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Henning Verbeek Observations with the Low Energy
February 1991 Neutral Analyzer (LENA) on ASDEX
IPP 9/84 Part I: Ohmic Discharges
Abstract

This report is a compilation of the observations with the Low Energy Neutral
Particle Analyzers (LENA) at ASDEX during Ohmic discharges. The dependence of
the energy distributions, the integrated fluxes, and their mean energies on
various plasma parameters is documented. Connections and correlations with

other edge and divertor diagnostics are discussed.
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1. Introduction

In the last experimental periods of ASDEX we oper:-ed two Low Energy
Neutral particle Analyzers (LENA) at ASDEX. With the LENA devices /1/ the
neutral charge exchange (CX)-flux from the Tokamak is mechanically chopped in
bunches of 1 pus duration. After a flight path of ~2 m the time-of-flight (TOF)
distributions are measured. These TOF distributions can be converted into
energy distributions in the range of 10 eV/amu and to 1000 eV/amu. To obtain
energy spectra with reasonable statistical relevance several hundred TOF
distributions have to be summarized corresponding to 50 to 100 ms during an
ASDEX discharge. Due to limited memory space, only 32 spectra can be acquired

during one shot.

The differential CX-flux to the walls as measured with our analyzers is given ‘

by
~ . -
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where x is the coordinate along the line of sight 8, nj(x), ng(x) are the ion
and neutral atom densities, Tj(x), the ion temperature (in eV),and q (x,E) the

reabsorption of the neutrals [2/.

Apparently, the analyzer signal is a complicated function mainly of ng(x),

nj(cx), and Tj(x).

In many instances the total information of an energy spectrum is not required.
For quick comparisons the consideration of integral quantities like the total
neutral particle flux r(cm'zsec‘l) and its mean energy E (eV) is sufficient
and convenient. E contains information on the shapes of the spectra and is
somehow connected to the ion temperature in the outer plasma regions. Also the
total impurity production due to wall sputtering by these neutrals can be
considered. For all integral quantities we have integrated over our energy
range of 12.5 < E/M < 733(eV/amu), i.e. 25 eV < 1470 eV for D, discharges.
For the integration over the solid angle we assumed a cosine angular

distribution. The latter is not quite correct as will be discussed later.

The integral quantities can be obtained directly from the experiment with
high time resolution (up to a few ms during the shot) using the procedure
described in Ref. 3. It is, however, not possible to retain the full

information of the whole energy distribution from these data, once this
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measuring mode was chosen. On the other hand, the integral quantities can
always be obtained from the differential spectra, of course with the poor time

resolution of this mode.

As the differential flux dI'(E)/dE decreases rapidly with increasing energy the
total flux I measured with LENA comprises the majority of all neutrals
impinging onto the wall. In Fig.l the LENA data for an Ohmic discharge with

Mg = 5.5 ° 101° m™3 are shown together with data from the stripping neutral
analyzer (NPA) located in the ONO sector. For this figure the NPA data were
multiplied by a factor of 2.49 (adjustment at 500 eV). In the region of overlap
there is good agreement of the spectra. In this case (high density) the flux

for E > 1500 eV contributes only by less than 1 Z to the total flux.

The first of the apparatuses, simply called "LENA" in the following, is
located at the WSW sector of ASDEX. Its line of sight is horizontally and 12 cm
below the midplane. In close proximity to the LENA is a movable auxiliary
limiter. In the early phases (before ASDEX hardening) this was a mushroom
limiter, which could be retracted to the vessel walls. Later it was a large
carbon limiter, 50 cm high, concave in poloidal and convex in toroidal
direction. (See Fig. 2). In its normal position it is at R = 211 cm (R major
radius) i.e. 6 cm away from the magnetic separatrix in the midplane. At the
tips of the limiter the distance is only 4.6 cm. After installation of this
limiter the neutral flux I rose by a factor of ~ 20. Therefore the recycling of

this limiter is the dominant gas source at this location.

The second apparatus, "LENA-S", is mounted in the SSO-sector of ASDEX. It
is movable in a poloidal plane, with the pivot point 78 cm away from the
separatrix in the midplane (s. Fig.3). Thus different lines of sight from
perpendicular to &= 60° to the plasma surface are possible. Doing this, K plasma
regions with different temperatures and densities can be scanned. It was also
intended to measure the angular distribution of the CX-neutrals leaving the
plasma surface. However, as a change of the angle ¥ to the plasma surface
(i.e. the separatrix) is always connected with different points of intersection
with the plasma, when LENA-S is swivelled rather different sources of neutral

gas are probed than the angular distribution. Most of the data are taken with
5= o°.
It was impossible to operate both diagnostics at a time, because of the

data acquisition system. Unfortunately, due to several vacuum accidents which

included the failure of turbopumps and degrading of multipliers both LENA-S
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were never available at the same time. Therefore we have no comparison for

shots under really equal conditions.

2. Standard discharges

During the last experimental period "standard shots" were made with the
following parameters: Ohmic heating, Ip1= 320 kA, By = 2.17 T (35 kA),
Ng = 2,76 ° 1019 -3 (20 fr). These shots were taken regularly at the beginning
and end of each day and after major changes to document the status of the
machine. Figure 4 shows the integrated flux I' of Dy-standard shots as a
function of the shot numbers. Apparently, there are large variations, up to a
factor of 3. The flux is always large after a fresh boronization as indicated
by the vertical lines. This has two reasons: 1) After boronization the walls
contain large amounts of hydrogen (Hp). The recycling at the walls increases
the Hy content in Dy discharges. This icreases the CX-flux I', since I is much
larger for pure Hy as compared for D, for equal discharges, as is discussed in

§ 8. 2) The discharges are very clean, i.e. the dilution of the working gas due

to impurities is low. The lowest fluxes occur, when Zgff is rather large.
Moreover, the second and later standard shots on a day showed always more flux |
as the first one. This is shown in Fig. 5. At the same time the gas consumption
decreased considerably. The external gas flux during the plateau phase

(1.2 - 1.8 sec) decreases from 20.0 mbl/s = 4.8 1020 Do-molecules/s to

10.7 mbl/s = 2.6'1020 Dy/s. The second discharge is much cleaner as shows up
in a considerably lower Zgff /4/. In Table I the characteristic data fo the 1st

and the 3rd shot (of this exp. day) are given:

" +
# r Zeff leff np lne np /ne
(2052 (r=0)| (r=236)| (r=o0) tr =36}
(1) 30 824 0.95 2.1 4.7 0.82 0.38
(3) 30 826 1.29 1.88 3.8 0.85 0.53

Table 1

In the first shot (# 30824) Zgff at the edge (r = 36) is especially high.
Assuming a mean impurity Zjpp= 7 (CO) the dilution of the p* ion density nD+lne

can be calculated. It is seen that I'‘1)/r(3) = 1,37 and (np*/ng) 1)/ (np*/ng)(?)
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= 1.39 are almost equal. That means the dilution of the D' ion density - nj in
eq. (1) - alone should account for the lower I' in the first shot. However, this
effect should be even larger since the decrease of the external gas feed yields
a much lower neutral gas density - ng in equ. (1) - in the vicinity of the
LENA-S, as is discussed in § 5. As the same line averaged density is obtained,
more neutral gas most come from recycling sources, which are distributed over

the whole torus.

3. Dependence on the plasma density

It has been shown in earlier papers /5/ that I' increases almost linearly
with increasing line averaged density, while E is decreasing. This is best seen
in a shot where np is increased linearly up to the density limit. An example is
shown in Fig. 6. In the uppermost figure is the line averaged density Tg as
controlled by the gas valve (shown as GASV-S). Ty reaches a plateau value at
2.8 *10%°m~3 and is ramped up to the density limit at 5.8 ° 101° m™3, where the
current Ip) disrupts. I'(center Fig.) fcllows almost exactly the trace of Tg.

E shows practically the opposite behavior.

This is also seen in Fig. 7 where the power flux P, of the CX- neutrals
is shown: Over a wide range of densities there is only a small variation of P.
The power lost by the CX-neutrals is Pp ~ 0.06 W em™2 i.e. ~ 15.6 kW, if this

is integrated over the whole ASDEX plasma surface.

The close correlation of T and Ty as seen in Fig.6 holds only as long as
the confinement type does not change. As shown earlier (Ref. 5, 6), T is
decreasing considerably, for instance, when the Improved Ohmic Confinement

(IOC) regime is reached. It was shown that
f~nes An

with ngg the density at the separatrix and A, the density decay length outside
the separatrix, i.e. I scales with the particle content of the scrape off
layer. This effect is plausible as the computer simulation of the neutral
density (R. Schneider) shows clearly that the CX-particles observed with LENA

originate from a shallow region at the plasma edge.

The energy spectra dI'/dE for 2 densities are shown in Fig.8. It is
obvious that for the higher density the spectrum is much steeper and more
curved in the log-plot than for the lower density case. This is also reflected
in the decrease of the mean energy with increasing density. In the lower part

of Fig. 8, the energy flux distribrutions for the same cases are shown.
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4. Influence of Ip) and By

In discussing the influence of Ty it was assumed that other plasma

parameters as Ip,) and By were kept constant.

In Fig.9 the energy spectra for two discharges with high and low plasma
currents Ip] are compared for 2 toroidal field strengths By. It is seen that
the intensity as well as the shapes of the spectra depend strongly on Ip1. The

differences are larger for higher By (bottom figure).

The differencesof the integral quantities are summarized in table 2:

H By Ipl da Poy T E

(T) (kA) () | (2019em2571) (eV)
28 345 2.18 448 2.35 555 1.32 242
28 349 2.18 271 3.26 303 1.31 239
28 350 2.78 448 3.02 403 1.42 320
28 351 2.78 271 4.97 264 1.60 207
Table 2

It is seen that T increases with increasing By, or at equal Iplas with
qg. The increase of E with Ip1 can be attributed to the increase of the Ohmic
heating power Pgy. There are, however, differences for different By values. In
the Figs. 10 and 11 this behavior is shown for a series with Ip1 variation in
the range of 271 to 450 kA in smaller steps while By was kept at By = 2.18 T.
In Fig. 10 T decreases nearly linearly with increasing Pog- E increases with
Pog, but the slope of the curve becomes less steep at large Ip1 values E is in
a complicated manner connected to T; in the edge region of the plasma. Thus the
increase of E with Poy reflects the increased heating. That E is not simply
proportional to Ppy is plausible since the energy confinement time 7p decreases

from ~ 50 ms to ~ 30 ms in the range of Ip1 discussed here.

Unfortunately, we have no data for a series, where By was varied while

Ipl was kept constant.
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5. Influence of the external gas valve

The neutral fluxes measured with LENA (in the WSW sector) are not
dependent on the location of the external gas valve. (This valve was never very
close to the LENA location). This is understood because the neutral gas density
at this location is dominated by the recycling at the nearby protection

limiter.

This is different for the LENA-S system, which is not influenced by
nearby limiting structures. The normal location of the controlled gas valve is
in the S sector ~ 1 m away from LENA-S. Figure 12 shows two standard shots with
the gas valve in the S and in the ONO-sector. It is seen that not only dI'/dE is
considerably lower for the ONO gas valve, but also the shape of the curves,
i.e. E is different. For comparison data for a standard shot measured with

LENA(WNW) are added in the last column.

shot no. 28303| 28 302 23 847
location of ONO S LENA (WNW)
GASV

r(10t3em2s71) 0.58" 1.05° 7.5°
E (eV) 370 408 365
Table 3

A number of shots in which Ty was ramped up were taken for different
locations of the controlled gas valve. In Table 4 the gas feed came through the
valve in the S(normal), through the upper divertor chamber (Div.), through the
4 valves which are normally being used for the plasma startup gas, and through
a valve in the East at the inner wall of ASDEX.

-3

The data are given for 2 densities (2.8 and 4.1°101% m ). In the last

column, the I data are related to the value with the normal valve (S§).

It is obvious that the fluxes depend largely on the gas valve location.

The effect is larger for higher densities.

It has already been shown by Wagner /7/ that the neutral density around a
source has a decay length of ~ 40 cm. Therefore, ~ 81 of the additional

neutral density ng in the vicinity of the gas valve is still present at the



- 10 -
LENA-S location giving an enhancement in ngy here. ny(LENA-S) would be larger by

a factor of 8 as compared to the averaged value for the whole torus, if the

external gas feed would be the only source for n,. There are, of course, other

sources as recycling for wall structures and refuelling from the divertor.

f GASV e (10°m3) | r10l%em-2s-1) E(eV) T'/Ts
26 563 S 2.8 0.609 274 1
T | 112 164 1
26 575 upper 2.8 0.445 270 0.73
Div. 4.1 0.746 207 0.67
26 567 start up 2.8 | 0.242 236 0.41
valves 4.1 0.395 207 ! 0.35
i
26 569 East 2.8 0.33 0.54
inner wall 4.10 0.53 ! 0.47
| |
Table 4

For the determination of transport coefficients gas oscillation experiments by
a sinuidal variation of the voltage at the gas valves have been performed. An
example is shown in Fig. 13: In the uppermost picture the line averaged density

through a line of sight intersecting the plasma 30 cm from its center (i.e.

this monitors the density in an edge region) together with the divertor density
as measured with the microwave inferometer are depicted. At 2s neutral in-
jection starts. In the center figure the neutral flux I (measured with LENA-S)
and in the lowest figure its mean energy E are shown. It is seen that T varies
in phase with T and ngp, while E varies in the opposite manner. It is
remarkable that the relative amplitudes of the oscillations of ngp and T are
almost equal. This would again support the earlier finding that I reflects
variations of nj in the SOL (scrape off layer). We know, however, that there
is also a variation of ny in this region. The variation of E reflects the

cooling of the edge region by the gas puff.

Another example for gas puff variations are shown in Fig. 14. In this
case the discharge went into the IOC mode in the time interval 0.9 - 1.5s.

(After 1.5s the plasma was shifted inward). During this time the external gas



= I1 =
puff (GASV) was slightly varied (much smaller amplitudes than in Fig. 13).

There are no alterations of the flux I but large variations of E.

A curious case is shown in Fig. 15. Large sinuidal oscillations of the
gas valve (GASV) caused a slow rise of ﬁ;. H, (fg at r = 0.75 a), Dy-light
emission in the X-point region, the snifferprobe signal, and the divertor
density ngp all show the corresponding variations. For I the variation is
hardly visible before a certain event at 1.3s and is more obvious after that
event. The divertor electron temperature, Tep, and the mean neutral energy,
Emeans» show large variations before 1.3s which are no longer visible after
1.3s. The only effect, which we are aware of, is that an increasing MHD-

activity starts at 1.3s.

Not in all cases are the variations in T and E directly visible
especially at higher frequencies of the gas puff oscillations. In Fig. 16 the
neutral flux I', the voltage at the gas valve, E, and the signal of the
outermost channel of the Li-beam diagnostic, K;g (ne in the scrape off layer)
are shown. On first sight there are no obvious correlations between these
signals. Existent correlations become visible if the cross-correlation
functions &(7) = C ng(t) * y(t + 7)dt are discussed, where x(t) and y(t) are
the signals in question. Fig. 17 shows the cross correlation functions of T
with Kjg and of E with H,, respectively. This shows clearly the correlation of

I with the SOL-density and the counter correlation of E with Hy .

6. Pellet Injection

Another way of refuelling the plasma is by pellet injection. The LENA
signals show a strong response to the injection of the pellets especially at
low densities. Fig. 18 shows a shot where slow (200 m/s) Dy-pellets were
injected in a low density discharge (ng = 1.38 1019m'3). In the lowest trace
(FD, arbitrary units,) a photodiode signal is shown, which indicates the
injection times. I shows large and sudden excursions upon pellet injection. E
drops immediately and recovers slowly. This indicates the sudden cooling of the

edge by the pellets.

This figure is an example for the time resolution (1.8 ms in this case)

available with LENA when the integral measuring mode is used.
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7. Influence of the plasma position

In ASDEX the plasma can be shifted up and down ( AZ+0). The plasma can
also be shifted inward and outward which means a variation of the ma jor plasma
radius between 163 cm < Rp1 < 168 cm, Rp) = 165 being the normal position.
These shifts cause different reactions of the neutral fluxes measured with the

LENA at different locations:

With LENA (close to the auxiliary limiter) a large increase of I is observed
when the plasma is shifted outward. The same is true when the limiter is moved

towards the plasma as shown in Table 5 for a series of standard shots.

P R, | Rpr [TC 102%) | E(ev) ALs

24 577 211 | 165 1 5.1 370 6 cm

24 578 211 167 9.4 490 4 cm

24 580 209 167 21.0 570 2 cm

24 582 209 165 12.6 485 4 cm

Table 5

Ry, Limiter position measured in the midplane (s. fig. 1)
Rp1 Ma jor plasma radius

A1is Distance separatrix - limiter ( in the midplane)

Also, Epeapn increases when the distance between separatrix and limiter Apg is
decreased. The large flux increase with decreasing A g is easily understood
with the increase of the recycling at the limiter which increases the neutral

density. The plasma ion flux density along field lines is
J¥ = 1/2 nj Cg(Ty, Te) (2)

where Cg is the ion acoustic speed /8/. Assuming the usual decay length A=1.5
cm for ng j and Te j outside the separatrix the integration over the limiter
contour (s. Fig. 2) yields

1018 -2.-1

J+(1) = 4.93 cm s for ilLS = 6 cm (normal)

%2y = 3.15 * 102 em%s7! for A g = 4 cm,

i.e. an increase by a factor of 6.4 while the observed flux I increases only by

a factor of ~ 2.5,
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Apparently, the absorption factor rl(E,x) in equ. (1) increases so that T

does not increase as much as the ion flux onto the limiter. This is coroborated
by the observed increase of E. This is due to the preferential absorption of

the low energy particles.

It is seen from Table 5 that moving the plasma toward the limiter
increases I less than moving the limiter to the plasma. This may be due to the
fact that in the first case other structures in the ASDEX vessel which take up

ion flux can become important in reducing the flux onto the limiter.

{
T in LENA is also sensitive to up-down shifts. When zjz>qr decreases,
because the LENA line-of-sight is 12 cm below the midplane. The main recycling
responsible for the LENA flux occurs at the lower limiter tip which is reduced

when the plasma is shifted upwards.

The conditions are quite different for LENA-S where no limiting structure
is nearby. In Fig.19 dI'/dE for 3 standard shots with different plasma radii
are shown. The flux decreases with increasing Rp1, but also the shapes of the
curves change. The integrated flux I together with the divertor pressures (DMO
and DMU) is shown in Fig. 20. As in many other cases, the divertor pressure is
closely connected to the neutral flux I (see Ref. 5). It is interesting that
the gas consumption in all cases when Rp1#=165 is lower as compared to the case
when the plasma is in its normal position at Rpl = 165 cm. Apparently, the
plasma flux in the scrape-off-layer which is guided into the divertor is partly
falling onto the edges of the divertor throat where it recycles. Thus less gas
from the external gas feed is needed. Nevertheless, is the divertor chamber

pressure decreasing as T decreases when the plasma is shifted outwards.

The same effect is illustrated by Fig. 21. The line averaged density ng
was programmed to three plateau values for the two shots with Rpp = 165 and
167. During the second and third plateaus both discharges went into the IOC
regime, which is characterized by a substantial drop in the CX-flux. 1In the
lower part of Fig. 21 the integrated flux T for the 2 plasma radii is shown. At
all times I for Rpl = 167 is only 0.75 times that for Rpl = 165 (normal

position).

A possible explanation for this behavior is the following: The external
gas flux hits the plasma surface at an estimated area of ~ 1/4 m?. The gas is
being ionized, but a part of the ions is reneutralized by charge exchange and
can return to the wall. The plasma has a kind of albedo 0.5<A<0.8 for the
neutral gas /9/. At the walls it is reflected at A ~ 1 and again partly from
the plasma. This chain of reflection processes governs the lateral distribution

of the neutral density at a distance from the gas valve. It is plausible that
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the distance dpw between plasma and material wall is a critical quantity in
this context. From Wagner's experiments /6/ the neutral density in a distance

x from the gas source has the form

=X/A
ng ~ e x/ , where A~ dpy -

Thus, the influence of the gas inlet on the LENA-S-fluxes should decrease with

decreasing dpny, i.e. with increasing Rpl /10/. A quantitative verification of

this ideas would require a detailed computer simulation.

When LENA-S is in its normal position (line of sight horizontally in the
midplane, « = 0, see Fig. 3) there is no variation of T or E with a vertical
plasma shift (nor should a variation be expected). However, when LENA-S is
swivelled to o = 28° with the line of sight to the lower plasma edge, I depends
largely on the vertical plasma position 4Z as is shown in Fig. 21. When the
plasma is shifted up- or downwards from the centre (AZ # 0) the magnetic
configuration alters such that there is a connection between the inner and
outer side of the scrape-off-layer. Only a small part of the ion flux
penetrating the separatrix is guided into the lower divertor when the plasma is

shifted upwards ( AZ > 0) and vice versa.

During the time when these data were taken, the lower divertor bypasses
were still open, while the correponding upper bypasses were closed, i.e. the
refuelling from the lower divertor was especially large. This shows up ‘also in
the external gas feed required to maintain the preprogrammed density. Due to
the refuelling from the lower divertor almost no external gas feed is required
for AZ < 0, while a significant gas feed is necessary for the upper divertor
case. It is obvious from Fig. 22 that the neutral flux I decreases stepwise
when the plasma is shifted upwards. The slow decrease of T for AZ>1 is
connected with a decrase of E from E = 200 eV at AZ = +1 to E = 130 eV at

AZ = +3. T decreases because the LENA line of sight intersects a smaller plasma
area with upward shifting and E decreases, because the probed plasma area

shifts to the edge.

8. Isotope effects

The LENA measuring principle does not allow the distinction of particles
with different masses. Only the quantity E/M is measured. Therefore, spectra
measured with the gas mixture are hard to interpret. After changing the
discharge gas it takes a large number of shots before the dominant ion species

is from the new gas.
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In general, is the flux T for Hydrogen discharges much lérger than for
corresponding Deuterium shots. in Table 6 the first two standard shots of a
"Hydrogen" and a "Deuterium day" are compared. The walls were boronized.
According to the divertor mass spectrometers the working gas contains ~ 25 I of

the other isotope in each of these shots.

$ r(10t5cm 2571 Epean(eV)
Hy 30866 1 48 168

30867 1.75 161
Dy 30931 0.94 340

30932 1.16 325

Table 6

For the comparison of Hy and Dy discharges we integrated over the same
energy interval 245 eV to 735 eV rather than over the entire accessible
interval of E/M as in all other cases discussed in this report. Therefore the

values of T and Epggapn are slightly smaller.

In this case is I'(Hp) ~ 1.5 T(Dg). The differences of I'(Hy) and I'(Dp) are even
larger for steel walls of ASDEX.

It is remarkably that the mean energy for Hy is much lower than for Dj.
This shows up in the different shapes of the energy distribution dT/dE for the

two isotopes as shown in Fig. 23.

The isotope effect observed with LENA shows up also in other edge properties:
the electron density at the separatrix, for instance, is ngg(Hp) = 1.5 Neg(Dp)
in the example discussed by Bessenrodt-Weberpals /11/. The correlation of T

with ngg was discussed already in § 3.

9. Sawtooth-free discharges

Sometimes sawtooth-free discharges ocurred spontaneously in ASDEX. These
discharges are characterized by improved energy and particle confinement

connected with peaked density profiles. Also the LENA signals show remarkable
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differences. In Fig. 24 the spectra dI'/dE are compared for the Ohmic and NI
heated phases for a sawtoothing and sawtooth-free discharge. In both cases the
curves are lower in the sawtooth-free case. This is again reflecting the fact
that I' depends on the density at the edge, which is reduced due to the peaking
of the density profile.

10. Conclusion

A large amount of data on the low energy CX fluxes have been accumulated
during the operational period of ASDEX. Some of them were presented in earlier
publications /3,5,6/. In this report some typical ohmic discharges have been

chosen to illustrate the experimental findings.

The discussion of LENA fluxes and mean energies together with other edge
quantities measured at ASDEX give a consistent picture. They deliver, however,
only a little contribution to the understanding of ASDEX or the divertor
tokamak principle. The consideration of the LENA observations discussed in this
report is, however, necessary when the LENA specific quantities like impurity
production at the walls and edge ion temperatures are determined. With
eleborated computer simulations of the neutral gas (EIRENE code) ion
temperatures profiles in the outer plasma region can be determined from the

LENA-spectra. This will be discussed in a forthcoming paper /[12/.
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CX neutral energy distribution measured with LENA (...) and the
stripping analyzer NPA (xxx).

Auxiliary limiter in the WSW sector of ASDEX.
Schematic of the geometry of LENA-S.

The integrated flux T of CX-neutrals in all Deuterium standard shots
measured with LENA-S as a function of the ASDEX shot number.

The first and the second standard shot of the 640th day:
Upper Fig.: Voltage at the external gas valve (GASV, a.u.) and the
integrated gas consumption (QGAS Dy).

Lower Figure: The neutral flux I averaged over 100 ms.

A "standard density limit shot".

Upper Fig.: Plasma current, line averaged density ny and voltage at
the gas valve (GASV-S). Centre Fig.: CX-neutral flux I'. Lower Fig.:

mean energy of the neutrals.

The power transported by the CX-neutrals during the shot of Fig. 6.

Particle flux distribution dI'/dE ("Flux", Dolcmz-s-ev-sr) and energy
flux distribution dP/dE ("EFLUX" W/cm2 eV® sr) for g = 5.5 ° 1077m"
(solid curve) and g = 2.8 ° lolém' (dashed curves) from the ohmic
discharge of Fig. 6.

dI'/dE ("Flux", Dolcmzs.eV-sr) for Jpl =271 kA and 448 kA for By=2.18 T
(upper Fig.) and By = 2.78 T (lower Fig.).

The CX-flux T as a function of the Ohmic heating power.
Mean energy of the CX-neutrals vs. Ohmic heating power.

dI'/dE for location of the external gas valve in the S and ONO sectors
of ASDEX.

Gas oscillations. Upper Fig.: line averaged densities in the edge of
the main chamber Ng(0.75 a) and in the divertor chamber negp; Centre
Fig.: CX-flux T'; Lower Fig.: Epoan of CX-neutrals. At 2 s is the onset
of the neutral injection heating.

Gas oscillations during and IOC-shot. _

The CX-Flux I (uppermost trace), its mean energy E, and the voltage at
the controlled gas valve (GASV). (At 1.5 s the plasma was shifted
inward to Rpl = 162.5 cm).

Various signals during a shot with gas oscillations
(see text for details).

Gas oscillations. CX-Flux I', voltage at the gas valve (GASV), E of CX-
neutrals, and signal K10 of the outermost channel of the Li-beam
diagnostic.

Cross correlation functions of a) T with K10 and b) E with Ng(0.75 a)
for the shot of Fig.l6.



Fig.18:

Fig.19:

Fig.20:

Fig.21:

Fig.22:

Fig. 23:

Fig.24:

- 19 -
Response of the CX-flux I (upper trace), its mean energy Epean
(centre) on the injection of small Dy pellets. The injection times are
indicated by the spikes in the FD-signal (lowest trace).

dIr'/dE for standard discharges with different plasma major radii R.
(LENA-S).

CX-Flux I', and pressures in upper (DMO) and lower (DMU) divertor
chambers vs. major plasma radius Rp1-

In both shots # 25730 and # 25732 were J,) and mg as in the upper
figure. The lower Fig. shows I for 2 plasma radii Rpl-

I' as measured with LENA-S in its lowest position (o = 280, see fig. 3)
vs vertical plasma shift. In the upper part the pressure in the upper
(DMO) and lower (DMU) divertor chambers and the gas puff rate are
given.

Comparison of the CX energy distributions for standard Hy and D
discharges.

Comparison of dI'/dE for # 28826 (sawtooth-free)with
# 28827 (with sawteeth) for the Ohmic (upper fig.) and NI heated
(lower fig.) phases.
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Fig.3: Schematic of the geometry of LENA-S.
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Fig.5: The first and the second standard shot of the 640th day:
Upper Fig.: Voltage at the external gas valve (GASV, a.u.)
and the integrated gas consumption (QGAS Dj).

Lower Figure: The neutral flux I' averaged over 100 ms.
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A "standard density limit shot".

Upper Fig.: Plasma current, line averaged density Tg and
voltage at the gas valve (GASV-S). Centre Fig.: CX-neutral
flux I'. Lower Fig.: mean energy of the neutrals.
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Fig.8: Particle flux distribution dI'/dE ("Flux", D°/cm2-s-ev-sr)

and energy flux distribution dP/dE (“EFLUX",W/cmz-eV'.sr)
for g = 5.5 ° 101%9m=3 (solid curve) and Tig = 2.8 * 1019p-3
(dashed curves) from the ohmic discharge of Fig. 6.
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Fig.1l4: Gas oscillations during and IOC-shot.
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the voltage at the controlled gas valve (GASV). (At 1.5 s
the plasma was shifted inward to Rp) = 162.5 cm).
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Fig.16: Gas oscillations. CX-Flux T, voltage at the gas valve

(GASV) , E of CX-neutrals, and signal K10 of the outermost
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FLUX

E+13} J ‘ ' T ]
1 5
\
\\ -
\ —_— 30832. D2 i
‘. —— 30857 Hj
: N\
E+12F :
E+111 - ' ! L
0 200 400 600 800 1000
ENERGY [eV]
Fig. 23: Comparison of the CX energy distributions for standard Ho and D3

discharges.




FLUX

LENAS310  17—-JAN—1991

E+14¢F

E+12

E+11

E+10

1 T T T

SHOTNOD

— 28827

1 1 a1l

A O U o |

1

oo aaal

I

Fig.24:

| 1
200 400 600 80O 1000
ENERGY/M [ev]

Comparison of dI'/dE for # 28826 (sawtooth-free)with
# 28827 (with sawteeth) for the Ohmic (upper fig.) and NI heated
(lower fig.) phases.




