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Abstract

Characteristics of divertor plasma with neutral beam injection
(PNI £ 2.5 MW) are studied. Major objectives are obtaining

an ideal divertor plasma with low temperature and high den-
sity as well as clarifying plasma characteristics in the

divertor. The major conclusions are as follows:

1. A strong inhomogeneity along magnetic field lines of den-

sity, N, and temperature, T_, in the scrape-off layer, e.g.

e
T, ~ 100 eV and n =~ 1013 cm 3 at the torus mid-plane in
the main chamber and T_q ~ 10 eV and n_g ~ 10" em™3 near

the neutralizer plate in the divertor chamber.

2. Plasma parameters near the neutralizer plate such as Ted
and n g are strong functions of recycling conditions in
the divertor, e.g. gas source, pumping speed and width of
divertor throat, as well as of discharge conditions in the

main chamber, e.g. density, heating power and confinement.

3. The electron temperature Ted near the neutralizer plate is
a strong function of the electron density n_g near the
neutralizer plate and the heating power, i.e. Ted decrea-

ses with increasing n_g and with reducing the heating power.

4, At a very low value of Ted’ when the ionization coefficients
of hydrogen are very small, the divertor plasma cannot stop
a strong neutral gas backflow from the divertor chamber into
the main chamber and disruptions are induced. Thus, the mini-
mum value of Ted is around 5 eV and the maximum value of n_g
is obtained at around Ted = 5 eV in a stable discharge. The
maximum value of n.gq at the minimum Ted is proportional to

. &+ .
the heating power POH PNI




5. An ideal divertor plasma with low temperature and high

density is obtained in a stable discharge with neutral

beam injection. For example, Tea is maintained at a low
13 =3

value of 7 eV by an increase of N.q from 10 cm to
1.2 x 10'% en™3 when the heating power P, + P . is
raised from 0.35 to 2.5 MW while keeping the main plasma

density fixed at 7 x 10"3 em3.

poer



1. Introduction

ASDEX /1/ is a large tokamak (R = 1.65m, a = 0.4 m, Bt <2.8T,
Ip < 500 kA) with a double-null poloidal divertor. The bulk
plasma is confined magnetically in the main chamber and charged
particles lost from the bulk plasma flow in a narrow scrape-off
layer along field lines into the divertor chamber. Thus major
plasma-wall interactions are restricted to the divertor chamber.’
Successful impurity control is demonstrated with neutral beam
injection of 3 MW in ASDEX /2/ as was already shown earlier
in DIVA for ohmic heating powers of up to 0.3 MW /3/. Also,
neutral beam injection into diverted ASDEX discharges reveals
a new operational regime with high Bp and good confinement
times /4/. The poloidal divertor, therefore, is a promising

impurity control method for tokamaks.

In order to apply a poloidal divertor to a reactor grade
device, two major problems must be overcome, i.e. simpli-
fying the divertor configuration /5/ and cooling the diverted
plasma near the neturalizer palte /6/. The later problem is
studied in this paper. Cooling the diverted plasma is essen-
tial to avoid the serious erosion of the neutralizer plate,
as well as to reduce the high heat flux density. The tempera-
ture Ted near the neutralizer plate has to be very low,
typically 10 eV or a less value. Energy and particle conser-
vation laws give the following simple formula for Ted with

a normal sheath /3/.

T ; "
T . o= ?E . % cdW e X P (1)
E

Here P, , P, T, (o ?b and Y are heating power, radiation
loss power including charge exhcange loss, mean temperature in
the main plasma, energy confinement time, global particle con-

finement time, and heat transmission rate at the limiter or

the neutralizer plate. In the small scale device DIVA /3/, Tp

is almost equal to the particle confinement time Tp in the




main plasma and P comes only from the main plasma. Therefore
?p/TE 41 . Aand P.<0.5P, . Y < 10 from the normal sheath
model and also from the experimental results.These values give
Ted >:0{ 15T, Tf: this scaling is applied to a large device, Ted
should be very high causing serious problems (high erosion

rate and high heat flux density) /6/.

In a large device, we have the possibility of a strong inhomo-
geneity along magnetic field line isolating the diverted plasma
from the main plasma /7/. In this case ?p may be strongly reduced
by increasing particle source or recycling only in the divertor

(?P ¢<TE or Tp) and Pr may also be increased only in the divertor

(P < P,
r ~ "in
results from ASDEX /1/ and Doublet III /9-11/ suggest these

possibilities. They have shown a significant enhancement of

) /8/ thereby strongly reducing Toq- Experimental

the neutral gas pressure and the scrape-off layer plasma
density in the divertor. In addition, strong radiation, e.g.
100 - 300 kW, was observed only from the divertor. These re-
sults were obtained only from high density discharges. In these
studies, plasma parameters in the divertor, especially Tegqr
were not measured, characteristics of the plasma were not
known, no active control of the divertor plasma was studied
and no additional heating was applied. Thus it becomes impor-
tant to study the influence of strong inhomogeneities along
the magnetic field lines on the divertor plasma, in particular
for the case of intense additional heating.

In recent ASDEX experiments with neutral beam injection,

PNI X 2.5 MW, characteristics of the divertor plasma were in-
vestigated. Plasma parameters in the divertor were measured
under a wide range of discharge conditions with a strong in-
homogeneity along magnetic field lines present. Density and
temperature limits were studied and cooling of the divertor
plasma was demonstrated. Some of these results have been re-

ported in Ref. /2/. Detailed studies are given in this paper.




Typical plasma parameters in the divertor are shown in the
following section. In section 3, strong temperature and den-
sity gradients along magnetic field lines are demonstrated
by comparing parameters at the torus mid-plane to those near
the divertor plate. In section 4, control of the divertor
plasma at low temperature with 0.0 < PNI < 2.5 MW is described.
In section 5, the lower limit of electron temperature and the
upper limit of plasma density in the divertor are shown, and
disruptions induced by strong gas back flow from the divertor
into the main chamber are discussed. Discussions of divertor
plasma characteristics are given in section 6. A summary is

given in the last section.




2. Typical plasma parameters near the divertor plate

Electron temperature and density profiles of the divertor plasma

are measured by scanning Langmuir probes near the divertor plate

(Fig. 1) under a wide range of discharge conditions+). In Fig.2,

typcial profiles of ion saturation current is and electron tem-
perature Ted are shown for rather low density discharges with
2.5 MW neutral injection and ohmic heating, respectively. Both
temperature and ion saturation current are larger with neutral
injection. Relative values of electron density are calculated
from iS and Ted' The absolute calibration is made by using the
cut-off density of HM-waves (see Appendix).

The peak density n_g and the peak temperature Ted of the
profiles near the divertor plate with and without neutral beam
injection are shown in Fig. 3. In this epxeriment only the
main plasma density He is scanned, while keeping other dis-
charge parameters constant. The following three regions are
observed in both discharges with and without neutral beam
injection. The density n_ g increases slowly with increasing

main plasma density Ee at low plasma densities (ﬁe < 3 x 1013

ST wikh BTt 20 IS n, < 5 x 10"3 cn™3 wtih P = 2.5 Mw).

N 13 Tiweg o NE 13
In a medium density region (3.5 x 10 cm < n. %< 4.5 x 10

e
em™ 2 with Bor-=0 alld 5"% 1073 om™3< n, < 8 x 1013 cm™3 with

PNI = 2.5 MW), Ngg increases steeply with increasing main plasma

density Ee‘ In the high density region (n_ > 5 x 1015 cm Swith

e
P = 0 and n_ > 8 x 1013 cm - with P = 2.5 MW), ned saturates

NI _NI
or decreases. The absolute value of ng for each region changes

with changing discharge conditions, especially the heating and
recycling conditions as discussed later. The characteristics
of the three regions, however, do not change and qualitatively
agree with recent numerical results /7/. Without neutral beam
injection, the first region was observed in DIVA /3/ and the
first and the second regions were observed in ASDEX /1/ and

+)If not stated differently the following operating conditions

were being used: Filling gas D2, H° beam, B = 2.17 T, double
null divertor (vertical displacement of the plasma column =0 cm) ,
divertor throat with minimum width of 5.5 cm and IM/Ip = 0.1

(I multi-pole coil current, Ip: plasma current).
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D-III /9-10/. The third region, where n_4 saturates or de-
creases with increasing ﬁe' shows the density limit in the
divertor. In this experiment, the maximum value of n_g is

1.8 x 1013 cm—3 at Ee = 5,5 x 1013 cm_3 with PN = 0 and

1.3x 10 em> at i_ =9 x 10'> om > with Py = 2.5 M.
Thus a high divertor density, in excess of the main plasma
density, can be obtained. Electron temperatures Ted’ also
shown in Fig. 3, are in the range 5 - 30 eV. Ted is reduced
with increasing n, or n 4. The peak position of the profiles

is discussed in the Appendix.




3. Inhomogeneity along magnetic field lines

In order to understand characteristics of the scrape-off layer
plasma along magnetic field lines, electron density Ny and
temperature Teb profiles in the torus mid-plane are measured
with a Thomson scattering system and are compared with the
profiles in the divertor. The radial temperature fall-off length
at the torus mid-plane ATe is very short, i.e. lTe £7 ) cme
Therefore the exact position of the separatrix surface, i.e.
the boundary between the main plasma and the scrape-off layer,
cannot be obtained with high accuracy. It is impossible to
compare plasmas at the torus mid-plane with divertor plasmas
along each flux surface by using only geometrical relations.

In this paper, we assume neTe = constant on a magnetic surface
and adjust the two electron pressure profiles by moving the
position of the separatrix magnetic surface at the torus mid-
plane. Geometrical factors shown in the Appendix are employed.
Adjusted pressure profiles are shown in Fig.4. Radial profiles
of Ted' N g’ Teb and n,, are shown in Fig. 5. Temperature and
density inhomogeneities along magnetic field lines are ob-
served in all cases, particularly in the high current discharge
with P = 2.5 MW, where the electron temperature is reduced

NI
by a factor of 10 and the density increased by a factor of 10.




4., Control of divertor plasma

Because of the strong inhomogeneities along the plasma flow in
the scrape-off layer, the possibility exists of controlling
the divertor plasma without changing the main plasma parame-
ters. The most reliable method of changing the divertor plasma
condition is by controlling the particle recycling. The follow-

ing situations have been studied:

Pumping (Ti gettering) in the divertor (DP operation)

No pumping in the divertor (D operation)

Gas puffing in the divertor (DG operation)

Narrowing the divertor throat (DN operation)

In an ohmic DP discharge, Ted is sufficiently low for rather
high densities (ﬁe =7 x 1013 cm‘3) in the main chamber (see
for example Fig. 10). With 2.5 MW neutral beam injection, Ted

increases to 17 eV while the density remains constant as shown

by (0) in Fig.6. With more heating power Ted would be further
increased, finally to values that are not suitable for diver-.
tor operation. The temperature Ted can be reduced by increasing
the particle source in the divertor. For example, when particle
recycling is increased by stopping titanium gettering (D opera-
tion), Ted is reduced to 10 eV or less as shown by (®) in Fig.6.
If a lower temperature is required, an additional particle
source can be created by puffing gas into the divertor chamber
(DG operation), as shown by (@) in Fig. 6. Besides the H or
HL-type discharges Fig. 6 also shows an example of L-type dis-
charges.

Applying these methods we can maintain the electron tempera-
ture Ted at a low value even if the heating powr is increased.
This result is shown in Fig. 7. The main plasma density ng is
kept constant at around 7 X 1013 cm-3. When the heating power
is increased from 0.3 MW to 2.5 MW, Toq stays at around 7 eV,
3 n3 0 1.3 x 1014 em”3. with

P = 2.5 MW, the electron density ned near the divertor plate

while ned increases from 1 x 10

NI




is almost two times higher than the main plasma density ﬁe.

It is this high density which cools the plasma, thus allowing
a sufficiently low value of Ted' An example of the plasma pro-
file near the divertor plate for such a high density divertor

plasma is shown in Fig. 8.

By narrowing the divertor throat (DN operation), the density in
the diverotr can be increased because of a reduction of particle
back flow into the main chamber. This effect is shown in Fig.21.




5. Density and temperature limits in the divertor

The electron temperature Ted is reduced by increasing Nog

as discussed in the previous section. It is very interesting

to know the minimum value of Ted or the maximum value of ey
which can be obtained. It is also very important to test the
possibility of a gas neutralizer /12/. (Inthis proposed idea
Ted is very low, typically around 1 eV, recombination proces-
ses become dominant in the divertor, and no divertor plate is
necessary thus avoiding the thermal problems connected with the
divertor plate).

In order to obtain a minimum Ted’ n_gq is increased by in-
creasing the main plasma density n,. Time variations of the
double probe current (is) at the peak position, the main plasma
density, and other parameters are shown in Fig. 9. In this
case, the magnetic configuration achieves a steady state

0.6 sec after starting the discharge and the mean plasma den-
sity increases from Ee =7 x 'IO‘|3 cm—3 at 1.35 sec. With in-
creasing ngs ion-saturation current increases in the early
phase, saturates in the meadium phase and decreases in the
last phase of the discharge. The electron temperature Ted is
monotonically reduced as shown in Fig. 9 (:) and (:).

This experiment was performed for a variety of discharge con-
ditions such as gas influx rate, recycling condition, and heat-
ing power. Some results for ohmically heated plasmas are sum-

marized in Fig. 10.

The observed minimum temperature for a stable discharge is

around 5-6 eV. Below this value, the discharge can easily go
into a disruptive phase. At Ted ~ 6 eV, n_g is saturated. In
some cases, N_g starts to decrease at Ted ~ 6 eV. This beha-
ijour is considered to result from a lack of ionization caused

by the low electron temperature.




Ionization rates in the divertor are calculated from n. g Ted'
neutral gas density /2/ and ionization cross-sections /13,14/+).

The following assumptions are made for ohmic D-operation:

the neutral gas density is constant,

2. the pressure ned-Ted is constant along magnetic field
lines, and

3. the energy flow along magnetic field lines is carried

only by electron heat conduction.

The first assumption is justified across the scrape-off layer,
where the ionization probability is much less than 1 (e.g.< 0.2),
but is not correct near the divertor throat where the ioniza-
tion probability is rather high. The other assumptions are rea-
sonable. The calculated result is consistent with the total
particle loss obtained from the measured ion saturation currrent
and is shown in Fig. 11 for D-operation with ohmic heating. Pro-
duction rates of D' in the divertor (Sd near the divertor plate,
Sth near the divertor throat) are shown by dotted lines. The
average production rate of D+ in the divertor S is shown by a
Bty at the
throat, and the measured n_4 and Ted near the divertor plate

solid line. The calculated electron temperature T

are also shown in the same figure. The average or total produc-

tion rate of D', 5, increases when ﬁe is raised from 1 x 1013

cm“3 to 51X 1013 cm-3 and the divertor plasma suppresses strong
neutral gas back flow into the main plasma. With a higher den-
sity in the main plasma, i.e. Ee >4,5 x 1013 cm_3, or a lower
electron temperature in the divertor, i.e. Ted < 6 eV or

Teth < 12 eV, the production rate saturates or decreases with
increasing n,. The neutral gas density in the divertor, however,
increases steeply /2/ and strong gas back flow into the main

chamber is no longer suppressed resulting in a sudden disruption.

+)In this calculation, ionization only from D, is assumed and

ionization from D® reflected from the neutralizer plate is
neglected. Thus the calculated production rate of D" gives a
lower value.



The observed results show that the minimum electron tem-
perture in the divertor is determined by the disruption con-
dition. The maximum density is the value which corresponds
with the minimum temperature. The divertor plasma is main-
tained by energy flow from the main plasma. Therefore the
maximum density has to be a strong function of power flow
into the divertor. The major part of the heating power flows
into the divertor, and the relation between the heating power
and the observed maximum density is shown in Fig. 12. The
maximum density is proportional to the input power as expec-
ted.

In ASDEX, the minimum electron temperature near the neutrali-
zer plate is around 5 eV in a stable discharge and the concept

of a gas neutralizer is not realized.




6. Discussions

A strong inhomogeneity along magnetic field lines was ex-
pected from the recent numerical study by W. Schneider and
K. Lackner /7/ and was demonstrated in section 3. This
inhomogeneity is stronger with neutral beam injection be-
cause of the high heat flux, and is considered to be caused §
mainly by the finite electron conductivity along magnetic
field lines. Calculated electron temperatures at the torus
mid-plane are compared with the measured data in Table 1.
In this calcualtion, the energy flow only due to the
electron heat conduction along the magnetic field lines

is considered.

I (1) naI

(2) OH (3) NBI (4) OH !

J

T 380 kA 380 kA 200 kA 200 kA |
P _ _ _ 18 . =
n 8x1013cm - 1.5%x70 “cm 3 3.5x1013cm 3 1.8x10 3cm 3

ng Te ng Te ng Te ng Te

Torus 8 90 T3 55 4 90 1 40
Mid-plane 75) (45) (90) (40)
Divertor [|100 10 4.5 20 25 15 2.5 15

Region f

TABLE 1: Densities ng (1012cm"3) and electron temperatures

Te(eV) at the separatrix measured in the torus mid-

plane and in the divertor region, respectively, for

different discharge conditions. Profiles are shown
in Fig. 4 and 5. Calculated temperatures at the
torus mid-plane are shown in brackets.




These calculated values seem reasonable, so that the dominant
proces in the heat flow can be consdiered to be the electron
heat conduction along the magnetic field lines. On the surface
of the divertor plate, however, the heat flux is carried through
the sheath and the power flow P onto the divertor plate is given
by the following simple formula from the sheath theory as de-
monstrated in DIVA /15/:

P = inTe das. (2)

Here Y, i and Te are heat conductiion rate, ion saturation
current density (A/cmz) and electron temperature near the
sheath (eV).The heat conduction rate is expected to be around
7 - 10 in this experiment if we assume Te = Ti' Values iS and
Ted are measured near the divertor plate (Fig. 1) and i ~ iS
and Te ¢ Ted' Therefore the total power can be calculated from
the measured Ted and iS and is shown in Fig. 13. In this cal-
culation we assume up-down symmetry with 20 % power loss onto
the inner plate and 80 % onto the outer plate. The calculated
total power loss is around 150 kW or 50 % of the input power
with T 4 2 10 eV or aed < 1013 cm-3 in ohmic discharge and is
reduced by a large factor with decreasing Ted or increasing n.gq-
This value seems low but is within experimental uncertainties.
The strong reduction of the heat flux with low Ted (<10 eV) or
high n_ 3 (>1O13 cm_3) is considered to result from a large
radiation and charge exchange loss in the divertor /16/. With
neutral beam heating, the situation is more complex. With

T,gq < 15 eV or with n_q > 3 x 1013 cm_3, the situation is simi-
lar to that without neutral beam injection. With a high T.a

or a low n_ g the calculated power loss is very small, e.g.

0.3 MW with PNI = 2.5 MW. In H-type discharges /4/, the calcu-
lated heat loss onto the divertor plate is also small, e.g.

0.3 MW, even with a rather low temperature as shown by (¢) in
Fig. 13. These small values for the calculated power loss onto
the divertor plate are not understood. But some possible ex-

planations are discussed below.




.

= 1.6 -=

In Fig. 14, equipartition time T and particle life time (or

eq
particle recycling time) Tpdiv in the divertor are shown for
the ohmic D-operation as a function of the main plasma density.
] . T < 3 1

In the high density, eq Tpdiv and. it is reason?gle Eg
assume T, = Te' But for low density (ned %:5:X:10 cm - and

> b .
Ted 15 ev) Teq Tpdiv' It is not reasonable to assume
T, = Te in the high T_gq case, especially with neutral beam
injection. This effect has a possibility to increase the power
loss onto the divertor plate and/or to increase the cx loss

at a low nq or a high Ted' Tpdiv is defined by

Tpdiv Ned/Fw’ (3)

where Ned is the total electron number in the scrape-off layer
and Fw is the total particle source flux S or the total particle
loss flux.

Another uncertainty may come from observed large fluctuations
of the divertor plasma during the heating phase as shown in
Figs. 15 and 16. Large spontaneous particle losses are observed
especially in an H-type discharge. The electron temperature of
this spontaneous loss flux is estimated to be higher than the
normal value, e.q. Te > 30 eV for the spontaneous loss flux
with a normal temperature of 10 eV, and a large heat flux may
be carried by these spontaneous losses. These spontaneous
losses correlate with sawteeth like fluctuations of the main

plasma density as shown in Fig. 16 (:). The time delay between

the denstiy drop in the main plasma and the spontaneous par-
ticle flux is very short, i.e. less than 1 ms, and this type
of loss is not observed with a normal sawtooth oscillation.

Therefore this spontaneous loss may be induced by a density

drop in the periphery plasma. The heat flux carried by these
losses have not been investigated but cannot be neglected.
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The mean density in the divertor is considered to be a strong
function of the mean plasma density in the main chamber /1,9/
but has been shown to be strongly affected by the recycling
condition (section 4). Therefore no simple relation between

) and He can be observed under various discharge conditions,
as shown in Fig. 17 because of the strong inhomogeneity along
magnetic field lines as shown in section 3 and the divertor
plasma can change without changing the main plasma as shown

in section 4. In Fig. 18, N4 and Ted are plotted, and a strong
relation can be observed between them for a constant heating
power. This result suggests that the essential relation between
the divertor plasma and the main plasma is only through the
power flow. The power flow into the divertor maintains the
divertor plasma. Other parameters can change within a wide
range, e.g. n_4 can be changed by increasing the particle
source in the divertor and the particle source can be controlled
not only by the main plasma but also by the divertor condition
as shown in section 4. This characteristic of the divertor
plasma is very important for controlling the divertor plasma
for a given main plasma. For example the electron temperature
near the divertor plate is kept at a low value by controlling
the neutral gas source in the divertor where the mean density
in the main chamber is kept constant with Pyt = 0.3 - 2.5 Mw.
The observed low electron teTgeraEgre, Ted = 7 eV, at a high
dens%:y, f qa°= {(1=1.7) x 10 cm with OH and N.a.*= (0.8 =1.5)

x 10 cm with PNI = 2.5 MW, can be explained by eq. (1) with

a small value of T {1
Tp=1.0 x 10_15 * n, sec in the main plasma with OH, ?b/TE'~0.1
at Ee =5 x 1013 in D-operation. Equation (1) gives Ted ~0.04 T
X (Pin - Pr)/Pin and a rather large P, Pr/Pin 2 0.8 715651,

gives a reasonable value for Ted' The calculated over-all par-

and a rather large value of P_. i %

ticle confinement time ?p for OH plasmas is shown in Fig. 19,
?p is defined by

rp = Ne/FW, (4)




where N, and Fw are the total number of electrons and the
total loss flux onto the first wall, respectively. Since al-
most all particles lost from the main plasma flow into the
divertor, the total flux can be calculated by

|
Il
ol—=

Iis ds, (5)

where is is the ion saturation current measured near the

divertor plate. The figure shows an increase in ?; with in-
135:23

creasing Ee up to 2 x 10 m and a decrease in Tb with in-
creasing ﬁe from 3 x 1013 cm_3. This characteristic shows

O AN
that Tp ~ 1 in a low density discharge because of small

ionization in the divertor chamber. Tp is the particle con-

fnement in the main plasma and defined by

p em' D' (6)

where Nem is the total electron number in the main plasma and
Fy is the net particle loss into the divertor or the total
net particle source in the main chamber. The expected Tp is
shown by a dotted line in Fig. 19. In a high density discharge,
ionization in the divertor becomes dominant, and ?p «ITP as
shown. With neutral beam heating, a very high density is ob-
tained in the divertor and a very small value for T_ is ob-
tained as shown in Fig. 20. ?p/TE ~ 0.03 for a high density
discharge. This equation is consistent with the measured
value of Ted' This same situation can be realized with a
rather low density discharge by puffing gas into the diver-

tor as shown in section 4. This result is very encouraging

to future large experiments with poloidal magnetic limiters,
such as JT-60, ASDEX-Upgrade and INTOR designed in the phase O.

In ASDEX, the minimum electron temperature near the divertor
plate is around 5 ~ 6 eV in a stable discharge because of the
strong gas back flow into the main chamber and the induced




disruptions which result. The gas neutralizer is not realized.
In order to realize the gas neutralizer, a much lower tempera-
ture has to be obtained by reducing the gas back flow. A possi-
bility for reducing the gas back flow is by elongating the di-
vertor plasma layer, or by reducing the divertor throat width.
The throat width was reduced from 5.5 cm to 3.3 cm but no sig-
nificant change was observed as shown in Fig. 21. Therefore

it is concluded that a much deeper and narrower divertor is
required for the gas neutralizer; and this kind of divertor
cannot be applied to a reactor because of the resulting com-
plexity.

It is very interesting to compare the experimental results
with the numerical results /7/. Good agreements are observed

in the following points:

1. Divertor density variation with main plasma density exhibits
three regions, i.e. small change at low densities in the
main chamber, a steep change at medium densities and a
saturation at high density.

2. The maximum density in the divertor is proportional to
the heating power.

3. A strong inhomogeneity along the plasma flow with an
intense heat flux.

These good agreements in the essential plasma characteristics
support the numerical model employed in ref. /7/. For low
divertor plasma density we cannot find a good agreement and
cannot understand the results. For a more detailed comparison
between numerical and experimental results it is important

to measure changes in plasma parameters along the magnetic
field lines in the divertor as well as to measure ion tem-

perature and power balance in the divertor.




7. Summary

Characteristics of divertor plasma with neutral beam injec-
tion (PNI < 2.5 MW) are studied with the following conclu-

sions:

1. A strong inhomogeneity along magnetic field lines in a
scrape-off layer is obtained especially with high power
heating, e.g. Teb ~ 100 eV and I & 1013 cm_3 at the
torus mid-plane in the main chamber and Ted ~ 10 eV and
N.q ~ 1014 cm—3 near the divertor plate. This is mainly
due to finite electron conductivity along magnetic field

lines as expected from numerical studies /7/.

2. Plasma parameters near the divertor plate such as Ted
and n g are strong functions of recycling conditions in
the divertor, e.g. gas source, pump and width of the diver-
tor throat, as well as discharge conditions in the main
chamber, e.g. density, heating power and confinement.
Therefore, there is no simple relation between the divertor
plasma parameters and the main plasma parameters such as
Bag = i (He). The divertor plasma is mainly affected by
the power flow from the main plasma.

3. The electron temperature Ted is a strong function of the
electron density n_g and the heating power, i.e. Ted de-
creases with increasing n.q and with reduction in heating
power.

4. An ideal divertor plasma with a low temperature and a high
density is obtained in a stable discharge even with neutral
beam injection. For example, Ted is mai?gainfg at a low
value of 7 eV by increasing n_ g from 10 cm to
1.2 %X 1014 cm_3 when the heating power increases from

0.35 MW to 2.5 MW with a constant value of the main plasma

density of 7 x 1013 cm™3. This situation is realized by

increasing recycling in the divertor (or reducing the

over-all particle life time). The over-all particle con- }

finement time ?f is reduced to 0.5 - 1 ms with neutral




beam heating. ?ﬁ = N_/F_ where N_ and F_ are the total
electron number and the total particle loss flux onto the

wall surfaces.

5. The gas neutralizer was not obtained in ASDEX for the
following reason. At a very low value of Ted’ the ioni-
zation coefficients of hydrogen are very small, the diver-
tor plasma cannot stop a strong neutral gas back flow from
the divertor chamber and disruptions are induced. Thus, the
the minimum electron temperature is around 5 eV in a stable
discharge. A plamsa with a much lower temperature is re-
quired for the gas neutralizer. Therefore, a deeper and
narrower divertor is required to realize the gas neutra-
lizer and is not realistic in a future large device because

of its complexity.

6. Observed characteristics of divertor plasma are consistent
with numerical studies /7/ qualitatively. At a low density
near the divertor plate, however, characteristics are not

understood.
The result is encouraging to development of future large de-

vices with a magnetic poloidal divertor such as JT-60, ASDEX-
upgrade and INTOR.
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Appendix

Absolute plasma density from Langmuir probe measurement is
obtained by calibrating the probe signal with 3.3 mm p-wave
cut-off density. Geometrical relations between two diagnostics
are shown in Fig. 1. The calibrated point is denoted by (e)

in Fig. 22. Line densities from the probe measurement are com-
pared with those from the U-wave interferometer in the same
figure. The accuracy is rather good as shown in the figure

but the probes have to be carefully treated because they are
easily damaged due to a large heat deposition (a few hundreds

W/cm2 with OH and a few kW/cm2 with PNI = 2.5 MW).

When using probes, it has to be carefully discussed whether

the probe affects or changes the plasma. The probe located

near the neutralizer plate is much smaller than the neutralizer
plate and is considered not to affect the divertor plasma. In
the experiment, three sets of probes are tested at the same
time and give the same profiles. This result shows that the

probes do not affect the divertor plasma strongly.

In this paper, peak values of electron temperature and density
profiles are mainly discussed. The peak position of a profile
moves with changing discharge conditions as shown in Fig. 23.
This is mainly due to change of the magnetic configuration.
The most important parameters are IV/Ip and IM/Ip where Iv'

Ip and IM are vertical coil current, plasma current and multi-
pole coil current. In Fig. 23, the measured peak positions (dp)
are shown with various values of IV/In and with a constant
value of IM/IP. In Fig. 24, the peak position is shown for two
values of IM/Ip with a constant value of Iv/Ip' The peak posi-
tion is not located exactly at the separatrix magnetic surface.
This may be due to ExB drift effects. In Fig. 25, peak posi-
tions are shown for H- and D-discharges and is the order of
two poloidal Larmor radius. This effect is expected from ExB

drift due to a pre-sheath potential gradient of around Te'

The other improtant magnetic parameters of a divertor confi-

guration are summarized in Fig. 26.
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Fig.1: Schematic figure of ASDEX divertor indicating locations
of probes and U-wave hornes.
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are the total electron number

T =N_/F
P e’ "w
and total particle loss flux onto the first wall. Fw

ywhere N_and F
e W
is
calculated by integrating the measured ion saturation
is the particle confinement time in
Nem/FD' where Nem and FD
total electron number of the main plasma and the net

currents iS. T

are the

the main plasma. Tp =

particle loss flux into the divertor (or the net particle

source in the main chamber).
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Fig.21: Electron temperature limitation in case of narrow diver-
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The data are obtained with filling gas of H2. The minimum
electron temperature is around 5 eV and the maximum

density around 1.7 x ‘IO13 cm_3. These values are similar

to those with the normal divertor throat shown in Fig. 10.
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The meaning of X, IM’ Ip and Iv is given in Fig.21.

These data are obtained in hydrogen discharges.
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