2Qcy (67 MHz) and D(H)-heating (33.5 MHz) experiments are being
routinely conducted in excess of 2 MW launched power for pulse lengths of
up to 1 s. In addition to the combined scenarios of NI + ICRH, pure Xlpcy
and D(H) heating up to maximal power have now been applied in extensive
studies of diverted discharges and in the case of carbonised walls /3/.

EXPERIMENTAL RESULTS

Electron and ion heating properties of both RF scenarios are compared in
Figs. 1 and 2. Direct central electron heating (Fig. 1) measured via the
initial slope of the sawteeth is clearly higher in the minority mode than
at 2{y. The electron heating efficiencies,tk!ATe(O)/PIﬁe of about
4.0 and 1.8:1013 ev/kW cm3, for D(H) and 2{yy (H-plasma), respectively, is
also higher in the minority case (ng/mg v 0.05), which, however, was partly
due to the better confinement properties of deuterium plasmas. Figure 2
presents the ion heating at RF power below 1 MW: The minority regime
exhibits an efficiency as high as the NI H-mode (4.2°1013 ev/kW cm3,
e+ p*) /4/, which is consistent with the good confinement observed at
that RF power level (see Figs. 4 and 5).

Now to the global heating efficiencies of the various scenarios: Recent
investigations on 2{y—heating and its combination with NI gave rather
promising results /5/. When combining ICRH with NI, an important question
is whether the RF heating efficiency becomes improved with increasing T;
(target) or by coupling of the IC wave to the fast beam particles. In the
case of carbonised walls where heating is not degraded by deleterious
impurity radiation, the increase of Ty due to NI preheating (Fig. 3)
1Academy of Sciences, Leningrad, USSR; 2CEN Grenoble, France; 3Assigned to
JET Joint Undertaking, England; 4ENEA Frascati, Italy; 5University of
Washington, Seattle, USA;
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improves the IC efficiency only by about 25 % from about 20 kJ/MW (w/o NI,
Tj V0.7 keV) to 25 kJ/MW at Pyy = 3.5 MW (Ty v 2.2 keV). Coupling of the
IC wave to the beam is in fact observed in CX-spectra, but obviously to an
extent which is not sufficient enough to improve the heating: On comparison
of ICRH discharges with additional HO+ D% or DO + gt (Fig. 3) the RF
efficiency turns out to be independent of the beam species. Owing to the
isotope effect on confinement Xlcy-heated discharges in deuterium and
helium with a small amount of hydrogen (ng/ne > 10 %) show even better
efficiencies (D° + D' + ICRH in Fig. 3). No heating at the fourth IC
harmonics of D* and 4He2* could be noted.
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As a general feature, energy and particle confinement of ICRH-heated
plasmas are systematically better than those of the NI L-mode but appear
still within the combined error bars. The plasma energy for minority
heating at low power scales as well as the ohmic phase (Fig. 4). With
increasing RF power W, bends towards an L-mode behaviour, staying, however,
at a slightly higher Eevel than NI. In combination with NI, W, and thus tg
are improved, too, a feature also observed at 2Qcy /5/. The energy confine-
ment times of 2Qcy, D(H) and NI(L) modes normalized to the ohmic values are
presented in Fig. 5. Careful experimental investigations on the RF power
absorption lead to o = 0.6 and 0.7, without and with beam preheating
respectively. For pure NI heating o = 0.8 to 0.9 was found, in good
agreement with the beam deposition calculations. As shown for various 2y
regimes, carbonisation strongly reduces the central radiation /2, 3/, thus
improving the confinement. At high power (Pyc™ 5 Pgy) both RF scenarios
reach about equal tp (n 0.6 Tg) while below 700 kW the D(H)-confinement
still remains as good as the ohmic one. Assuming equal global heating
efficiencies ( " 20 kJ/MW) for the D(H) and 29 modes, but with
woH (p(a), p*-plasma) > PH (2QcH, Ht-plasma) the superior confine-
ment of D(H) at low power in comparison to 2Qcy can be explained.
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various heating scenarios.

Rather narrow power deposition profiles are expected theoretically for ICRF
heating. In fact, ICRH is accompanied by T, profiles strongly peaked on
axis (Fig. 6) confirming a rather local power deposition. Well outside the
q = 1 zone, however, the profiles of OH, ICRH.(2Q, D(H)) and NI appear to
be almost invariant if normalized to Te at r v a/2 indicating a 'profile
consistency' within the so-called confinement zone /6/. When the IC
resonance layer is shifted from the plasma centre to half radius, the Tg
profile does not vary much while the global heating is maintained with
slightly reduced sawteeth amplitude.

ICRF H-mode studies have been performed with and without NI. In
combination with NI under optimized conditions the additional ICRF power
can switch the plasma into the H-mode. For the first time, the H-mode has
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been achieved with ICRH alone in the D(H)-minority regime at an absorbed RF
power of about 1.1 MW. The H-mode is marginally reached showing all
characteristic signatures of rising ng and wp, and frequent ELMs (Fig. 7).
The typical development of an edge electron temperature pedestal is also
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Fig. 7: Transition into the H-mode Fig. 8: Development of the edge
of an ICRF-heated plasma. T, profile in the ICRH L and H-phase.

observed (Fig. 8) which is rather similar to the behaviour found with NI
heating /7/. The occurrence of a short ELM-free H-phase (see Fig. 7 at t =
1.365 s) gives rise to a shrinking of the scrape-off-layer and changes the
antennae coupling to such an extent, however, that in all cases one of the
RF generators terminates operation by voltage breakdown in the vacuum line
when operating at the RF power limit. To keep the H-mode with ICRH somewhat
higher RF power than available at present appears to be necessary.

CONCLUSIONS

Global heating and confinement of 2Qcy and D(H)-regimes are found to be
almost equal at high RF power and appear to be well comparable to or even
somewhat better than the NI L-mode. For the first time ICRH has now shown
the potential to access the H-mode.
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INTRODUCTION :

A Faraday screen has been used on RF antennae since the first days of
heating experiments with ICRF waves. Its use on the C-stellarator /1,2/
brought major improvements in the heating efficiency of the plasma. In
subsequent heating experiments on other machines the beneficial effect of
a Faraday screen, after initial trials without it, was rediscovered on
TFR /3/, DIVA /4/ and ERASMUS /5/. Consequently the Faraday screen has
become a mandatory component of ICRF antennae, and it has been attributed
different functions. To fulfill those functions the screen has become
increasingly complicated, and in the next generation of experiments, where
the screen has to be cooled, a new round of complexity is added. Can the
screen be simplified, and are some of its attributed functions really
needed. Those questions were the basis for an experiment on ASDEX.

FUNCTIONS OF THE FARADAY SCREEN

They can be divided in three categories.

A first function is the protection of the antenna against the plasma:
the screen should protect the antenna from particles and radiation from the
plasma, in order to avoid parasitic loading of the antenna and to increase
its voltage stand off. When a ceramic casing covers the antenna, the
Faraday screen prevents the metallisation of the ceramic which could occur
if Ti gettering is used.

A second function concerns the protection of the plasma:
the Faraday screen should act as its name indicates and keep unwanted
electric field components away from the plasma. The structure of the screen
is chosen so as to allow the fast wave to go through but to short out
electric fields along the magnetic field. The Faraday screen also may have
a role in suppressing coaxial modes /6/.

A third function, which will not be further discussed is changing the
electrical characteristic of the antenna: in order to minimise the voltage
1Academy of Sciences, Leningrad, USSR; 2Assigned to JET Joint Undertaking,
England; 3ENEA Frascati, Italy; 4University of Washington, Seattle, USA;
*CEN Grenoble, France
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on the transmission line, and to avoid as much as possible currents in the
radial direction /7/, the electrical length of the antenna is adapted, by
influencing the distributed capacitance, so that a current node appears at
the feeding point. The Faraday shield is one component through which the
distributed capacitance can be influenced.

ASDEX EXPERIMENT WITH OPEN SCREEN

In ASDEX two ICRH antennae are installed, 180° apart in the torus, on
the low field side (Fig. 1). Each antenna is connected to 1.5 MW generator
and consists of two /4 loops, fed top and bottom, and short circuited at
the midplane (Fig. 2). One of the antennae was covered with an optically
open Faraday screen (Fig. 3a), the other one with an optically closed
screen (Fig. 3b). Over a large parameter range (300 kW g Pyof ¢ 1200 kW,
n=1.25- 3.5 x 1012 m3) a systematic comparison was made by firing the
antennae alternately in successive shots. The experiments were performed at
the second harmonic of hydrogen (67 MHz, 2.2 T) with uncarbonised and later
with carbonised walls.

Concerning the first role of the screen (protection of the antenna) we
found that we had no voltage stand off problem. The generator was pushed to
its maximum power, and a voltage of 12 kV on the antenna was reached. Under
some conditions of bad coupling higher voltages (15.5 kV) were reached, but
a voltage limit would be encountered in the transmission line. Therefore we
cannot say whether or not opening up the screen has changed the voltage
standoff capabilities of the antenna voltages above this value. Two points
would indicate that there are no problems with plasma getting into the
antenna. We found no additional arcing traces on the central conductors
after two month of operation, and there is no power dependence of the
loading of the antenna. This is to be compared with limiter machines (TFR
/3/, TEXTOR /8/) with an antenna crossing the resonance layer which have
shown that a closed type Faraday screen is necessary.

The second role of the Faraday screen (protecting the plasma) seems to
be sufficiently accomplished by an open type Faraday screen. In earlier
experiments, without and with a Faraday screen on DIVA /4/large differences
were seen on the plasma parameters. We however see no major systematic
difference on the plasma centrum. Curves of 8, radiated power, soft X-ray
radiation are similar for both antennae. No difference is seen on the flux
of fast H® /9/. Central electron temperature curves are identical to the
point of having the same sawtooth amplitude and frequency (Fig. 4)

The density is feedback controlled but there is a difference in the initial
rate of increase of the density at the start of the ICRH. Values of 5 x
1020 m3/s at 900 kW and o S R 1019 w3 are found for the open screen
antenna as compared with 8 x 1020 y3/s for the closed screen antenna.
Occasionally, for the antenna with the closed screen this could lead to a
different density evolution with larger impurity radiation and impurity
lines (Fe XVI). The reason for this is unclear but could be related to the
fact that the optically closed screen (originally coated with TiC) was
already longer in the machine and may have become contaminated with Fe.

One domain where we have found a systematic difference is on the flux of
neutral D particles from the edge. Those fluxes appear and disappear
rapidly as the RF is turned off (T =1-3 ms) showing that these ions are
badly confined. A toroidal scan method already used for LH /10/ shows that
they are accelerated near the plasma edge. It appears that the fluxes due
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to the open screen antenna are much larger than those due to closed screen
antenna. It has to be noticed that the actual tail begins for energies
higher than 4 keV. For lower energy values the fluxes almost do not depend
on ICRH (Fig. 6). Inverted sawteeth are clearly visible on the charge
exchange signals: at low energies (<3 keV) for both antennae, at high
energies ( >3 keV) only for the open screen antenna. The sawtooth modula-
tion is correlated with the H,/D, light emitted by the plasma edge and is
an effect of neutral density modification. The fact that the high energy
channels are modulated only with the open screen antenna indicates, either
that the fast ions are further outside the plasma for this antenna or that
the mechanism which produces the fast ions for the open screen antenna is
sensitive to plasma edge modifictaions.

The following points are further important in analysing the results:

The analyser is toroidaly located between both antennae, the plasma current
and toroidal magnetic field are parallel, and in the co-direction for the
beams. The gas valve is close to open screen antenna. The particles
received by the analyser are mostly bananas with large V,L/Vth ratio and
the geometry is such that they cannot be seen just after their acceleration
in front of the open screen antenna. Other measurements have shown that
the D fluxes are very sensitive to the magnetic field and that they can
have large fluctuations during one shot, which do not seem to be correlated
to any macroscopic parameter of the plasma. There is no indication that the
measured D~ fluxes have a direct correlation with the impurity production,
but it is clear, that they depend on the plasma capability to absorb the
wave /11/.

In conclusion, these fast p° tail could depend on the kind of Faraday
shield used, but in the case of normal absorption of the wave in the
plasma, they are only a parasitic effect without consequence on the plasma
heating and impurity production.

SUMMARY

We can conclude from our experiment that in our geometry (divertor,
antenna not crossing the resonance layer), the function of the Faraday
screen as a shield against the plasma is not necessary.
In its function as a shield for the plasma against the unwanted fields from
the antenna an open Faraday screen seems to be sufficient. We see no
difference on the central plasma parameters and the boundary effect does
not seem to be detrimental. We therefore believe that the Faraday shield
can be simplified. However, many open questions still remain in this
boundary domain between antenna and plasma.

/1/ M.A. Rothman et al., Plasma Physics (J.of Nucl.En., C) 8 (1966) 241
/2/ M.A. Rothman et al., Phys. Fluids 12 (1969) 2211 =
/3/ J.Jacquinot et al.,Int.Conf.on Plasma Physics, Nagoya 1980, Vol.2, 226
/4/ XK. 0odajima et al., Nucl. Fusion 20 (1980) 1330
/5/ V.P. Bhatnagar et al., Heat. in Tor. Plasma, Varenna 1978, Vol. 1, 133
/6/ A.M. Messiaen et al., Heat. in Tor. Plasmas, Rome 1984, Vol. 1, 315
/7/ A.M. Messiaen et al., Heat.in Tor.Plasmas, Grenoble 1982, Vol. 1, 243
/8/ R.R. Weynants et al., Radio Frequency Plasma Heating, Callaway Gardens
1985, 40 and private communication
/9/ F. Ryter et al., this conference
/10/ F. Ryter et al., Application of RF Waves to Tokamak Plasmas,
Varenna 1985, Vol. 2, 746
/11/ G. Janeschitz et al., this conference
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Introduction

In ASDEX, ICRH /1/ and LHH or LHCD /2/ have been applied separately to NI
preheated plasmas in the L regime (HC DY, energy Eg). The coupling of these
waves to beam ions (H') have been studied with charge exchange diagnostics.
Possible synergetic effects are discussed in /3/. Shots were made with

Eg = 29 keV and Eg = 42 keV and in the latter case PNy or PRy were scanned.

1. Experimental set-up

Measurements were carried out with two neutral particle analysers. One
"tangential" analyser (E = 0.1 - 55 keV) viewing opposite to the NI beam
direction with the same tangency radius Ry at which the beam is injected

(Rp = 145 cm R, = 165 cm) and with one "perpendicular" analyser (E = 0.5 -
200 keV) which can be scanned vertically. Perpendicular measurements detect
only particles with V,,/V = 0. Near the edge, however, banana ions are seen
at the orbit tips. The energy upshift can be better studied in the case Eg =
29 keV because of the upper energy limit of the tangential analyser. For the
29 keV shots a diagnostic beam of hydrogen atoms was injected vertically in
the poloidal plane of the perpendiular analyser and crossed the line of
sight of the tangential one in the plasma centre.

2. Results

a) ICRH

The following features are observed with the tangential analyser when ICRH
is applied: flux increase for E>Eg, flux decrease for E<Ep (Fig.l). Fast
atoms are detected in the highest energy channel (47 keV for Eg = 29 keV, 55
keV for Eg = 42 keV, Fig. 2). This signal has a rise time and a decay time
of 30 ms. The diagnostic beam has no effect on this signal. In the perpen-
dicular direction the active fluxes show a tail of fast ions up to 60 keV
(Fig.3) and passive flux decay time is 30 ms at 40 keV. Passive fluxes at
the plasma edge (r=a=40 cm) with Eg = 42 keV increase with Ppp/Pyy (Fig.4).

b) LH

In the tangential direction, fluxes increase for E > Ep, fluxes remain
constant or increase (10 - 20 %) for E < Eg (Fig. 1). Fast ions in the 47
keV channel, (55 keV for Ep = 42 keV) are detected (Fig. 2). This flux is
twice as large for <N,> = 4 than for <N,> = 2. The decay seems to consist of
a fast part (few ms) and a longer one (100 ms). For the Eg = 42 keV case,
only the fast decay is clearly visible. As for ICRH the active flux is not

1cEN Grenoble, France; 2Academy of Sciences, Leningrad, USSR; 3present
address: JET Joint Undertaking, England; 4yniv. of Washington, Seattle, USA
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visible for E > Eg. In the perpendicular direction fluxes increase and ions
are found till 60 keV. The 40 keV fluxes are twice as large for <N,> = 4
than for <N,> = 2 in the centre and equal at r/a = 0.6.

3. Discussion

Under our geometrical conditions (Rp(NI) = Rp (Analyser) = Rp) and with NI
alone, the tangential analyser receives only passing co-particles originat-
ing from the maximum of the ion distribution for each magnetic surface

(Fig. 5). This is due to the relation, valid both for injection and detec-
tion: Rp/R = v,/v (R is the radius where the C.X. collision happens, V, the
parallel velocity and v the total velocity). Then, for each position R, the
ion distribution is peaked at the injection angle defined by v,/v = Rp/R
which is the condition which must be fulfilled to receive neutrals from the
position R. If the waves add perpendicular energy to some of the ions, a
part of the distribution function is shifted to higher perpendicular veloc-
ities and the parallel analyser does not receive any more fluxes from the
maximum for each magnetic surface. If no compensations occur from other
regions, the signal for E < Eg should drop. On the other hand, ions with

E > Eg must be found. They can be detected after acceleration and collisions
which place them onto the detection line of the analyser, both geometrically
and in velocity space. Estimation of the main collision times is given for

the ICRH and LH cases for 30 keV ions (ng = 5 ° 1013 cm“3, Te = 1.5 keV and

ng = 1.5 ° 1013 cm~3, Te = 1.5 keV correspondingly):

slowing down on e~  90° scattering charge exchange n0=107—108cm“3)
ICRH 25 ms 50 ms ls to 100 ms
LH 60 ms 115 ms Is to 100 ms

These characteristic times as well as the confinement define the decay time
of the signal after the RF turn off.

For the perpendicular analyser a general flux increase is expected. The
experimental results show that both ICRH and LH waves add perpendicular
energy to ions which are clearly accelerated to high energies and neverthe-
less remain confined as discussed in the following.

a) ICRH

Ions which fulfil the relation Nycrp(R) - 29y = k,.v, can be accelerated in
the perpendicular direction. It happens in the resonance layer (R = Ryt 4cm)
if they have v, = 0. Some of them can be banana ions having their orbit tips
in the resonance layer /4,5/. Ions can be accelerated outside of the
resonance layer if they have enough v, to fulfil the relation given above.
These are passing or banana particles with large v, /v . Taking into account
the k, spectrum of the wave, we calculate that acceleration is possible till
r = 12 em for E, = 29 keV and till r = 18 cm for E, = 42 keV. Therefore beam
ions (passing particles) can be directly accelerated only outside of the
resonance layer. Beam ions first scatter to larger v,/v, before they can be
accelerated in the resonance layer. Experimentally it is shown by the
absence of active flux (v,, = 0.85 v) in the tangential analyser: ICRH does
not affect passing ions in the centre but off-axis acceleration is found.

On the other hand, observations made with the perpendicular analyser show
that accelerated ions with large v,/v, are present in the plasma centre.

b) LH

The LH interaction is not well located but particles must have enough
perpendicular energy E, to fulfil the relation: Ny = 700 (A/E_,_)l/2
([E+1] = keV, A = atomic number)
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The perpendicular index N, of the wave is calculated by ray tracing /6/ and
the next tables compare the lowest N, values necessary for the interaction
and the highest N, values given by the ray tracing method for different N,

valuess <N,> 2 4 resonance E;, 29 keV 42 keV

code N, 30-75 75-125 condition N, 130 108

It appears that the N, values given by the code are too small to allow for
interaction with beam ions particularly for the <N,> = 2 spectrum. This
general problem for the LH experiments will not be discussed here. As for
ICRH the absence of active fluxes in the tangential direction shows that the
interacting and accelerated ions in the centre have too large E,;/E to be
detected. This is confirmed by the perpendicular measurements which show an
active flux increase in the centre due to LH.

Off axis acceleration happens and is enfavoured by the geometrical effect
which provides the outer surfaces with beam ions having more E; than in the
centre. The contribution of the non-central part to the fluxes could be
large due to the high value of the neutral density and explain the flux in-
crease for E < Eg. The life time of the ions generated off-axis is shorter
due to higher losses (charge exchange, confinement) and could account for
the fast part of the decay time. The non central effects are more favourable
in the Ep =42keV case which provides the plasma edge with faster ions. More-
over interaction is expected further outside at higher density values. Shots
made at 3 x 1013 cmn™3 show flux increase of a factor 2 in the parallel di-
rection for E <Eg and very fast rise time and decay time. The perpendicular
observations show large off-axis fluxes, similar to observed without NI /7/.

Conclusion

It appears from this analysis that for both the ICRH and the LH waves give

perpendicular energy to beam ions: E

- in the centre, to beam ions which have made 909 pitch-angle scattering

— off-axis, to ions which come almost directly from the beam. This contri-
bution to the fluxes seems to be larger for the LH case.

For ICRH in particular, these two populations are separated both geometri-

cally and in velocity space and cannot mix strongly according to the colli-

sion times. The second population might improve somewhat the ICRH heating

efficiency for NI preheated plasmas compared to that obtained in ohmic

plasmas, nevertheless both for ICRH and LH the contribution of the

accelerated ions to B is small /1,3/.

The clear patterns shown in Fig. 4 as a function of Prp/Pyy (RF power per

injected particle) indicate probably that the interaction occurs mainly with

beam ions. They show the global increase of the perpendicular energy of the

ion distribution. For ICRH the contribution of the fast ions to the impurity

production is very probable as discussed in /8/.

This work has been made in the frame of a collaboration between IPP-Garching

and CEA-DRFC-SIG (Grenoble), and project boards in both laboratories are

gratefully acknowledged as well as the assistance of the technical staff.
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Introduction:

Stabilisation of sawteeth has become a clue problem for high power addi-
tional heating in large tokamaks where the oscillations in the central
electron temperature may be as high as 50 % /1/. In. Lower Hybrid experiments
the sawteeth of Ohmic discharges have been observed to disappear /2/, /3/.
In this paper we study the parameter range for stabilisation of sawteeth
accessible with the LH-system on ASDEX /4/, /5/. The role of the LH wave
spectrum is discussed. For application to NBI heating the LH-power require-
ments and the benefits for the energy confinement in sawtooth-free
discharges are investigated.

Stabilisation of sawteeth in OH-discharges

The sawtooth period Tgt rises upon injection of LH waves in a den51ty range
where the waves couple to suprathermal electrons (n $3 x 1013¢p~3 ). In the
case of LH-current drive T4t continues to change during the rf pulse. The
values for the first sawtooth after start of the LH and for the saturated
state are shown in Fig. 1 for a power scan at ng = 1.6 x 1013 em=3. At low
power the sawtooth period rises continuously until the end of the rf. For
Prg > 400 kW Tgy first increases and then dncreases, at high rf power even
below the Ohmic value. Above a threshold PLH the sawteeth finally dis-
appear. The time delay T4 between start of the LH and the last sawtooth
collapse depends strongly on the density and it decreases with increasing rf
power as shown in Fig. 2. The threshold PLH there is marked by dashed
lines. Stabilisation of sawteeth is possible only by applying LH-current
drive spectra. With symmetric spectra in the LH-heating mode the sawtooth
period may be changed but sawteeth remain present during the whole LH pulse
{t < 1.5 s) even at rf powers more than a factor of 2 above the threshold
Prg* with LH-current drive.

The mechanism for sawtooth stabilisation might therefore be seeked in the
change of the current profile j(r) connected with LH current drive. The
internal inductance 1; may be derived from magnetic measurements with some
precautions. From the quantities Bsqu + 1;/2 (derived from the equilibrium
fields) and B (from diamagnetic measurements) 1 can only be determined if

lAcademy of Sciences, Leningrad, USSR; 2present address: JET Joint Under-
taking, England; 3Univ. of Washington, Seattle USA; 5CEN Grenoble, France
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the pressure is isotropic. During heating and current drive with LH waves of
high phase velocity (Vph w = ¢/2), however, the pressure may become highly
anisotropic due to the generation of fast electrons parallel to the magnetic
field /7/. Therefore direct measurements of j(r) were made for various modes
of LH operation in ASDEX /8/, /9/. In the case of the LH power scan at

ﬁe = 1.6 x 1013 cm™3 (Figs. 1,2) the pressure anisotropy remains small and
the stationary value of (BSI™ + 1;/2) - Bé then gives 1j. At low rf power 1j
increases while it drops during LH current drive with Pyy > 400 kW as seen
from Fig. 3. Consequently, the current profile is peaking during low power
LH-current drive and the higher increase of the sawtooth period Tg¢ in

Fig. 1 might then be explained by an expansion of the sawtooth-unstable
region within r(q=1). The drop in 1j at higher power indicates a flattening
of j(r) and the reduction in Tgy could be explained in like manner by a
shrinking of the g=l-surface. With Prg > Pry~ j(r) flattens to such an
extent that the q=1 surface disappears and q ®> 1 in the entire plasma region
/9/. Stabilisation of the sawteeth is therefore achieved if j(r) is modified
such that the instability condition (q=1 at some radius) is removed. On
ASDEX, so far, this is the only method how sawteeth could be suppressed by
means of LH waves. :

In the parameter raﬁge where sawteeth were stabilized about half of the rf
power necessary for complete LH-current drive was required. For discharges
with q(a) = 3.5 this can be seen from Fig. 4 where the relative reduction in
Ohmic input _APOH /PQH due to LH current drive at the stability margin with
Pkﬂ = PLH* is plotted versus n, together with the absorbable fraction
PlH,acc of the rf power launched in these cases. Because of the uncertainty
in the deposition profile two cases have been considered for accessibility
to a/3 and 2a/3 /7/.:

Stabilisation of sawteeth during NBI:

The sawtooth period T4t during NBI increases with increasing beam power PNT
(Fig. 5) and above a certain threshold in Py which augments with ne no saw-
teeth are observed during NBI. In sawtoothing discharges with NBI Tgt rises
upon injection of LH power both in heating and current drive mode. Sup-
pression of sawteeth is possible with LH current drive only. The mechanism
of stabilisation is again related to a flattening of the current profile j(r)
as indicated by a decrease of 1j. The drop in 1; does not depend on Pyy but
only on Ppy and on the wave spectrum. The mlnlmum rf power required for
stabilisation PLH is reduced for higher Py as seen from Fig. 5.

This suggests that the current profile is flattened in the central plasma
region already by NBI alone and less LH-power is therefore required for
higher Pyy to remove the q=1 surface from the plasma.

With counter-NBI the threshold power PLH* is even further reduced as seen in
Fig. 5. Also with NBI alone sawteeth disappear already at lower power in
this case. This seems to be mainly due to the broad Tg(r) profiles which are
observed with counter-NBI. The shorter sawtooth period (Fig. 5) might be
also explained by this fact. A contribution from a counter-driven beam
current reducing the net plasma current in the center and thereby flattening
j(r) as proposed in a scenario for sawtooth suppression /10/ cannot be ruled
out.

In sawtooth-free discharges with NBI higher central electron temperatures
can be obtained. The Tg(r) profiles are plotted in Fig. 6 for the Ohmic
phase, NBI alone and for NBI combined with LH current drive. With Pry = 540
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kW which is below PLH* the To(r) profiles still resemble the profiles with
NBI alone. The additional LH power replaces mainly the drop in Ppg in this
case. With Pyg > PLH* (Ppg = 720 kW) sawteeth are suppressed and the central
temperatures increase. The resulting increase in total energy content is
small because of the small volume where sawteeth dominate the power loss.
With lower q(a) the sawtooth—unstable region is larger and a larger gain for
global plasma heating can be obtained. At q(a) = 2.75 (Ip = 380 kA, By =

2.2 T) sawtooth suppression with Ppg = 550 kW resulted in a 30 % increase of
the total plasma energy content from NBI with Pyy = 1.8 MW. Improvement of
the central confinement by stabilisation of the sawteeth therefore contrib-
utes also to an appreciable improvement of the global confinement.
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3

The lower hybrid current drive experiments in ASDEX so far have been
performed mainly by operating successive waveguides of the grill at a
relative phase of A¢ =T /2 and with equal amplitudes. The spectrum thus
excited is considered in this paper as a reference spectrum and is shown as
spectrum C 1 in Fig. 1. With such a spectrum it has been observed, like in
many other related experiments, that the primary current rate of change,
—ioﬂ, necessary to maintain a constant plasma current I,, decreased with
increasing rf-power, Pgpp. At a specific value of Pgpyp, depending on density
and plasma current, Iopy becomes zero and the plasma current is driven by rf
alone, while at higher powers the transformer gets recharged /1/. The
scaling of these effects was found to depend on the accessibility of the
lower hybrid waves and to agree with theoretical predictions /2, 3/. It was
also shown that the current density profile j(r) for rf-current drive is
different from that obtained for inductive current drive and is no longer
directly determined by the electron temperature profile /4, 5/. In this
paper we describe experiments with "tailored"” spectra where phase and
amplitude in each waveguide are specifically set to produce a N,—spectrum
with a definite wing at the high N,—side. Such a wing is considered
essential in explaining the magnitude of the driven currents as observed in
the experiments /6/. These spectra are obtained by appropriately
superimposing in the grill waveguides fields producing each by itself
different N,-spectra, resulting in

Un _ ei(n—l )Aag, 5 a-ei“ ei(n—l)nq?z (1)
Here U, is the wave amplitude in the n—th waveguide of the grill. Ome set
of such spectra where we used Atp, = T /2,48¢, = 5W/6, and & and a were
varied, is shown in Fig. 1. Other combinations of A, , A, , a, andx were
used in order to tailor the wing of the spectrum in different ways (for
example Fig. 6). In the experiment we have excited each one of these
spectra with the same total input power of 400 kW. This was about a power
limit for those experiments because of the very different powers (up to 130
kW) to be applied to the individual waveguides. A density of np, = 6 x 1012
cm™3 was then chosen in order to obtain a stationary current drive (iOH,RF
= 0) in the case of the reference spectrum C 1.

1Academy of Sciences, Leningrad, USSR; 2Assigned to JET Joint Undertaking,
England; 3ENEA Frascati, Italy; AUniVersity of Washington, Seattle, USA;
SCEN Grenoble, France
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Figure 2 shows the primary current IOH(t) which is necessary to maintain
a constant plasma current Ip before and during the application of LH-power
with the spectra shown in Fig. 1. The curves are displaced for clarity. We
recognise that for spectra with an increasing fraction of power at high N.
the current drive becomes less efficient, i.e. - 10H,RF increases. The same
Iog . rF wWould be obtained with a smaller amount of power, PR%,Cns if the
applied spectrum were the reference spectrum C 1. In Fig. 3 we plot the
ratio PgF,Cn/PRF,Cl where Ppp c1 1is the power resulting in iOH,RF =0 for
the spectrum C 1. The LH-driven current scales, as:

Tep™ M8 Bpp/ngs

where
Niy 18 ;
M f‘P(M,,]dM,/J[?(”a)de ] g= (M!:./Nu: "JJ\/(N“’:- I M’N/Nu)
Nuz e

and N.p is determined by accessibility or the lower N.—boundary of the
spectrum /7,8/. We therefore may write:

o & 3 :
Per,cn/PrE,c1 - 8/ W8)gy -

The factor (u-g) depends of course on the choice of the spectrum boundaries
N.p and N.;. The two lines in Fig. 3 show the calculated ratio

(#8)cn/ (#8)c1- For line a we chose N.p = Nugee = 1.5 and the upper boundary
N..; was -

Nia -0 .
determined by r = f P(N.)dN../ JPP(N")dN“ = 0.97. For lime b N.p was
) °

either N.2 = N.gee = 1.5 or determined by r = 0.1 and N.; was determined by
r = 0.9, thus shifting N.j to values greater than 1.5 for the spectra C 7
to C 13. We see that in the experiment the current drive efficiency is
always greater than in the calculation b, while for calculation a this is
true only for spectra C 3 and C 5, but less than calculated for C 9 to C
13. From this we conclude that in using the above equation for g, which is
derived for a rectangular power spectrum /8/, we overemphasise the high
N,-part of the spectrum while the low N,—part is more efficient with
respect to current drive. To describe our experimental results in more
detail we would thus need instead of the function g a function which does
not only depend on the boundaries N.j and N.; of the spectrum but also upon
its shape.

We further observed that the signal A +1 as deduced from the equilibrium
field depends remarkably upon the applied spectrum. As an example we show
in Fig. 4 the difference between. A+l = B8IY- + 1i/2 and Bp-‘-(from the
diamagnetic loop). This difference changes when LH-power is applied due to
the wave generated anisotropy in the electron velocity distribution,

B%qu. - B4 yhich occurs on a fast time scale and is positive, and also
because o? a slowly decreasing lj. The dependence of 1; as a function of
the applied spectrum is shown in Fig. 5 for the set of spectra shown in
Fig. 6. We see that —Al; increases with increasing power in the high N, -
part of the spectrum. This has also been observed in a phase scan where the
shape of the spectrum remains roughly constant but the mean value ¢ N, » is
shifted from 2 to 4 with a directivity dropping to zero. The change in 1j
is thus not only related to the amount of rf-driven current, but also to
the shape of the spectrum, and the maximum & 1; does not coincide with a
maximum current drive efficiency. This suggests that the higher N.—part of
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the spectrum is absorbed further radially outward than the low N.—part. The
generated current density profile depends on the choice of the spectrum,
and is not only determined by the direct rf-driven current, but also by an
rf-modified conductivity profile due to bulk heating or suprathermal
electrons.

We should also note that while 1; is decreasing additional power from
the decreasing poloidal field energy is available in the plasma, leading to
a_further reduction in the loop voltage.
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It has been recognized in recent years that e.m. waves in the lower hybrid
(LH) frequency range can produce important effects when absorbed by plasma
electrons like, for example, current generation, plasma heating and current
profile modification. In these conditions the electron distribution function
is not maxwellian but becomes enhanced at high energy depending on the power
and phase velocity spectrum of the launched waves /1/.

The aim of the present paper is to study the plasma-wave interaction by
experimentally determining the fractional population of non-thermal elec-—
trons under different plasma conditions. The experiments were carried out on
the ASDEX divertor tokamak, where current drive and plasma heating can be
studied up to an injected power of 1 MW at a frequency of 1.3 GHz. By chang-
ing the relative phase between successive elements in an eight-waveguide
grill, the shape of the N, index spectrum as well as its directionality can
be controlled.

Data on the fractional population np of tail electrons were obtained from
measurements of the intensity ratio of a dielectronically excited satellite
line to the main resonance line of He-like titanium ions by means of high
resolution X-ray spectroscopy /2/. A detailed description of the experimen-
tal apparatus and of the data analysis procedure can be found elsewhere /3/.

The results obtained in a current drive shot are compared in Fig. 1 with
those obtained during electron heating. The two discharges have the same
toroidal magnetic field and plasma current and nearly equal in;ected RF
power (Pgpp ~ 800 kW) and electron density (Ee =~ 1.2 x 1013 cm™ ). The shape
of the launched spectrum is nearly identical in the two cases and is char-
acterized by <N,»> = 2.

In the first case the plasma current is almost completely driven by the RF
waves and the feedback system regulates the ohmic power transformer to keep
the plasma current to the pre-injection value; consequently the toroidal
electric field is strongly reduced and comes near to zero. In these

lENEA Frascati, Italy; 2CEN Grenoble, France; 3Un1versity of Bochum,
W.-Germany; “Academy of Sciences, Leningrad, USSR, Spresent address: JET
Joint Undertaking, England; 6University of Washington, Seattle, USA
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conditions a rough estimate of the fractional population of tail electroms
can be obtained by assuming from quasi-linear theory that a unidirectional
plateau is formed in the toroidal direction in the velocity space from a low
value V}, a few times the thermal speed, up to a value V3 > V), determined
by the accessibility condition (V2 = ¢/1.55 for the present case). In this
hypothesis the central current density is-given by:

Vo + V
2 1 nRF(O)

jRF(O) = e

where ngp(0) is the total density of RF-generated suprathermal electroms in
the plasma center. This expression can be compared with the value obtained
by assuming the q value in the plasma center close to unit, as, deduced from
Li-beam measurements /4/:

2 Br

when R, the plasma major radius, is equal to 166 cm in ASDEX. When the value
of the central electron density (mg(0) = 1.5 x 1013 cm'3) is taken into
account we obtain for the current drive discharge np(0) = 1 2 in good agree-
ment with data in Fig. 1.

When we compare complete current drive with electron heating discharges we
find a considerable enhancement of the non-thermal population in the latter
case (Fig. 1). This could be explained by a better power absorption in the
plasma, possibly due to small differences in the spectrum at high N,. How-
ever this should lead to an increase in the thermal energy content in heat-
ing discharges which is not observed.

Thus the higher content of non-thermal electrons in heating discharges seems
to indicate that the tail extends to energies higher than in current drive
discharges. However the minimum N,, accessible to the plasma center is nearly
the same in the two cases and so the only possible explanation for the
results is that the toroidal electric field, which is nearly vanishing only
in the current drive case, is effective in accelerating the electron tail to
higher energies. It is worth to note that in the heating discharges dis-
cussed here the value of the electric field is about 1.4 Z of the critical
runaway field. This results in a critical velocity of 0.56 c, which is lower
than the upper limit of the quasilinear plateau, Vp = 0.62 c, as deduced
from accessibility condition.

Magnetic measurements also show that in the discharges considered here the
plasma pressure becomes strongly anisotropic in the heating case while LH
current drive leads to nearly isotropic heating (Fig. 2). The parallel and
perpendicular components of the plasma pressure were derived from three
independent measurements of B8p (diamagnetic beta), B%qu * kil2 (ng“ =
equilibrium beta) and 1y /4/.

The influence of the shape of the N, spectrum on the non-thermal population
was also studied. A power scan with <N,> = 2 and <N,> = 4, (Fig. 3) shows
for both cases a nearly linear dependence upon the injected power but faster
waves are more effective in generating fast electrons. This is in agreement
with observed heating efficiency as well as with current drive experiment
results /5/ °

Also shown in Fig. 3 are two measurements taken during opposite current
drive experiments. In this case the waves have to push the electrons against
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the applied toroidal field and consistently a lower number of tail electrons
is observed.

A density scan was also performed at a medium power level (Pgy = 430 kW).
This is not enough to obtain complete current drive except at very low _
density. The results of the measurements are shown in Fig. 4. For ﬁe >1x
1013 cn=3 the loop voltage is nearly equal for current drive and heating
discharges with <N,> = 2. The different behaviour in the partial current
drive and heating cannot be due to electric field effects and is not fully
understood. We note, however, that in this experiment heating discharges
have a higher electron temperature.

At the highest density all the three spectra give nearly the same result.
This corresponds to the point where the heating efficiency for the electrons
is just starting to deteriorate because of the increasing ion absorption
/5/. In these conditions we performed spatially resolved measurements for
two values of the injected power at <N,> = 2 (Fig. 5): we obtained hollow
profile, showing a lack of wave penetration to the plasma center.

To check problem of wave accessibility to the plasma center, <N,> = 4 spec-
trum was studied in the same plasma conditions, although at a reduced power
level (Pgr = 300 kW), and the nT profile was still found to be hollow. It
can then be concluded that in the ion interaction regime the penetration of
the waves to the plasma center is inhibited possibly due to the absorption
by the plasma edge.
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Abstract: Measurements of the plasma current density distribution j(r)
during injection of stationary or propagating lower hybrid wave spectra have
been performed on ASDEX. Positive current drive leads to broader j(r) pro-
files - while To(r) is peaking - coupled with an increase in q from q < 1 to
q > 1. The other spectra influence j(r) only to the extent predicted from
classical conductivity based on changes in To(r) under the condition

q(0) ~ 1.

Introduction: It has been demonstrated on various experiments that lower

hybrid current drive (LHCD) can be used to suppress sawtooth oscillations
/1-4/ or influence m/n = 2/1 tearing modes /2-4/. Based on magnetic signals
and the monitoring of MHD activity it has been conjectured that these
effects have their origin in an LHCD-induced broadening of the j(r) profile
/2-4/. In the same way, magnetic signals have been interpreted as inferring
a strong peaking of j(r), attained by appropriately adjusting the LH wave
spectrum /4/. These points have been investigated on ASDEX by direct mea-
surements of j(r) for a variety of LH spectra.

Experiment: ASDEX was operated in the divertor configuration with parame-
ters: ng = 1.2 x 1013 cmn™3 (0mom: 8 x 1012 en™3), I, = 292 - 301 kA, Bp =
21.5 kG, a ~ 39.4 cm and R ~ 167 cm. Approximately 560 kW (0w O m: 340 kW)
of rf power was launched into the plasma via an 8-waveguide grill with a
phase difference AP between the waveguides such that a spectrum with N,, ~ 2
(0Ow0 m: N,, ~ 4) was generated symmetrically (0 O mw m.., O ™ O T...; LHH),
parallel (AP = +7W/2, LHCD) or antiparallel (Ap = -m/2) to the plasma cur-
rent /5/. Zggf in the ohmic heating (OH) phase - deduced assuming neoclassi-
cal conductivity - and the OH/LH loop voltages Vp are given in Table I.

The resulting incremental changes in the diamagnetic beta signal AB,:1 and
A(ngu + 1j/2) (measured by poloidal flux loops) are depicted in Fig. 2. It
is seen that AB , lnacreases to a plateau in ~100 = 150 ms. The behavior in
A(ng + 1;/2) is different; the initial increase in this quantity, common to
all cases, is followed by a slow decrease over ~300 ms to a plateau below
the OH value for +m/2 and O ™ OT. We note that Bp, is sensitive only to the
perpendicular energy W, and B%q to the entire energy W=(W,+W,)/2, so that

D = i(BEq L P ey ABPL = O(W,-W,;)/2 + Alj/2. Hence, the discrepancies D

lAcademy of Sciences, Leningrad, USSR; 2present address: JET Joint Under-
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seen between ABP; and A(ng + 1;/2) in Fig. 2 can be ascribed to the
production of a pressure anisotropy between the directions perpendicular and
parallel to the magnetic field, and/or to a change in Alj, i.e. to a

redistribution in j(r).

The effect on j(r) was determined directly by means of a neutral llthlum
beam probe which measures the magnetic field pitch angle 8, = tan~l(B /BT)
at the intersection between the beam and optical axis of tge detectlng
system (Fig. 1) /6-7/; j(r) can be calculated using Gp(r) in conjunction
with Maxwell's equations. To(z) is registered along a vertical chord (not
passing through the magnetic axis) by a 60 Hz pulsed Thomson scattering
system (Fig. 1) /8/.

Results: The measured pitch angle profiles 9%, adjusted to cylindrical
geometry, for +T/2 are plotted vs. the flux—surface radius rg in Fig. 2
(top, right) for the OH and steady-state LHCD phases along with the corre-
sponding q(r) and j(r) profiles (top, left). It should be noted that the OH
points are well documented with two points each at rg = -1.7, +10.3, 14.3
and 29.2 cm. The indicated error bars on 85 reflect the noise level
associated with the base line of 95 and of GC itself. For OH, the g=1 radius
is in rough agreement with the ECE sawtooth 1nver51on radius (hatched
region) rgy. The application of LHCD leads to a broadening of the j(r)
profile (from which Alj ~ -0.12 is computed) and an associated increase in
q(0) from 0.98 + 0.03/-0.01 to ~ l.14, in concord with previous results
/7/. While T, profiles are not available for this series, the experience is
always that T, peaks with LHCD in the fashion seen with 0 O ™ m, thereby
demonstrating that the LH-driven current is decoupled from the classical
conductivity profile.

The (Fig. 3) Gc and To profiles for -m/2 exhibit no significant change
between the OH and LH phases, i.e. D is due solely to a large anisotropy in
the non-thermal electron population in favor of the component parallel to
the magnetic field. A comparison between the experimental 6§ points and the
curves predicted from Spitzer or neoclassical (neo) conductivity (assuming
Zeff and the electric field E are constant) shows no consistent agreement
with either case. (Fig. 3 - the curve spread reflects the T, error bars.)
However, neither model correctly predicts rgy: neo gives q(0) values far
below the q(0) ~ 0.96 determined from the lithium beam, whereas Spitzer
generally yields q ~ 1 only very near the axis. If a central zone of
anomalous resistivity or a smaller E is postulated such that q ~ 1 is
fulfilled, then neoclassical conductivity would describe the experimental
points reasonably well in the q > 1 region. However, for fiducial purposes
the Spitzer curves are used in comparison hereafter.

The failure of the experimental 8§ curves to cross the axis at rg = 0 for
both -7/2 and 0 0 7T (consecutive series) is probably due to a slight
(~0.3°) beam misalignment. The systematic trend of the rg < 0 Gc points to
increase for -m/2 is not understood, as a symmetric behavior for rg~ 10 cm
is not observed.

The heating spectrum O O TT produces a pronounced peaking in To(r), but no
distinct change in 6f. In contrast to the OH phase, the Spitzer GEH profiles
lie above the experimental 9 points, demonstrating that j(r) has not
tracked the To(r) change - suggestlve that a mechanism which always main-
tains q(0) ~ | is operative.
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The O m O w TOH profile is broader in the central region compared to
OO0mm, leadlng to a narrower j(r) distribution (synonymous with higher GC
values) as corroborated by the Li-beam measurements. LHH produces a decrease
in Tg (r<a/2), which j(r) follows up to Atyy ~ 300 - 400 ms as confirmed by
95 from experiment (Fig. 3). Hence j(r) has been altered by affecting the
bulk thermal electron population, changing qOH(0) from ~0.97 to qLH(O) ~
1.06 and l?H from 1.35 to 1EH ~ 1.15. The behavior after Atpy ~ 400 ms
cannot be considered here.

Discussion: Table I summarizes the experimentally determined changes in q(0)
and 1, from which we see that qOH(O) = 0.96 - 0.98. This implies that only
a few per cent of the current inside the q = 1 surface needs be displaced
outwards in order to achieve q > 1 and an associated suppression of saw-
teeth. Such a small change can take place inside one sawtooth period, which
is congruous with the observed invariance of rgy up to the moment of saw-
tooth disappearance described elsewhere /1/.

Taking the experimental Al it is possible to compute Aﬂsq for all cases,
the values of which are indicated on Fig. 2 by arrows. Accordingly, +m/2
produces a nearly isotropic pressure (i.e. ABE q>vAB ), whereas -g/2 exhi-
bits an extreme anisotropy and 0 OT T lies in etween. These deduced trends
are consistent with direct measurements of the non-thermal electron popula-
tion on ASDEX /9/.

In passing it should be mentioned that the profiles discussed here are
interesting candidates for a "profile consistency" analysis /10/ inasmuch as
Te(r) and j(r) are loosely coupled for 0 Omm and decoupled for 7w/2, but
both yield approximately the same T, profile. Further, for O m O m, LHH
produces a large, coupled change in Tg(r) and j(r).

Finally, the Li-beam measurements reported here support the thesis /11/ that
sawtooth stabilization on ASDEX occurs only when the condition q > 1 pre-
vails in the central region.
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Table I: Experimental Results
Neo  OH LH OH LH
Lot " 610 ae0) by
m/2 ?  0.9:0.3 0.98 1.14 =0.12
-m/2 2.4 0.9:0.62 0.96 0.99 0
oomm "  0.9:0.57 " 0.96 0
OmOm 4.0 1.0:0.54 0.97 1.06(7) -0.2
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PROBE MEASUREMENTS OF PLASMA INHOMOGENEITIES IN THE SCRAPE-OFF LAYER OF
ASDEX DURING LH
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G. Siller, P. Smeuldersz, F.X. S6ldner, K.-H. Steuer, N. N. Tsois5,
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Max-Planck-Institut fiir Plasmaphysik
EURATOM Association, D-8046 Garching

Electron temperature and density have been measured routinely at the edge of
the ASDEX main plasma by means of a Langmuir triple probe /1/ which gives
the saturation current and T, on~line. Therefore one can get with a fast
radially moved triple probe a complete ng(r) and To(r) profile in one shot.
The probe installed in ASDEX can be moved from a preset position 100 mm
radially inward and backward within 200 msec. It is placed 22.50° toroidally
away from the LH launching grill and 5° poloidally above the equatorial
plane; the tips are arranged in the form of a triangle with distances of

7 mm. For a proper function of triple probes it is necessary that the devi-
ations between the floating potentials of the 3 tips are small compared to
Te/e. In ohmic discharges this is fulfilled while during LH application we
observed differences of the order of T,/e. We have investigated this under
different plasma and LH parameters as shown in Table 1.

Table 1
Series LH Plasma Measurements
Power n, Bp(T) I (ka) ﬁé(cm"3) Species
(kW)

I 770 2 2.37 300 1.4x1013 Dy profiles of float.pot.
diff.

II 750 gl i - 18 " 2.7x1013 i L "

III 370 4  2.18 o 2.1x1013 = i "

IV 275 4 " 380 2.7x1013 ’ u "

v 500 2 " 300 1.4x1013 Ly " , I-V-charact.,
combined double probes

VI " 2 " " 2. 91{1013 " " "

VII e 2 p ot 1.4x1013  Dy+He  I-V-charact., indep-
endent double probes

VIII e 2 o " 2.9x1013 u explorative, indep-

endent double probes

lAcademy of Sciences, Leningrad, USSR; 2present address: JET Joint Under-
taking, England; 3Univ. of Washington, Seattle, USA; 4CEN Grenoble, France;
SNRC Democritos, Athens, Greece
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From the floating potential differences we have constructed the electric
field vector. The direction and absolute value of this show a strong radial
dependence (Fig. 1, 2). In the series I, II, V, VI we found a large
component parallel to the magnetic field at the innermost radial position.
At the radial position of the grill the absolute value of the vector is much
smaller. Despite of the different main plasma density in the series V and VI
we found a very similar radial dependence of the direction. The same we got
for the two series III and IV with lower RF power, for which the absolute
value of the vector was always rather small. The reason for the deviations
in floating potentials may be local inhomogeneities in electron temperature
or in plasma potential or in flux of suprathermal eletrons. These can arise
from effects connected to decay processes inbetween the grill and the
separatrix described e.g. by Derfler /2/ or by Motley and Glanz /3/.

In order to distinguish between these possible explanations we operated for
the series V, VI, VII and VIII couples of tips of the triple probe as double
probes. The fast movement was modified in such a way that the probe stays
for about 100 msec at the innermost position where the I-V characteristics
were taken. In series V and VI we measured with two combined double probes
with tip 3 as common reference tip. Under these conditions tip 3 has to
carry the sum of the currents of tip 1 and 2 and from the characteristics
one cannot find floating potential differences. They have to be measured
independently. The characteristics (Fig. 3, 4) show only small differences
between high and low main plasma density (corresponding to the ion-RF and
the electron-RF interaction regime resp.) and indicate for couple 1-3 a
lower temperature than for couple 2-3. This is in agreement with the direct
floating potential measurements (Fig. 1,2), but not with the relative shift
of the two characteristics.

For series VII with parameters like series V but with a changed plasma
composition we have increased the voltage range to 0 — 600 V in order to
reach well the saturation. We have used the two couples 1-3 and 2-3 alter-
natively and not connected. In this case we find again a lower temperature
for the couple 1-3 than for couple 2-3 (Fig. 5) (67 and 80 eV resp.). Now
the floating potential difference derived from the shift of the character-
istiecs ( 30 V) is within 30 7 in agreement with the temperature difference.

In addition to this series in the electron regime we have done also some
explorative measurements in the ion regime but otherwise under the same
conditions (series VIII). We have found again no significant difference
between high and low density. This may indicate that a plasma exists
inbetween the LH-grill and the separatrix dominated by the LH-wave or by any
decay waves and decoupled from the main plasma.

In other exlorative measurements we have investigated for comparison purpose
ohmically heated discharges with plasma parameters like series VI and VIII.
We have found much lower electron temperature (15 eV instead of 65-80 eV)
and higher electron densities (2.5 - 3 x 102 cm™3) (Fig. 6). This is at
least for the electron regime in agreement with mesurements done by Pericoli
on FT /4/ and E1 Shaer on ASDEX /5/ who found a strong redution of the
density in front of the LH grill during RF application.

Conclusion

We have observed during LH application on ASDEX with a Langmuir probe having
3 tips strong poloidal and toroidal deviations in the floating potential.
The probe was positioned roughly 1 m away from the LH-grill in a magnetic



= L1F =

flux bundle directly connected to the space in front of the RF-coupler.
These deviations exist at all plasma and LH conditions investigated until
now and can inhibit the operation of a triple probe at all. But other fast
moved elctrostatic probes may also be disturbed too, since the radial
dependence of the floating potential differences acts like a temporal change
of the probe potential which cannot be controlled. The most important rea-
sons for these deviations are changes in the electron temperature of typi-
cally 10 - 20 eV over a distance of 7 mm. But some findings like an addi-
tional shift in the I-V characteristic or large components of the floating
potential differences parallel to the magnetic field lines cannot be ex-—
plained by temperature differences. One has to assume also locally inhomo-
geneous fluxes of suprathermal electrons and differences in the plasma
potential.
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COUPLING OF LOWER HYBRID WAVES TO THE ASDEX PLASMA

M. Zouhar, T. Vien, F. Leuterer, M. Muenich, M. Brambilla, H. Derfler,
D. Eckhartt, F. v.Woyna and ASDEX-Team

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association, D-8046 Garching,FRG

1. Introduction

The ASDEX Lower-Hybrid experiment uses an eight waveguide grill antenna
to launch the waves. A mean power reflection coefficient as low as <R> = 0.1
is attainable in all modes of operation. However the reflection coefficients
Rk in the individual waveguides may vary over a great range (up to 0.9). This
paper aims at depicting the reflection patterns Ry = f(k) and comparing
measurement with theory.

At high power levels (above 140 kW/waveguide) a breakdown occurs. The se-
quence of phenomena relating to this breakdown is documented and commented on .

2. Calculated reflection patterns

Each of the reflection patterns depicted in the diagrams below consists
of eight values Ry (power reflection coefficients) in the individual wave-
guides. Lines are drawn between adjacent points to render the shapes of the
patterns prominent; they have no physical meaning otherwise. The patterns
dealt with here all result from equal incident amplitudes in the individual
waveguides. In each of the diagrams representing computed data, the plasma
density gradient in front of the grill is kept constant and the plasma edge
density is considered as a parameter.

The following characteristics are predicted by the theory:

- in general the Ry-patterns are expected to vary fairly sensitively with
the plasma edge density. This is true for all waveguide phasings.

- a characteristic transition in the Ryg-pattern occurs: at low edge density
the edge waveguides exhibit low reflection while in centre waveguides re-
flection is relatively high ("ridge-pattern'). The opposite is true for
high density ('valley-pattern"). In between an intermediate density
exists with low reflection in all waveguides (overall <R> = 0.1).

— symmetric reflection patterns Rk (k=1...8, axis of symmetry between wave-
guides 4 and 5) are expected for waveguide phasings OmOmOmOw, OOmmWOOT™,
00mmmm00, 0000mmmm. Characteristic 'double-ridged" patterns are expected
for 00TMTOOTT and OMOWOMOT phasings, the "ridges" being in waveguides 3
& 6 and 2 & 7 respectively.

- asymmetric reflection patterns are expected for 90 degrees difference bet—
ween adjacent waveguides (+90 deg denoted "current drive' phasing,

-90 deg '"opposite current drive', i.e. opposite to the sense of the OH-
current) and for similar phasings (120 deg, 60 deg, etc.).

- the phasings 00mmmmO0 and OOOOTWTTT have little importance for plasma heat-
ing. However, the accompanying Rg-patterns are very particular and fairly
pronounced in magnitude. They offer an additional convenient opportunity
to verify the theory.

- the computed Ry-patterns are depicted in Figs. 3a through 7a.
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3. Experimental reflection patterns
Good qualitative agreement between experimental and theoretical data was
observed:

- the measured Ry-patterns are shown in Figs. 3b through 7b. In most cases
data of shots with varying edge density are presented.

- the characteristic shapes of the Ry-patterns are clearly distinguished.
Relative plasma density changes in front of the grill were measured by
means of a microwave interferometer (at 136 GHz). The Ry-patterns vary
with density as anticipated.

- the agreement in magnitude is rather coarse. It should be noted however
‘that no absolute values Nedge and Vn were taken. In addition, the theore-
tical boundary conditions are not really those of the experiment (infini-
te plane conducting wall surrounding the grill, parallel plate geometry).

- all theoretically symmetric Rg-patterns experienced some experimental
asymmetry. Possibly the alignment of the grill relative to the plasma
torus was not perfect.

4. Breakdown in front of the grill
At high power levels (above 140 kW/waveguide at low densities) a break-
down in front of the grill was detected. This breakdown was studied in more

detail by testing a single waveguide (Figs. | and 2).

- at first (time t = 0), light is detected by the photo-diode PD! viewing
all along the waveguide into the plasma (Fig. 2, first trace, positive
signal).

- coincidentally several phenomena occur:

a. A pronounced reflection of RF-power is indicated by directional

coupler DC3 (outside the grill vacuum section, trace 3, negative).
b. At the grill mouth coupler DCI and the grill coupler DC2 (both being
sidewall couplers within the grill vacuum section, both indicating inci-
dent waves, both signals negative) amplitude modulation due to the poor
directivity of these couplers is clearly visible. The fact that the DCI-
signal exhibits just one trough and one crest implies that the locus of
the reflection originates in some distance from DCI and propagates back-
ward. In passing DCl it causes the DCl-signal to vanish (trace 5). The
same happens later at DC2 (trace 6).

- 250 microseconds after t = O: light appears at photo-diode PD2 viewing
perpendicularly into the waveguide (trace 2, positive, plateau resulting
from saturation). :

- 750 microseconds after t = 0: the incident wave is switched off (visible
at DC3, trace 3, negative) as soon as light appears at PD3 (arc detector).

possible explanation of this sequence of phenomena is:

- breakdown at the edge of the grill.

- reflection layer (plasma) moving back to the transmitter at a speed of
about 3000 m/s, driven by the combined action of ponderomotive force and
the force caused by the local magnetic field gradient.

>

The physics of the breakdown, however, has not yet been identified.

REFERENCES
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Abstract

The paper compares the impurity radiation behaviour of two types of H-mode
discharges. In the normal H-mode that reaches a quasi-stationary state the
energy (and particle) losses within the outer plasma half-radius are
characterized by the repetitive burst-like exhaust into the divertor and
constantly moderate radiation power losses. In contrast, the burst-free
variant of the H-mode with superior confinement properties is dominated by
radiation losses growing continuously up to 100 % of the heating power. The
time evolution of the impurity concentration and the associated radiation
losses at the plasma centre is hardly influenced by the kind of H-mode. If
the concentration of medium-heavy metals in the burst-dominated H-mode
plasma is raised to sufficiently high values, e.g. by the accumulation of
intrinsic iron, the burst—-free (or burst—-deficient) H-mode is triggered
which after a new accumulation period usually ends by a radiation collapse.

1. Introduction

During the normal H-mode /1/ of neutral-injection heated divertor discharges
in the tokamak ASDEX the energy and particle flow from the main plasma vol-
ume into the divertor is modulated by highly repetitive bursts. While typi-
cal bursts exhibit pulse lengths of around 0.5 ms and power amplitudes of
the order of 1 MW, the energy exhaust into the divertor is almost blocked
during the quiescent intervals between bursts /2/.

In order to investigate the influence of the bursts, a discharge with a
long-lasting burst-free H-mode (shot # 11447) has been produced /3/ and is
contrasted with that kind of H-mode endowed with the usual burst-pattern
(shot $#11338). Both discharges have identical parameter settings at the

be inning of the NI-heating interval (I, = 320 kA, By = 2.17 T, ng = 3.5 x
1013 em™ » Pog + Pyr = 3.3 MW, HO » pt EAO kV) tangential injection in co-
direction) except for the 4 cm outward shift of the plasma needed to estab-
lish the long-lasting burst-free H-phase. The time history of various plasma
parameters (ng, Bp» TE* etc.) is discussed in Ref. /3/.

Figure 1 shows that the bolometrically measured total volume power losses
within the divertor (RADpyy) /4/ drop instantly at the L-to-H mode transi-
tion (t = 1.16 s) and remain at the low level of the ohmic phase throughout
the burst—-free H-mode, whereas they recover time-averaged over the bursts

lpresent address: JET Joint Undertaking, Culham, England; 2Academy of Sciences,
Leningrad, USSR; 3Univ. of Washington, Seattle, USA; “4CEN Grenoble, France
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with growing burst activity during the second variant of H-mode. The total
radiation power losses of the main plasma volume (RAD) are considerably
higher in the burst-free H-discharge, even during the preceding L-phase.
This radiation enhancement indicates an impurity contamination of the plasma
produced by its shift to the outer stainless-steel protection limiters. The
burst—-free H-mode is terminated when, after a continuous radiation increase
accelerated by a simultaneous rise of plasma density, the value of the main
plasma radiation (RAD) equalizes the total heating power.

2. Radiation power profiles

Figure 2 compares the two types of H-mode discharges at two discrete times
with regard to their chord-intensity profiles measured with a 19-bolometer
array, and Fig. 3 presents the time development of the respective radial
profiles of radiation power density (Prap(r)) derived by Abel-inversion
method. During each kind of H-mode the radiation profiles evolve towards
shapes peaked at the plasma centre. The repetitive burst-like release of
plasma energy due to the Edge Localized Modes (ELMs) /3,5/ prevents any
long-term increase of radiation power at plasma radii between a/2 and a. In
this case, the growth of the central radiation peak is restricted to the
inner half-radius and at t = 1.260 s it is reversed into a decay towards an
equilibrium profile identical to that at t = 1.215 s. In contrast, during
the burst—-free H-mode, where the energy outflow into the divertor is per-
manently suppressed, the radiation power losses grow unimpeded over nearly
the whole plasma cross—section until the radiation collapse converts the
discharge back into the L-mode. The burst activity and the radiation
enhancement thus act mutually exclusively as additional important energy
loss mechanisms within the outer plasma half-radius and, depending on the
class of H-mode, both quantitatively substitute each other. The main plasma
radiation becomes the dominant energy loss channel in the burst—free H-mode.
Therefore, the energy flow into the divertor (see e.g. RADpyy signal in
Fig. 1) keeps low and does not restore the previous L-mode level as one
would expect for transport-dominated losses after the plasma equilibrium
(with improved confinement) is re-established.

It is important to note that the chord-intemsity profile of the burst-domi-
nated H-mode which ends up quasi-stationary stays always, even during its
transient central peaking, distinctly below the base profile from which the
fatal radiation increase of the burst-free H-mode starts at t=1.215s (Fig.2).

3. Radiation and impurity accumulation at the plasma centre

Correlation of the bolometric radiation profiles (Fig. 3) with those from
VUV spectroscopy, soft X-ray tomography, temperature and density measure-
ments makes evident that the radiation emission at the plasma centre is
completely dominated by line radiation of highly ionized iron /3/ and that
the central peaking of the radiation profiles reflects an impurity accu-
mulation taking place irrespective of the type of H-mode. Figure 4 demon-
strates that the presence or absence of bursts hardly influences the
evolution in time of the local radiation power density at the plasma centre
(Prap(0)), particularly the time-constant of the exponential rise after the
L-to-H-mode conversion. The absolute magnitude of Pppp(0), however, is at
any instant, including the preceding L-phase, about three times higher in
the burst—-free H-discharges as compared with the burst-dominated one, due to
the initial iron contamination. The iron concentration at the plasma centre,
displayed in Fig. 5, is derived from Pgpap(0) by applying the temperature-
dependent radiative power loss function for iron Pg(Tg) /6/, that includes
charge-exchange recombination with beam neutrals (ng/ng = 1079).
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4. Internal triggering of the burst-free H-mode

Shot # 12218 (Figs. 6 and 7) shows that the burst-dominated H-mode with
moderate radiation losses may turn into the burst-deficient H-mode with
disastrous consequences. The mode conversion occurs when the accumulation of
intrinsic metal impurities during the burst—-dominated H-phase raises the
bolometric centre—chord intensity up to the threshold value of the burst-
deficient H-mode. The first and the last step in the profile evolution
depicted in Fig. 7 resemble strikingly their burst-dominated and burst-free
counter-parts in Fig. 2, respectively, because the burst frequency in the
burst-deficient H-mode seems to be too low to slow down the impurity accumu-
lation. Our interpretation that a sufficient degree of plasma contamination
with medium-heavy metals is needed to establish the long-lasting burst—free
H-mode agrees with the experimental observation that the burst-free H-mode
can be triggered externally by the laser blow-off injection of metals such
as chromium and copper /7/.
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Abstract:

ICRF heating at 2%y was investigated for a variety of different target
plasmas and heating regimes. In all cases a significant increase of the
radiated power, caused mainly by a higher iron concentration in the plasma,
is observed. Neither the moderately improved particle confinement nor a
reduction of impurity screening on account of changed plasma edge parameters
is responsible for the high radiation losses, but enhanced wall erosion is
required to explain the experimental data. The impurity production mechan-
isms are not yet fully understood. Impurity sputtering by oxygen and carbon,
however, could be experimentally excluded as possible production processes.
In all experiments a clear anticorrelation between wave absorption and
impurity production was observed. Moreover, we find that suprathermal ions
are produced in the plasma edge region by the non-absorbed ICRF power. It is
assumed that these particles are responsible for the excessive impurity
production.

General statements and features
ICRF heating at the second harmonic of hydrogen has been launched into
different target plasmas (pure H, mixed H/D, and He; OH and NI preheated).
The influence of wall carbonization has also been investigated /1/. As
already outlined in /2/, in any case a significant increase of the impurity
concentration (Fe, Ti - non-carbonized; C, Ti — carbonized) in the plasma
and a concomitant enhancement of the radiation losses are found. In the non
carbonized case the radiation profiles measured by a bolometer array are
peaked in the plasma centre, whereas with carbonized walls the plasma
radiates mainly in the edge region. Though the volume-integrated radiation
losses are comparable in both cases ( 45 % of input power), high—power ICRH
(up to the maximum available level of 2.5 MW) can be launched into ohmic
discharges only under carbonized conditions. Without carbonization the
maximum ICRF power is limited to 1.5 MW owing to disruptions. In NI pre-
heated discharges no power limit is oberved and the radiation losses are
significantly reduced under both circumstances.
These observations underline the importance of impurity radiation in the
case of high-power ICRF heating. An enhancement of the central impurity
density can have various causes. We first checked the following possib-
ilities:
— The impurity confinement in the core plasma is assessed from the decay of
the TiXX line radiation after Ti injection by means of laser blow-off
techniques into OH, ICRF, NI and combined NI/ICRF-heated plasmas. It is

lAcademy of Sciences, Leningrad, USSR; 2CEN Grenoble, France;
3present address: JET Joint Undertaking, England;
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reduced by factors of 2 and 4, respectively, at the end of the ICRH period.
In this case the H, divertor intensity does not change when ICRH (200 kW) is
applied, indicating a power flow into the divertor during ICRH comparable to
the OH phase. A similar type of discharge heated by 500 kW ICRF is presented
in Fig. 2. In this case we stop hydrogen blowing 200 ms prior to the end of
the ICRF pulse. As is clearly demonstrated in Fig. 2, all radiation signals
(FeXVI, bolometer, soft X-ray) start to rise immediately after the end of Hy
puffing. A similar increase is found in the H® CX-particle flux at 10 keV
originating from the plasma edge (Fig. 2). These particles are produced by
the wave and can be assumed to be representative of the behaviour of the
non—-confined high energy ions.

It is important to note that in contrast to the above-described relations no
changes were observed when puffing deuterium instead of hydrogen into pure
He discharges.

Br-scans
In order to change the position of the resonance layer of the 2{cy ICRF in

the plasma, the toroidal field By was varied in a sequence of discharges. In
all these experiments a minimum of the radiation losses is found when the
resonance layer is located in the vicinity of the plasma centre (Fig. 3).
Furthermore, the H° CX particle flux at 17 keV shows the same tendency. On
the other hand, the heating efficiency (lower insert Fig. 3) is maximum for
the optimum position of the resonance layer. These results also support the
interpretation deduced from the He experiments that the variation of impur-
ity density with the position of the resonance layer /3/ is caused by
changes of the wave absorption.

Conclusions

ICRF heating in He discharges revealed a clear anticorrelation between wave
absorption and impurity production. Consistently with these observations, we
find strong indications that changes of the impurity density as a function
of the resonance layer position can also be explained by a variation of the
absorption conditions. Impurity sputtering as a possible process for en-
hanced wall erosion could be excluded by appropriate puffing experiments.
Spectroscopic Fe-flux measurements did not yield strong poloidal asymmetries
in the accessible range at the top and bottom divertor entrances and inner
wall region. The observed Fe fluxes roughly correlate with the additional
power input but no excessive increase is found in the case of ICRH. There-
fore, it must be assumed that the excessive wall erosion takes place either
at a closer distance to the antennae or at the outer wall regions which
could not be observed. From CX-flux measurements we learned that - particu-
larly in the case of bad ICRH absorption - high-energy ions (5 keV) are
produced in the plasma boundary region. These particles are likely to move
on purely confined banana orbits and may hit the outer torus wall at grazing
incidence. Under these conditions enhanced sputtering is to be expected.
This effect could possibly explain the discrepancy mentioned in /2/, where
it was pointed out that with a maximum sputtering yield of 1 Z (H° - Fe) for
normal incidence the necessary HO/Ht fluxes cannot be achieved under reason-
able assumptions.
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found that the corresponding impurity confinement times (11 in the case of
OH: 49 ms, NI: 19 ms, ICRH: 32 ms, NI + ICRH: 33 ms) are increased by a
factor of ~1.5 when ICRH is added (Pyy = Pycrg = 0.8 MW). This marginal
improvement of central confinement cannot explain on its own the enhance-
ment of the radiation losses.

- Larger changes of the plasma edge parameters, which could result in a
deterioration of the screening efficiency could not be substantiated by
edge diagnostics.

Consequently, enhanced wall erosion is required to explain our findings.
The first hypothesis on impurity production mentioned in /3/ assumed that
vertically drifting ions are accelerated in the resonance layer and
release impurities at structural elements in the vicinity of the upper
stagnation point. This hypothesis, however, had to be discarded on the
basis of more extended investigations including spectroscopic Fe—flux
measurements described below. In the following we present new experimental
results with respect to the impurity production mechanisms.

Fe flux measurements

A double mirror system, specially developed for poloidal scanning, was used
to measure spectroscopically the Fe fluxes originating in the vicinity of
the upper and lower stagnation points, as well as from the inner wall

(Fig. 1). The spectrometer used was a 1.5 m Cerny-Turner visible monochroma-
tor equipped with an OMA diode-array camera providing a high resolution
(1000 channels, A/AA = 6000). The evaluation of the spectra is rendered
difficult by blending of the weak Fel lines with strong light impurity
lines. For evaluation we used the 3719.9 ! and the 3734.9 X Fel resonance
lines. The system allows measurements during NI and combined NI + ICRF
heating phases, but fails because of intensity problems during the OH phase.
As seen from Fig. 1, no drastic increase of the Fel fluxes with the

onset of ICRH occurs in contrast to the strong enhancement of the Fe concen-
tration in the core plasma. Furthermore, in striking contradiction to the
hypothesis mentioned in /3/ no up-down asymmetry in the fluxes is found
(Fig. 1).

Sputtering by impurities

The possibility of sputtering by highly ionized light impurity ions, such as
018 and C+6, which compared with HY and Dt have a much higher sputtering
yield (~20 % instead of ~1 % for HY), was checked by puffing oxygen and
methane during the ICRH pulse. According to CX recombination/line intensity
measurements of CVI and OVIII the concentrations of these light impurities
were increased by a factor of 1.5. No change, however, of the Fe density
(deduced from the FeXVI intensity) in the plasma could be seen. Self-
sputtering of irom as a dominating mechanism can also be excluded, since
under these circumstances the Fe signals should increase exponentially
during the ICRF pulse, whereas generally a stationary behaviour is seen.

20ch-heating in pure He plasmas

ICRH at 2Qcy was applied to a pure helium plasma (nH+/nHe++ < 3 %). In this
case no heating could be established and a low power limit at 200 kW exists.
The FeXVI line intensity, the total radiation losses and the eletron density
rise steadily during the whole ICRF pulse. In accordance with this behaviour
we observe a reduction of the H, divertor radiation, which is representative
of the power flow into the divertor. Puffing hydrogen during the ICRF pulse,
in order to increase the HT concentration to ng'/nge™ ~10 %, results in a
moderate heating of the plasma and the power limit is shifted up to 500 kW.
The radiation losses and the FeXVI line intensity become stationary and are
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The aim of this presentation is to describe the procedures of carbonization
and decarbonization followed on ASDEX, and to summarize the most
significant changes of discharge parameters observed under the various
experimental conditions with carbonized walls.

Carbonization and Decarbonization.

Carbonization, a method originally proposed by the Jiilich IPP Group
/1/ has been employed before on TEXTOR /2/ and JET /3/ to reduce high Z
impurities from the wall material in discharges. In contrast to the
philosophy on TEXTOR and JET, where carbonization was executed with wall
temperatures above 150°C, room temperature conditions were used on ASDEX,
without any obvious disadvantage. From August 85 to March 86 nine
carbonization and five decarbonization runs were done. The walls were in
carbonized condition on thirteen experiment days. The system for glow
discharge cleaning /4/ was also employed here. Methane was admitted to the
Dy or Hy discharge via the divertors to prevent local overconcentration.
Typical discharge Barameters during carbonization were p(Dj) = 4.10°1 pa
and p(CHs) = 9.107% Pa with the discharge off. When the discharge is
switched on (U = 400 V, I = 2.0 A) the partial pressures change as
depicted in Fig. 1. The exponential transitions are reasonably well
described by a first—order differential equation with the time constant
given by = V/S for "off" and 7= V/(8g ¥ S*) for "on". V is the
vessel volume (26 m3), Sy is the speed of the vacuum pumps, and g*
represents the speed by which CH; disappears from the gas phase caused by
the discharge. Hy shows practically the same time constants as CH4 and is
obviously produced by cracking of CH4;. The time constants yield
§ = 2600 1/s (only 1/4 of the full pumping system was employed) and
S* = 1500 1/s. The latter corresponds to a “cracking rate” of
3.5 1019 molec./s, while the current of 2A is equivalent to
1.2-1019 ions/s. An analysis of the ions leaving the discharge by a time-
of-flight analysis indicates that the current is mainly carried by
hydrocarbon ions. Consistent with this is the observed deposition rate
based on the table of interference colors as given by the Jilich group /5/.
Obviously, CHy is more cracked than is directly deposited. The radicals

lAcademy of Sciences, Lenigrad, USSR; 2Assigned to JET Joint Undertaking,
England; 3ENEA Frascati, Italy; 4University of Washington, Seattle, USA;
5CEN Grenoble, France.
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formed in the gas phase do not lead to carbonization on contact with the
wall but seem to react to CpH, as indicated by the mass spectrum.

A detailed particle balance was not attempted, but summing up the

partial pressures of fig. 1 yields a slight increase of total pressure with
the discharge on. It also explains the simultaneous drop in the ionization
gauge indication since CH4 is replaced by Hy and HD.

The carbon deposition was limited to the plasma chamber, and not
homogeneous owing to its geometry with corners and protrusions. Film
thickness judged by the interference colors varied from 500 to 1500 A with
a mean value of about 1000 A after 6 hours carbonization. The dep051ted
film were not analyzed otherwise, but all observations suggest they were
the typical amorphous a—-C:H layers /1/. Effect and behavior of the
deposits during discharges are shown in fig. 2 for the radiation of C and
Fe. Typically, one carbonization lasted for 50 shots (one experiment-day)
with ICRH being most abrasive. The second carbonization was for 2h on top
of the old layer.

Decarbonization in pure Hyp turned out to take about ten times as long
as carbonization, i.e., 60 hours. But, the presence of a few permille of
oxygen from residual H90, a leak or deliberate admission was found to
considerably speed up the cleaning. A mixture of 0.5 % 0o in Hy reduced
the time to 12 h, but lead to an increase of residual H70. A mixture of 5
to 10%2 02 in He cleaned the machine in less than 3 hours. It was followed
by a deoxidation phase in a mixture of He and Dy and pure D. (The best
deoxidant is CH4.) However, discharges after this procedure were
characterized by poor density limits and other deviations from normality.
Still, global radiation and O radiation were normal, but unusually high
radiation of fluor (probably from decomposition of teflon) was found. So
far, the actual origin of the problem remains unresolved.

The effects of carbonization on discharges

As already experienced previously with the large toroidal graphite
limiter in ASDEX, the presence of large amounts of carbon in the plasma
chamber can significantly affect the recycling behavior of hydrogen.
Obviously, hydrogen atoms stick to the carbon surface without a high
probability for recombination, as compared to steel at room temperature,
thus large amounts of hydrogen stay in the vessel between shots. But, in
contrast to JET, only minor problems with density control at very low
densities were experienced. This is certainly due to the fact that the
divertors, which dominate the recycling flux, remained uncarbonized.

ICRH: The success of carbonization reported from TEXTOR /2/, especially
with respect to ion cyclotron resonance heating, was a strong motivation
also to investigate carbonization on ASDEX. Indeed, concomitant with a
reduction of central radiation from Fe by a factor of ten, the total ICRH
power of 2.4 MW could now be launched. Without carbonization and only
ohmic preheating the power limit was 1.1 MW due to disruptions caused by
strong central Fe radiation. Typical values of Pr q/Pror = 20 %Z were found
and the improvement in radiation losses is also evident from Fig. 3 showing
the fractional radiation increase per ICRH power coupled into the plasma
for various wall conditions. Also, the degradation inT g during 1 MW of
ICRH was only down to 70 %Z of the ohmic value, instead of 60 Z for
uncarbonized walls. A comparison of radiation profiles shows slightly
increased boundary radiation for the carbonized case being mostly due to C
radiation.
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OH+NI:In the ohmic phase preceeding neutral injection, spectroscopic data
show a 2.5-fold increase in C-radiation with carbonization, a slight
decrease in O-radiation and a reduction of Fe-radiation by a factor of ten,
still, the global radiation is little affected. Increased T g in the
saturation regime (ng> 3 1019 =3y as depicted in figure 4 indicates a
reduced share of central radiation. This is fully corroborated by the
radiation profiles showing the shift of major radiation to the boundary.
Also for NI the degradation of energy confinement in the L-regime was less
severe (figure 4), and the power limits for obtaining the H-regime in Dp-
discharges were hardly influenced by carbonization. However, the H-regime
was not of the same quality showing a higher and more stochastic ELM
frequency. The difference is particularly obvious in the values of the
poloidal beta, which reached only values of 55 % of the critical value
instead of 70 % before carbonization. This behaviour might be associated
with the increase in global radiation which is essentially due to high |
boundary radiation of C under carbonization.

LH: Also lower hybrid heating has profited from carbonization extending the
working range to 5 1019 p=3. Radiation showed now a much smaller increase
with ng and LH-Power. Previously, the strong influence of Fe, caused by
generated fast ions at higher density (mg> 2 1019 m‘3), had led to
disruptions at MNg=3.5 x 1019 n=3. Problems with density control below

1.2 1019 @3 1imited the operation regime for experiments with current
drive.

Pellet injection: Extremely high central densities of 2.2 1020 p=3 could
now be reached as the reduced Fe—influx eliminated the thermal collapse
observed without carbonization. The regime, thus attained, showed unusually
long energy and particle confinement. The Murakami-parameter n R/Bt for
q = 2.7 increased from 6 1019 m=2 71 (without carbonization) to

8.5 1019 =2 11,

In conclusion, we see ICRH as the main beneficiary of carbonization but the
reduced influx of heavy wall impurities extended the operational range
quite generally. Only in the quality of the H-regime are negative effects
of the increased boundary radiation seen. Carbonization can be regarded as
a rather simple and efficient tool to change wall conditions and study
plasma wall interaction. Though divertor discharges are less susceptible to
impurities the results on ASDEX confirm those of TEXTOR and JET, all of
which show that, for the time being, carbon is the best wall material.
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MEASUREMENTS OF CHARGED FUSION PRODUCTS IN ASDEX
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For normal deuterium operation in ASDEX (A = 4.1, 1, = 250 - 400 kA) the charged
fusion products from the D-D reactions (3 MeV proton, 1 MeV triton and 0.8 MeV
3He) escape from the plasma on helical orbits to the upper part of the vessel. Since
slowing-down can be neglected in ASDEX, the protons and tritons escape on identical
orbits, because the trajectory depends only on the product m - #. The measurements of
the charged fusion products give information on the ion temperature, fusion yield, and
plasma behaviour [1,2].

detector with collimator

behind an Al-window
preamplifier box

“vacuum feedthrough

241 Am-source

Fig.1: Part of the ASDEX cross—
section with the manipulator on
the right and a projection of a 3
MeV proton trajectory.

For the measurement the detec-
tor is brought near to the plasma
on the dotted line.

The charged fusion products were measured for ASDEX deuterium plasmas by using a
surface barrier detector or nuclear emulsion foils, installed on a manipulator. Figure 1
shows the ASDEX cross-section with the movable detector and a projection of a 3 MeV

! Academy of Sciences, Leningrad, USSR, Zassigned to JET Joint Undertaking, *ENEA Frascati, Italy,
4 University of Washington, Seattle, USA, *CEN Grenoble, France
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proton trajectory. For measurements with the surface barrier detector it is necessary

to have sufficient electrical shielding and to keep the distance between the detector and
the preamplifier short.

With the surface barrier detector , it is possible to measure the flux and the energy
spectrum of the 3 MeV protons, and that of the 1 MeV tritons, either. The electric and
magnetic distortions of the spectrum (about 50 keV) are monitored by a pulser signal,
that is additionally fed into the preamplifier. By fitting the spectra with a Gaussian
profile, we get a spectral width, that can be corrected with respect to the straggling
in the Al foil and the noise broadening, which is measured by the width of the pulser

peak. This corrected width, for the protons as well as for the tritons, is related to the
ion temperature by the equation

AE (FWHM) =91.6-\/T;, AE,T;in keV.

Figure 2 gives examples of a proton and a triton spectrum. The spectra demonstrate
that both widths (not yet corrected for the straggling) are about the same, and hence
they yield the same ion temperature. The time dependence of the temperature, evalu-
ated from the proton spectra for a neutral-beam (H®)-heated discharge in deuterium,
is given in Fig. 3 in comparison with the temperature deduced from the neutron flux.
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In principle, measurements of the tritons are of great interest, since their lower energy
makes the spectrum more sensitive to the reaction conditions than the proton spectrum.
However, the observation of the tritons is only possible in discharges with a low level
of X-rays because these cause a background at the low energies that may cover the
triton spectrum. Moreover, the surface barrier detector application is limited by the
saturation of the preamplifier in discharges with high background levels.
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Because of the influence of the strong magnetic fields in a tokamak the measurements
of charged fusion products have to be supported by detailed particle trajectory calcula-
tions. They describe the phase space transformation of the charged fusion particles from
the plasma to the detector. For measurements of the particle fluxes it is necessary to
calculate the efficiency of the collimated detector |3], and for the spectra it is important
to know which particles (characterized by birth radius and pitch angle) can reach the
detector. To get this information about the phase space of the observed charged fusion
particles, we calculate their trajectories in the opposite direction. i.e. from the detector
into the plasma. For each point of the orbit the distance from the plasma centre and
the pitch angle are calculated and then the point is stored in a matrix of these phase
space coordinates. This is done for different directions through the collimator, weighted
with the collimator transparency. Doing this, one gets a phase space probability for the
measurement of charged fusion products that depends on the charge and energy of the
particle, on the magnetic fields in the plasma, and on the orientation of the collimator.
An example of such a probability calculation is given in fig. 4a, and it is obvious, that in
this case the detector measures particles from the whole plasma volume, mainly starting
perpendicularly to the plasma axis. In this case (pitch angle of about 90°) the influence
of the poloidal field is very small, and so the details of the current distribution are of
no importance. Measurements of the ion temperature are done with this collimator
orientation.
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Fig.4a.b: Phase space probabilities for different collimator orientations
Calculation for ASDEX, Ip = 400 kA, By = 2.7 T, 8,= 0.5

Turning the collimator by 20° results in the probability distribution given in Fig. 4b,
which measures only particles born at radii >20 cm, while the pitch angles are nearly the
same as in Fig. 4a. This dependence of the phase space distribution on the collimator
orientation can be used to deduce the fusion emission profile from the flux measurements
at different orientations.

This procedure can be applied to look for the fast deuterium ions created by LH waves
in ASDEX at densities above about 2.8 x 10'? ¢m—2 '4]. Figure 5a gives an example
of a typical spectrum from such a discharge at a collimator orientation as in Figure
4a. The spectrum of the protons and that of the tritons show a superposition of a
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on the expected thermal peak. These central peaks (AE about 100 keV) correspond to
the Maxwellian plasma bulk with an ion temperature of about 700 eV. The wider parts
of the spectra (about 600 keV wide) are produced by the fast ions generated by the LH
waves. The velocity of these deuterium ions is mainly directed in the poloidal plane and
their energy is in the range of 25 keV. Since the fusion reactivity at these energies is
about 5 orders of magnitude higher than at 700 eV the number of these fast ions must

be correspondingly smaller.
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Fig.5a,b: Spectra for two ASDEX-discharges with different collimator orientations.
1p = 400 kA, B, = 2.7 T, n. = 3.9 x 10!3 cm 3. LH (1.3 GHz) Prr = 900 i W

With a collimator orientation as in Figure 4b (where only particles from the outer
regions are detected) we obtain the spectrum given in Figure 5b. As expected, the
spectra generated by the bulk ions are not detected any more. Since the contribution of
the fast ions appears nearly unchanged, however, one must conclude that the fast ions
are created by the LH waves in the outer plasma regions, confirming the results from
CX measurements 5.
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PERIODIC THOMSON SCATTERING DIAGNOSTIC WITH 16 SPATIAL CHANNELS ON ASDEX

Meisel, H. Murmann, H. R6hr, K.-H. Steuer, G. Becker, H.S. Bosch,
Brocken, A. Eberhagen, G. Fussmann,0. Gehre, J. Gernhardt, G. v. Gierke,
Glock, 0. Gruber, G. Haas, J. Hofmann, A. Izvozchikov!, G. Janeschitz,
Karger, M. Keilhacker2, 0. Kliiber, M. Kornherr, K. Lackner, M. Lenoci,
Lisitano, F. Mast, H. M. Mayer, K. McCormick, V. Mertens, E. R. Miller2,
Niedermeyer, A. Pietrzyk3, W. Poschenrieder, H.Rapp, J. Roth, F. RyterA-
Schneider, C. Setzensack, G. Siller, P. SmeuldersZ, F. X. Sdldner,
Wagner, D. Zasche

MmO =D g

Max-Planck-Institut fiir Plasmaphysik
EURATOM Association, D-8046 Garching

The Nd-YAG Periodic Scattering System (PSS) was developped in teamwork with
IPF of Stuttgart-University. At first a PSS with only one spatial channel
was successfully tested in the ASDEX-Tokamak in 1982 /1/. Subsequently an up-
graded system with 16 spatial channels was constructed. This new system is
capable of measuring Te, Ne-profiles at 17 ms intervals during the entire
ASDEX-Tokamak-discharge.

The PSS has been working successfully for the last one and a half years as

a standard diagnostic method in the ASDEX-Tokamak. This means, that the mea-
surement is being automatically performed during all plasma-discharges. The
Te- and Ne-values are stored in the ASDEX-computer and every user has the
possibility to get the Te(r,t), Ne(r,t)-data for his own needs.

The main purpose of the PSS at present time in the ASDEX is the determination
of density- and temperature-profiles especailly in additional heating (Fig.3,
4,5) or pellet injection-experiments (Fig.6). With respect to the Single-
Pulse-Ruby-Laser-Systems, the PSS has several advantages, the most important
ones for Tokamak-physics are given below:

I. No series of reproducable discharges are necessary to evaluate the behav-
1or of.Te(r3t)tdnd Ne(r,t)s :

2. The combination of Nd-YAG-Laser with detectors of high quantum-efficiency
together with anoptics of high luminosity, leads to a scattering device,
where the photon-noise of the signals is sufficiently small at normal
Tokamak-densities. The additional plasma-light-noise is also smaller than
in Ruby-scattering devices, because plasma light is decreasing from the
visible to the IR-region.

3. The large number of scattering and background signals can be used to make
a calculation of the error-bars of the measurements. The PSS can reach an
accuracy of about 5 7 in Te- and 3 7% in Ne-measurements in the normal
Tokamak-regime.

4. The detectors (Si-Avalanche-Diodes) give an extremely linear response.
Thus the PSS can work in a wide range without saturation effects, e.g. at

high densities or high levels of plasma light. Magnetic fields do not in-
fluence the sensitivity of the diodes.

In some special discharges, the QSS is the only diagnostic method available
for the reliable evaluation of Te, Ne-profiles, e.g. in the slide-away-region
(Fig. 5) or during rapid density variations.

| . A .
Academy of Sciences, Leningrad, USSR; 2Present address: JET Joint Under-
taking, England; 3Univ. of Washington, Seattle, USA; “4CEN Grenoble, France
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MAIN FEATURES OF THE PERIODIC THOMSON SCATTERING SYSTEM (PSS) ON ASDEX

Glasfibre

Trigger
data

acquisition |

ASDEX
vessel

Glasfibre

Reference-signal

16 Filter-

Polychromators

Laser:

Nd - YAG - Laser

Fig. 1: Schematic of the optical set-

up of the QSS.

The PSS simultaneously measures Te,Ne
at 16 spatial points distributed over
3/4 of the diameter of the plasma-
column (from z = -40 cm at the lower
plasma-edge to z = 20 cm). The scat-
tered 1light of every spatial point is
spectrally divided into three parts by
a separate polychromator (see Fig. 2).
A small fraction of the transmitted
laser-light is divided into 48 refer-
ence signals in order to calibrate the
sensitivity of the detectors during
the discharges. The main technical fea-
tures of the PSS are:

Nd-YAG at A = 1.06 um; 400 pulses with 0.8 Joule energy and 40 ns duration
each. Repetition frequency 60 Hz.

Detectors:

—_ . L : 2
Si-Avalanche-diodes; quantum efficiency up to 0.9; size 1.7 mm ; NEP

1.6 x 10713

W/V/Hz.

Range of Te- and Ne-measurements of the ASDEX-PSS:

The PSS is capable of measuring kTe in the range of 150 eV (at the plasma-
edge) up to 5 keV (in the plasma-centre) using two matched types of filter
polychromators. The lower density-limit is a few x 1012 ¢cm™3. This limit can
be further improved by averaging signals with respect to time.
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Fig. 2: Spectral sensitivity of the
filter-polychromator for the central
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of kTe up to 1.5 keV; at higher Te,
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system is density-calibrated by Anti-
Stokes Raman-scattering in hydrogen
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EVALUATION OF TE(r,t) AND NE(r,t) BY PSS DURING ADDITIONAL HEATING IN ASDEX
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EVALUATION OF PLASMA-PARAMETERS DURING PELLET-INJECTION
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Fig. 6: Density increase of up to 1.5 x 10M cm 3 by an injection of a series
of pellets using a centrifuge. Time-evolution of Ne at different radii

(Fig. 6a) as well as the corresponding Ne-profiles show, that the demsity
raise occurs mainly in the plasma-centre, even when the pellet-injection

has been -discontinued.

The PSS-results are the basis for further calculations of plasma-parameters,
e.g. heat—conductivity of electrons, diffusion-coefficients and so on. Pro-
file measurements, which we have shown in a few examples, are necessary for
any plasma-simulation by computer-codes or determination of the energy-bal-
ance of a Tokamak plasma. The PSS can deliver at present technical state the
wanted parameters in a wide range of discharge-conditions.
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MEASUREMENT OF PLASMA EMISSION PROFILES IN THE RANGE FROM 800 - 1000 nm FOR
ZEFF—ANALYSIS IN ASDEX '
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We report the attempt to use the l6-point ND-YAG Thomson scattering device
on ASDEX (Fig. 1) for measurements of plasma radiation profiles as well. The
system offers the possibility to measure three spectral ranges simulta-
neously: 780 - 880 nm, 900 - 970 nm and 985 - 1020 nm.

The plasma light can be analysed in two different ways:

As the Thomson scattering system is only transparent to high-frequency
signals because of the AC coupling of the avalanche diodes, direct measure-
ment of the plasma light calls for a fast chopping technique. This is
achieved by a special chopper wheel (Fig. 2) in front of the large observ-
ation lens which interrupts the plasma radiation fast enough (chopper
frequency 3 kHz).

On the other hand, without the installation of the wheel, it is possible to
determine the plasma radiation by analysing the radiation shot noise signal
(Fig. 3) which is necessarily detected during each Thomson measurement.

Both of the two possibilities have been applied. The first has the advantage
of delivering the time evaluation of radiation profiles. The installation of
the chopper wheel in the present form, however, doesn't allow simultaneous
measurements of the Thomson scattering, and the lack of ng, T, profiles
prevents direct comparison of the measured radiation with bremsstrahlung in
the same discharge.

The second method yields averaged results during selectable time intervals
of the order of a few 100 msec or more. The calibration of the noise signals
is done by illuminating the avalanche diodes by LED's with different inten-—
sities. Owing to the simultaneously measured Thomson scattering profiles
this method allows comparison with actual bremsstrahlungs profiles.

1Academy of Sciences, Leningrad, USSR; 2present address: JET Joint Under-
taking, England; 3Univ. of Washington, Seattle, USA; 4CEN Grenoble, France
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The two methods show rough agreement of the brightness profiles, which are
nearly the same in the 3 spectral channels. In both cases the signals show
relatively large statistical errors. The reason is the relatively weak
plasma radiation in the infrared and the poor transmission of the elec-
tronics even at a chopper frequency of 3 kHz, on the one hand, and the small
amplitude of the noise signals, on the other hand.

The absolute calibration of the measured plasma radiation can be done by
comparing the signals with Thomson scattered signals in combination with the
corresponding electron density and temperature. As the same observation
system is used for Thomson scattering and plasma light measurements, only
laser power in the observation volume and the length of the scattering
volume must be known additionally.

Another method of Zgff calibration is comparison with values gained by using
the measured electron temperature profiles in conjunction with classical
resistivity for well-defined ohmic plasmas.

As an example, we show the brightness and Zgff profiles before and after
pellet injection in ASDEX. Figure 4 shows the time behaviour of the central
electron density measured simultaneously by Thomson scattering. About 12
pellets are injected into the discharge between 1.4 and 1.8 sec. After
pellet injection the density keeps the high value for about 0.3 sec without
any gas puffing. Figure 5a shows the Abel-inverted radiation profile aver-
aged over the 3 spectral channels in the ohmic phase (averaged from 0.5 -
1.3 sec), and Fig. 5b the profile in the high-density phase from 1.7 - 2.0
sec. The radiation increases by a factor of more than 20 and scales as n2/VT
(bremsstrahlung). The scaling already indicates that there is no essential
change of Zggf due to pellet injection. The corresponding Zeff profiles are
shown in Fig. 6a,b.

The results show that combined measurement of Thomson scattering and plasma
radiation profiles is possible and reasonable. In a new system, e.g. for
ASDEX Upgrade, we include this method by adding a second exit with dec-
coupling for measuring plasma radiation directly without the complications
of high-frequency coupling. 3
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