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DIVA (JFT-2a) is a small tokamak having an axisymmetric divertor with the
toroidal magnetic field increased to 2 T from 1 T. Divertor effects on impurities,
radiation loss and plasma-confinement, characteristics of arscrape—off layer
plasma, impurity shielding by a scrape-off layer plasma and mechanism of metallic
impurity release have been studied over a wide range of plasma parameters:
electron témperaturé T 0" 200-700 eV, ion temperature Tio= 60-300 eV and density
n_ = (1.5-8.0);:1013@1;2 in the main plasna, and T__= 20-100 eV, T, = 20-60 eV
and n,.= (1.5-5.0)x10" "cm

are obtained.

in the scrape-off layer plasma. The following results

1) The divertor reduces plasma-wall interactions near the main plasma by
guiding loss plasma into the divertor chamber. A maximum divertor efficiency
is 35 % for particle flux and 75 % for heat flux.

2} The scrape-off layer plasma shields impurify influx, guides icnized
impurities into the divertor, and reduces influx of injected impurities
into the main plasma by a factor of 2-4, Shielding efficiency is higher
for alminum than for carbon. Shielding effect is also observed in a comnven-=
tional discharge.

3) The divertor reduces radiation loss by a factor of 2-4 and hence increases
the energy-confinement time by a factor of 2.5.

4) The divertor does not significantly affect-particle—confinement time, ion
temperature and heat diffusion coefficient.

5) The radiatibn loss due to ﬁseudo continuum mainly from gold ions is compara-
ble to that due to oxygen lines. Impurity confinement time is comparable to
the average particle-confinement time.

6)'The particle flow velocity is a few times less than the sound velocity,
the heat transmission rate is consistent with a sheath model, and the
particle diffusion coefficient in the scrape-off layer is about ten times
less than the Bohm diffusion coefficient. Scaling for electron temperature
is obtained.

7) Ion sputtering, arcing and evaporation are identified. The ion sputtering
by impurity ions is the dominant process of metallic impurity release from

a limiter or a neutralirzer plate in a stable discharge.

Key Words: DIVA, Axisymmetric divertor, Impurity radiation loss, Metalliec
impurity, Divertor efficiency, Scrape-ocff layer plasma, Plasma

confinement, Pseudo continuum, Ion sputtering, Arcing, Evaporation.
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1. Introduction

It is generally believed that some method of impurity control will
be required to obtain thermonuclear plasma in a tokamak device. In order
to control impurities, it is necessary to control impurity production at the
vacuum surface, impurity influx inte the main plasma and impurity outflux
from the main plasma. The divertor is one of promising methods controlling
impurities and divertor tokamaks have been studied,!)¥3) The important
divertor actions are summarized as fellows:

a) Plasma insulation from the first wall.

A divertor guides a loss plasma from the main chamber into the
burial chamber and moves a surface contacting with a plasma from a
limiter to a remote neutralizer plate. Consequently, plasma-wall
interactions and impurity production are removed from a limiter surface
to the burial chamber. Some portion of impurities produced in the divertor
chamber may flow into the main plasma. In the divertor chamber, however,
plasma-wall interactions are more easily controlled than near the main
plasma.

b) Shielding impurity influx.

Impurity particles preoceeding to the main plasma column can be ionized
in a scrape-off layer plasma flowing into the divertor chamber. Tonized
impurities may be acceralted by space peotential and the scrape—off layer
plasma and/or spread by their own thermal motion inte the burial chamber
along magnetic field lines.

Another divertor action will not be discussed in this paper is "pumping-
out fuel particles and impurities including o-particles'. By pumping-out
and suppressing back flow of fuel particles, the divertor can reduce
neutral particles in the main plasma and reduce high energy charge-
exchange particles which sputter osut wall material. The plasma density,
however, decreases during the particle~confinement time without fueling
and it seems very difficult to fuel without producing neutral particles.
The back flow of impurities are also reduced with a pumping system in the
divertor. Metallic impurities stick naturally on the divertor chamber
wall and gaseous impurities are essentially reduced by cleaning the wvacuum
wall as observed in experiments. Therefore, an artificial pumping system
is not necessary for impurities in the divertor chamber. o-particles,
however, has to be pumped out from a reactor to maintain a reactor plasma

with a constant fraction of e-particles. The fraction of the total particle
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loss flux from the reactor plasma which has to be pumped out is estimated
small assuming the same particle-confinement time for fuel particles and
a-particles because the burning time is much longer than the particle confine-
ment time as discussed in ref.4. From these discussions, pumping-out of
guided fuel and impurities are less important in the divertor. Therefore,

the main objective of divertor experiments is to clarify dynamics of plasma
insulation from the first wall and shielding impurity influx and offers data
from which we can discuss impurity control in a future large tokamak.

One of the most important divertor experiments is demonstration of
impurity reduction by reducing plasma-wall interactions and shielding
impurity influx. Up to now, the results show that impurities are reduced
by both of an axisymmetric divertor in DIVA®)®) and a bundle divertor in
DITE.227)8)  1n both devices, however, only a low power discharge with a
low temperature and low density plasma has been iovestigated, i.e. ohmic
power input pin%SO kW, center electron temperature T80$300 eV, ion temper-
ature TiOESO eV and density neokl.SXl013 cm™3. Therefore, impurity control
has to be investigated over a wide range of plasma parameters. Another
important study is to understand divertor effects on plasma-confinement. A
divertor has both possibility to improve plasma-confinement by reducing
radiation loss and to increase radial transport of a confined plasma by
deforming magnetic configuration. Improvement of energy-confinement time
is briefly discussed in ref. 6 but divertor effects on other plasma parameters
have not been investigated. Therefore, it is also necessary to study the
divertor effects on the plasma confinement in more detail.

Preliminary expériment of shielding was done in DITE2) . However,
impurity flow into the divertor and shielding efficiency were not investigated.
For direct observation of shielding action, spectroscopic measurements are
necessary not oniy in the main chamber but also in the burial chamber.

Quantitative underétanding and generalization of divertor actions are
necessary to discuss impurity control in a future large tokamak. Divertor
actions, i.e. plasma insulation from the first wall and shielding impurity
influx are ruled by a scrape-off layer plasma which also rules the plasma-
wall interactions in the burial chamber and impurity flow from the divertor
chamber. This situation does not change in a conventional tokamak except
that a surface contacting with a plasma is not a remote neutralizer plate
but a Yimiter. From this point of view, investigation on & scrape-off layer

plasma is needed in a divertor device and also in a conventional tokamak.
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Plasma parameters in a scrape-off layer, i.e. electron temperature Tes’ width
of a scrape-off layer d, density 0o particle flux density fp and heat flux

density q, are roughly given as follows:

— 3t (Pin - ch - PR) = =
Tes = ; 2t P, v {Te + Ti) (1-1)
E din ’

d = ¢D¢L/§f (1-2)
_ Lﬁea

= —— , | (1-3)

2vapd

fp =n, V¢ (1-4)
q = I £ - (1-5)

Y, Dy, Ve and L are heat transmission rate, diffusion coefficient, particle flow
velocity, and half length of a magnetic field line between material surfaces
T, T,, n_ and
R’ Tp* T’ te’ "i” e
a are input power, charge-exchange loss-power, radiation loss-power, particle-

in scrape-off layer, respectively, and Pin’ ch’ P

confinement time, energy-confinement time, electron temperature, ion temper-
ature, density and minor radius in a main plasma column, respectively. Tes’
d, ﬁes, fp and q can be calculated from these equations 1if we know-vf, Y

and D; with assuming a main plasma. Space potential and floating potential
which are also important parameters can be also estimated from these values
assuming a magnetic configuration and secondary electron effects. Therefore,

the essential parameters in a scrape-off layer plasma are v_., vy and Di. The.

f’
particle flow velocity v_. was observed a few times less than the sound

f
velocity cs, i.e. typically v_=0.3 Cyo in FM-1 with Tes=2 ev?) and in DIVA

with TESQZO ev.l10)  The heat tiansmission rate y was intensively investigated
in DIVA with Te%BO eV (see Appendix I) and the result was yYA5-15 which is
consistent with a sheath model including epithermal electrons and secondary
electron effects.li) The particle diffusion coefficient D} was roughly ten
times less than the Bohm diffusion coefficient in DIVA but the parameter
dependence of D has not been clarified.lo)

Electron temperature Teé is very important not only in atomic process
and transport process but also in impurity production because arcing is

strongly affected by the electron temperature and ions accelerated by space

and sheath potential can easily sputter out wall material.l?) Therefore,
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a scrape-off layer plasma with a high electron temperature has to be studied.
Even in a reactor, however, the edge plasma should be controiled at a rather
low. temperature because of the following reason. Energy of an lon at a
material surface is roughly given by the following equation.

E=2zV+T _ (1-6)
where z, Tz and V are the charge number, temperature of the ion and difference
between space and floating potential, If we consider a limiter or a
neutralizer plate made of molybdenum and Tes=100 eV, we obtain SDQO.OOS,

§,%0.01, sHe%o.os and 31%1,13) where S, S;, S, and S are sputtering yield

M- T’ "He I
for D, T , He and multi-ionized impurity-ioms, respectively. In this case,
wall erosion and impurity production are very serious. Arcing and evapora-
tion are also serious in a high temperature plasma. Therefore, the edge
plasma has to be cooled down to a rather low temperature, typically a value
less than 100 eV, even in a reactor. From the above discussion, it seems
sufficient to study a scrape-off layer plasmas whose electron temperature
is around several tens electron volts.

Mechanisms of impurity production at a limiter or a neutralizer plate
are also important as well as characteristics of a scrape-off layer plasma.
' Gaseous impurities from the absorbed gas on the vacuum surfaces are easily
reduced by cleaning the surfaces as observed in experiments and impurities
from wall material, usually metal, are more important than gaseous impurities.

14) and

Evaporation was shown serious in a low density discharges), and arcing
ion—sputteringls) are proposed as the mechanisms of metallic impurity release
in a normal discharge but have not been investigated in detail. Therefore,
experimental studies on these processes are needed

DIVA is a small tokamak with an axisymmetric divertor and the maximum
toroidal magnetic field has been increased to 2 T from 1 T. As a result,
disqharges are obtained over a rather wide range of plasma parameters, i.e.
Pin= 40 - 300 kw, Teo= 200 - 700 eV, Tio= 60 - 300 eV and n,o= (1.5-8.0) x
1013 cm~? in the main plasma, and q ﬁjZkW/cmz, Tes= 20-100 eV, Tis= 20 - 60 ev
and nes= (1.5-—5.0)><1012 cm™? in the scrape-off layer. With these plasma
parameters, divertor effects on impurities, radiation loss and plasma-
confinement, characteristics of a scrape-off layer plasma, impurity shielding
by a scrape-off layer plasma and mechanisms of metallic impurity release are
investigated.

In sect. 2, divertor effects on impurities, radiation-loss and plasma-

confinement and characteristics of a scrape-off layer plasma, especially Ves
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Y, D, and Tes’ are discussed. In Sect. 3, impurity shielding and impurity

divertion are intensively studied by injecting methane and aluminum, and

impurity confinement time is also studied. Spectroscopic studies on

impurity contents and radiation-loss are gived in Sect. 4. Ton sputtering,

evaporation and arcing are studied in Sect. 5. Summary is given in Sect. 6.
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2. Divertor Experiment

In this section, general divertor studies, i.e. studies on reduction of
impurities, improvement of plasma-confinement, and characteristics of a
scrape-off layer plasma, are reported. The major results are following:
Divertor reduces impurity contents by reducing plasma-wall interactions

~and shielding impurity influx. Consequently, the divertor reduces radiation
loss by a factor 2-4 and increases energy;confinement time by a factor of
2.5. The divertor does not significantly affect on tramsport coefficients.
In a scrape-off layer plasma, particle flow velocity is a few times less
than the sound velocity, heat transmission rate is consistent with a sheath
model, particle diffusion coefficient is about ten times less than the Bohm
diffusion coefficient.

The device and diagnostic techniques are described in the following
sub-section. Impurity reduction by reducing plasma-wall interactioms,
shielding impurity influx and impfovement of plasma parameters are demon-

strated in 3.2. 1In 3.3, the essential parameters, i.e. v_, v and D; and

f,
scaling for Tes are studied. Discussions and conclusions are given in the

last sub-sectionf

2.1 Description of the Device and Diagnostic Techniques

Fig. 3.1 shows the cross-sectional view of the device. Detailed

description of the device is given in Ref. (1) but the following modifica-

tions have been done: the maximum toroidal magnetic field has been increased
to 2 T from 1 T, and the movable shell, titanium wires and their supports
have been removed which are considered the main impurity-source in the
divertor.z) Plasma equilibrium with a separatrix magnetic surface, i.e. a
divertor, is obtained in the gold coated copper shell with an opening

towards the divertor hoop which carries a current ID parallel to the plasma

Le current Ip' The divertor configuration is obtained with ID/Ip>0.7zand the

conventional configuration with I_/I <0.7 where the separatrix magnetic

surface is located outside of theDshell.3) The value of IDYI is kept
constant during a discharge. The protection plates are used zs a limiter in
the case without the divertor and the plasma radius is kept 9 cm in both
discharges with and without the divertor. No titanium is flushed in the

following experiment.

In addition to conventional measurements of a main plasma such as

ek b
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Thomson scattering, charge-exchange neutral—particle energy analysis, soft
X-ray energy analysis, visible, ultra-violet and wvacuum ultra-violet
spectroscopy, microwave interferometry and low frequency oscillation
measurement by a PIN-diode, the following measurements are employed: 1)
spacial distribution of radiation loss including charge-exchange loss is
measured by scanning a calibrated and colimated pyroelectric detector;

2) each particle loss flux onto four sectors of the shell, three protection
plates and vacuum chamber are measured as ion saturation current onto each
surface; 3) Langmuir probes, one-directional Langmuir probes and Faraday cup
are used for measurements of electron temperature, ion temperature and
particle flow in a scrape-off layer plasmas); 4) heat flux into the divertor
is measured with thermoprobess); 5) ion temperature of a scrape-off layer
‘plasma is alsc investigated by measuring Doppler broadenning of impurity

lines in the burial chamber.

2.2 Divertor Effects on Impurities and Plasma-Confinement

In order to study divertor effects, discharges with the divertor are
compared with those of conventional tokamak discharges. Figure 2-2 shows
oscillograms of typical discharges with and without the divertor in which
toroidal magnetic field BT’ plasma current Ip and minor radius a are
appreciable the same, The plasma density ne is also controlled at the
appreciablly same value with five fast acting gas valves. The maximum
electron temperature and ion temperature are 700 eV and 270 eV with the
divertor, and 540 eV and 240 eV without the divertor, respectively. Radia-
tion loss P including charge-exchange loss, intensity of pseudo continuum
at 175 R and intensity of OV-line (629,73 Z) are reduced by a factor of 2-3
by the divertof as shown in the figure. Radial profiles of the intensities
of pseudo continuum at 100 Z and oxygen lines and Ppy are shown in Fig. 2-3,
and the profiles of electron temperature and density are shown in Fig. 2-4.
Figure 2-3 shows that the radiations are reduced over a plasma cross-section
and alsc that influx of oxygen is reduced by a factor of about three because
of reduction of OV-line intensity. Therefore, the divertor reduces rédia—
tions from both high- and low-z impurities and also impurity influx, at least
oxvgen Influx.

Radiation loss power is investigated over a range of Ipz 8 - 53 kA and
BT= 0.8 - 2,0 T, The radiation loss power is obtained from a difference

between measured loss power due to charge-exchange and radiation and the
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charge-exchange loss calculated by Monte Carlo method for a cylindrical
plasma. The calculated charge-exchange loss is a small portion of the
total power loss due to charge-exchange and radiation. The results are
summarized in Fig. 2-5 and the radiation loss has a good cerrelation with
the plasma current or ohmic power. In conventional tokamak discharges, the
radiation loss power i1s proportional to the plasma current as shown by
‘closed circles in Fig. 2-5. By operating the divertor, the radiation loss
power 1s reduced by a factor of 2-4 and is a slowly increasing function of
the plasma current as shown by open circles in Fig. 2-5. The radiation
loss power is effectively reduced by the divertor but the ratio of the
radiation power PR to the ohmic power Pin is not strongly changed because
the divertor decreases the ohmic power by reducing Zoff and increasing
electron temperature. PR/Pin = 0.3 - 0.4 without the divertor and PR/Pin =
0.15 - 0.3 with the divertor.

The observed reduction of the radiation loss by the divertor may be a
result of lowering plasma-wall interactions and shielding impurity influx.
Important parameters concerning to plasma-wall interactions are summarized
in Table 2-1., The particle flux to the shell, i.e. the first wall, is
reduced by a factor of 2 by the divertor. The heat flux to the divertor
measured with a thermocouple probe is 55 % of the total ohmic power and heat
flux by heat conduction and convection to the first wall is reduced by a
factor of 8 by the divertor. The reduction of particle and heat flux to the
first wall may mitigate impurity production at the first wall. Shielding
impurity influx by the scrape-off layer is studied with additional methane
gas injection from the farthest point from the divertor and the result is
shown in Fig. 3-6. Carbon influx into the scrape-off layer (r 2 9 cm) is
almost the same with and without the divertor but that to the main plasma
is reduced by a factor 2 by the divertor. Further more increase of CIII line
intensity and no increase of CII line intensity are observed in the divertor
chamber but both intensities increase near the injector, i.e. the injected
carbon is ionized and guided into the divertor. ‘

The divertor reduces loop voltage VL (Fig. 2-2) and broadenning electron
temperature profile (Fig. 2-4), and consequently, the energy-confinement
time increases from 1 ms to 3 ms in this discharge. In order to study the
divertor effects on flasma parameters in detail, energy-confinement time
Tg average particle—-confinement time ;p and ion temperature Ti with and

without the divertor are investigated over a wide range of plasma parameters,
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i.e, toroidal magnetic field BT=O.8 - 2.0T, Ip=10 - 53 kA, safety factor
qa=2.6 - 5.9 and mean electron density ﬁe=(1.5 - 5.0) = 1013 em™3. 1t is
clearly shown in Fig. 2-7-a that the divertor increases the energy-confine-
ment time by a factor of 2.5 which has the functional dependence of the
ALCATOR scaling7) as follows: TE=1.5 q, 514 ms without the divertoer and
TE=4.O q, 514 ms with the divertor where 51_4=10_1I+ Ee. The average particle-
confinement time shown in Fig. 2-7-b is calculated from the total particle
loss—-flux measured as the total ion saturation current onto the shell,
protection plates and burial chamber. The result is contrast to that of
the energy-confinement time i.e. a large improvement by the divertor is not
observed on this average particle-confinement time. The average particle-
replacement time is roughly given by the ALCATOR scaling for the energy-

14
[&; n,, ms with the divertor. The ion temperature shown in Fig. 2-7-c

replacement time, i.e. ¥p=2.0 fﬁ; n., ms without the divertor and Tp=3.0
agrees with the Artsimovich scaling law with and without the divertor.

The divertor increases the energy-confinement time by a factor of 2.5
which seems a result of lowering the radiation loss. The radiation-loss
power is not a large portion of the total energy loss, i.e. 30 - 40 7 of
the ohmic power without the divertor and 15 - 30 % with the divertor.
Electron temperature profiles, however, are strongly affected by the radia-
tion loss, i.e. by the divertor, as shown in Fig. 2-4. The divertor
increases the radius of the hot column by reducing the radiation loss and

consequently, increases the energy-confinement time because internal energy

of a plasma is concentrated in the hot column.

2.3 Scrape-off Layer Plasma

A ﬁlasma éuided into the burial chamber is investigated mainly by
scanning probes, The maximum density is 5x16!2 em™3, TIon temperature is
obtained from a Faraday Cup arnd also Doppler broadenning of impurity lines
and a Faraday Cup gives 60 eV and CV (2270.9 Z) and CIV (1548.2 R) give 80
eV and 40 eV, respectively, in a discharge whose conditions are the same as
those of Figs. 2-2, 2-3 and 2-4, The electron temperature is also measured
with a Faraday Cup and an electron temperature profile of the main plasma
column measurdd with Thomson scattering extends smoothly to the electron
temperature in the scrape-off layer plasma, e.g. 100 eV at r=8 cm and 80 eV
in the divertor. The electron temperature in a scrape-off layer plasma varies

from 20 eV to 100 eV by changing the discharge conditions. Conservation of
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the energy flux gives the electron temperature Tes in a scrape-off layer

as written by equation (1-1) which is rewritten as follows:

= in X R

C
vT = 2=
es F * (2-1)

Fp is the total particle loss flux and is measured-as the sum of ion satura-
‘tion currents onto the shell, protection plates and vacuum chamber. (ch+
PR) is measured with the pyroelectric detector. Fig. 2-8 shows the relation
between measured electron temperature Tes near the surface which collects
the main part of the heat flux and v, Tes calculated from equation (2-2).
The result gives y=4-10 which extends the previous results) obtained in a
low temperature plasma and is consistent with the estimated value from

the sheath model.

The particle flux into the divertor is measured as lon saturation
current onte the burial chamber. Particle flow velocity Ve is estimated a
few times less than the sound veleccity g from the particle flux to the
divertor and the density profile in a scrape-off layer. This result is
consistent with that from measurement of the one directional probe which

gives (0.200.5) CS. Divertor efficiency for the particle flux is defined

as follows:
np = FD/FP » (2_2)

FD is the particle flux into the divertor. The measured divertor efficiency
for the particle flux is shown in Fig. 2-9. The efficiency increases as
increésing the plasma current and is not affected by the toroidal magnetic
field. The maximum divertor efficiency is 35%. A simple model in which

a point plasma source at the farthest point from the divertof is assumed in
a scrape-off layer plasma gives the following equation for the particle

divertor efficiency.

AZ
Ve

TR (2-3)

n, = Erf(y), y =

where Erf, D, L and & are error function, diffusion coefficient and the
length of a magnetic field line from the source point to the divertor

throat, respectively. Assuming the Bohm type diffusion, the following

equation is obtained because of Ve -
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y? = Ip/JE;; (2-4)

This parameter dependence coincides with the experimental results as shown
in Fig. 9. The experimental results give AVl em?) and vf%0.3 c, and D A
0.1 DB is obtained from these values and equation (2-3). This result is
also consistent with the previous experiment5) in which parameter dependence
was not investigated.

Heat flux into the divertor is also investigated and the divertor

efficiency for the heat flux is defined as follows:

"y = Pp/Pec | (2-3)

PCC is the total loss power by conduction and convectiom, i.e.'PCC=Pin
—PCX-PR, and PD is the heat flux into the divertor and measured by scanning

the thermoprobe. PCC is calculated from chmic power and (PCX+PR) measured

with the pyroelectric detector. The result shows that ny is a few times
larger than np. Typical power balance and particle balance with and without
the divertor are shown in Table 1. In this case, 33 % of the total particle
loss and 75 % of conduction and convection loss are guided into the divertor,
i.e. =0.33 and n, =0.75.

i.e np an nh 5

Relation between energy-confinement time 7_ and average particle

E
confinement-time Tp is also important for a scrape-off layer plasma and is
shown in Fig. 2-10. 1In a conventional discharge, ;p/TEkl.S. By operating
the divertor, TE increases and ;p dose not strongly change. Consequently,

the ratio decreases and ?p/TE%O.S.

2.4 Discussions and Conclusions

The results show that the divertor reduces the radiation loss by a
factor of 2-4. This is the same effect observed in the previous experimentz)’g)
in which a low-z free plasma was obtainedlo) and the radiation loss was
mainly due to pseudo continuum. The pseudo continuum was observed only in
the range of 120 Z ~- 250 R in the previous experiment with a low temperature
plasmall) (see Appendix II) and is observed in the range of 45 ;,— 250 ; in
these experiments. This is reasonable because electron temperature increases
from 250 eV to several handred electron volts by increasing the toroidal

magnetic field. The pseudo continuum is considered due to gold because it

e
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increases as inserting a gold plate into the plasma and has a good correla-
tion with AuIl-~ and Aull-lines. Profiles of the total radiation loss, radia-
tion from oxygen and radiation of pseudo continuum show that the radiation
loss by oxygen is the same order as that of the pseudo contiﬁuum (Fig. 2-3}.
This experiment was done during the first few months after completing the
modifications which forced to open the vacuum vessel to the atmosphere for

‘a few months and low-z impurities can mot be neglected. Influx of oxygen

is reduced by a factor of about 3 because intensity of OV-line decreases by
a factor of 3 with the divertor (Fig. 2-3). Tt is suggested that oxygen
content is also reduced by the divertor because oxygen influx is decreased
and confinement-time of oxygen is roughly equal to the particle confinement-
time (see sub-section 3) which is not strongly affected by the divertor as
shown in Fig. 2-7~b. The divertor reduces gold content at least by a factor
of three because radiation loss due to gold decreases by & factor of 3

(Fig. 2-3) and increases monotonically as increasing electron temperature
from 200 eV to 1000 eV from calculated results.lz) Effective ionic charge
number is estimated 5 without the divertor and 3 with the divertor from
plasma resistivity and temperature profiles. Therefore, the divertor reduces
not only the radiation loss but also impurity content. Absolute measurements
of impurity content and transport, however, are needed for a detailed
discussion.

Reduction of impurities is a result of lowering plasma-wall interactions
and shielding impurity influx bv the divertor. The divertor efficiency
increases as increasing the plasma current as shown in Fig. 2-9 and conse-
quently, radiation loss is reduced more significantly in a high current
discharge as shown in Fig. 2-5. 1In order to understand dynamics of the
divertor actions, it is necessary to know plasma-wall interactions and
analyze impurity transport in a scrape-off layer.

The divertor increases the energy-confinement time by a factor of 2.5.
This seems a result of.broadenning the electron temperature by reducing the
radiation loss. The electron temperature profile is significantly affected
by the radiation loss and also by the saw-tooth oscillations in an ohmically
heated plasma. In low-gq discharge, i.e. around qa=3, the amplitude of the
saw-tooth oscillations increases as increasing the plasma currenit and the
temperature profiles become broad as observed in other conventiomal tokamaks.
In order to eliminate this effect, two electron profiles with and without
the divertor are investigated in discharges with small saw-tooth oscilla-

tions. Calculated heat-diffusion coefficient from these profiles is about
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4 % 103 cm?/s without the divertor and about 3 x 102 cm?/s with the
divertor. This small difference in the heat-diffusion coefficient is
consistent with the conclusion, i.e. the divertor increases the energy-
confinement time by increasing the effective radius. Ion temperature and
particle-confinement time are not significantly affected by the divertor,
These results show that the divertor affects a plasma by reducing
radiaction loss not by changing transport coefficient.

Divertor effects on mhd characteristics are also important. Sawtooth
oscillations are observed in both discharges with and without the divertor.
The amplitude with the divertor is smaller than that without the divertor
in the same discharge conditions and this seems a result of the different
in the electron temperature profiles. In the previous experiment13) with
BT=1 T, negative spikes in the loop voltage preceded by m=2 precusor .
fluctuations were observed in discharges with qa < 3.5 where a, is the safety
factor in a circular cross-sectional tokamak with the same major radius and
the same minor radius. In a higher field operation with BT=2 T, no negative
spike was observed in diverted discharges with q, z 2.6, Unfortunately, a
higher current discharge has not been investigated with the divertor because
of saturation of the iromn transformer.

Scrape-off layer plasma and relation between particle-confinement time
and énergy-confinement time are investigated and the following results are
%1, D, v 0.1 DB and vy % 7. Thus, equation

. . n, - =
obtained: Ve N 0.3 s Tp/TE

{1-1) is simplified as follows:

(p, - P -P)

T noop—an xR G 47T (2-6)
es Pin e i

This equation shows that temperature at the edge is extremely high in a

high temperature tokamak with Pin >> ch + PR’ and surface erosion and im- i
purity production become serious. Thus, some method is necessary to cool

the edge plasma down to a sufficlent low temperature, typically several e
tens electrons volts, as discussed in Ref. 14. The other important parameters,

i,e. the line density of a scrape-off layer plasma ﬁes d, is given by

assuming device parameters. For example, the following parameters, are

assumed: R=5 m, a=1.5 m, ﬁe=6 x 1013 cm™3, €p=l s, an ideal poloidal

limiter and Tesf50 eV with some cooling method. The line density is about

1 x 1013 cm2. This value is sufficient high to shield the impurith influx

because shielding effect by a plasma with a lower line-density, i.e. ﬁesd
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55 x 1012 em™?, is observed in the experiment but seems too low to shield
the hydrogen -influx because the charge-exchange process and the wall reflec-
tion give a high energy for the neutral particles.ls)

Concluding this section, reduction of impurities and improvement of
plasma-confinement by the divertor are demonstrated over a rather wide range
of plasma parameters. These divertor effects are a result of lowering
plasma-wall interactions and shielding impurity influx. Particle flow, heat
flow and diffusion are invesrigated in a scrape-off layer plasma with Tes=
20 - 1000 eV and the results are very similar to those in the previous
experiment with a low temperature plasma. An empirical scaling of Tes is

obtained.
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+
Particle flux and heat flux
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charge-exchange and radiation with the divertor (—) and
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3. Shielding Impurity Influx and Sweeping-out Impurity Ions by Scrape-off
Layer Plasma

One of the most important aspects of divertor operation is impurity
shielding by the scrape-off plasma. Impurity atoms that originate from the
vacuum chamber wall are lonized in the divertor scrape-off and the resultant
_impurity ions are swept into the burial chamber by-the escaping plasma. One
of the other important action is sweeping-cut of the impurities diffused
from the main plasma into the remote burial chamber. By this action,
impurity recycling and plasma-wall interaction can be reduced in the main
vacuum chamber,

The shielding action against injected impurity was studied in DITE with
the bundle divertorl). They find an increment of loop voltage by a factor
of 4.5 with a non-diverted discharge, although the loop veltage is not
changed in a diverted discharge for puffing the same amount cf oxygen.
However impurity flow into the remote burial chamber and the comparison
of the accumulation of injected impurity in the main plasma with the
spectroscopic measurement are beyond the scope of this experiment.

In this section, these fundamental divertor actions on the impurity
are discussed. We have injected a pulse of methane gas and a short burst
of aluminum into DIVA plasma at the farthest point from the divertor. For
the same amount of impurity iniection, the accmulation of the injected
impurity in the main plasma is reduced by factor 2-4 by the divertor action,
The impurity shielded by the scrape-off plasma is rapidly guided into the
burial chamber. The excursion time into the burial chamber is equal to the
flow time of the scrape-off plasma. Sweeping-out the impurity ions
diffused from the main plasma into the burial chamber is also distinguished.
Impurity transport in a scrape-off layer and impurity continement time are
also investigated.

In this paper fundamental divertor actions on the impurity mentioned
above are studied for DIVA tokamak with an axisymmetric poloidal divertor.
By employing pulsed methane gas and aluminum injection, and in conjunction
with visible and vacuum ultraviclet spectroscopies, the transport of the
injected carbon ions along and across the scrape-off field lines are
studied.

In sub-section 3.1, the experimental arrangement is presented. In
sub-section 3.2, the comparison of the accumulation of the injected

impurity in discharges with and without divertor are presented. In sub-
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gsection 3.3, cobservation of parallel flow of the injected impurity iomns
along the scrape-off field lines is presented. In sub-section 3.4,

discussions and conclusions are given.

3.1 Experimental Set-up and Discharge Conditions

DIVA is a tokamak with an axisymmetric divertor. Detailed description
of the device is given in Ref.2) 1In the present experiment, the toroidal
field is fixed at 20 kG and no titanium is flushed in the burial chamber,

Fig. 3.1 shows the positions of CH, and aluminum injection and the
arrangement of three monochromators.

The moncchromator system 1 {(M.1) consists of; 1) a 3 m grazing
incidence vacuum monochromator calibrated by means of the atomic branching B
ratio method, and 2} a visible and uv monochromator calibrated by means of
a standard tungsten ribbon lamp and a NBS-uv hydrogen discharge standard
‘lamp. In a section placed 45° from the gas inlet in the toroidal direction,
this system allows a shot-to-shot vertical scanning with the space
resolution of 1 em (vuv) and 1.6 cm (visble and uv).

The monochromator 2 (M.2) is a non-calibrated 1 m Czerny-Terner type
vacuum monochromator, which is placed 135° from the gas inlet. By scanning
an aluminum mirror heorizontally, line emission from plasmas in the burial
chamber and in the inner half of the main plasma is measured with a space
resolution of 2 cm.

To make easy in comparing the accumulation of injected impurity, the
discharges with same electron temperature and electron density is desirable.
However, in a discharges with a same plasma current, toroidal field and the
average electron density, the electron temperature are much different in
discharges with and without divertor, i.e. the divertor increases the maximum
electron temperature and broadens the temperature profile. Therefore, the
plasma current with the divertor is kept lower than that without the .
divertor and following discharge conditions are employed: plasma current Ip
is 30 kA, ratio of divertor hoop current to the plasma current ID/Ip is.

1.56, and for nen-diverted discharge Ip=40 kA, ID/Ip=O.46.

Figure 3.2 shows time behaviers of Ip’ loop voltage VL and line
integrated electron density at R=60cm in discharges with and without the
divertor. Figure 3.3 shows radial profiles of electron temperature and
density. The peak ion temperature in both discharges are about 200 eV.

In diverted discharge, the separatrix magnetic surface is located at
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about 1.5 cm from the shell surfaces) and 30 % of the particle flux and
70-80 % of the heat flux diffused from the main plasma is guided into the
burial chamber. The scrape-off plasma parameters in the burial chamber
are; peak density in the vertical profile measured with a Langmuir probe
is & x 1042 em™?, peak electron temperature measured with a Faraday cupu)
60-70 eV, ion temperature obtained by doppler broadenning 80 eV(CV) and

40 eV(CIV), and measured by the Faraday cup 60 eV. 1In non-diverted

discharge no particle and heat flux into the burial chamber are observed.

Particle confinement times obtained from ion saturation current to
the shells and the burial chamber wall is 2 ms in both discharges.

Fig. 3-4 shows the radial profiles of line radiation from the
intrinsic carbon ions at the current plateau. Solid lines indicate the
discharge with the divertor, and dotted lines without the divertor. These
Abel-inverted volume emissions of CVI (33.7 R), Ccv (2270.9 3), CIII (2296.9 2)
are obtained by scanning the M.l vertically and the non-circular effect is
neglected. The figure shows that, in the diverted discharge, the
intensity of lines from CIII is reduced 30 % and that from CV and CVI are
reduced by a factor of 2 than each intensity in the non-diverted one. The
intensity of line from CIII ions, which are much rapidly burnt than their
cross—field fiffusion time, represents the influx of carbon atoms at the
plasma outer edge. Therefore, it appears that a 30 7 smaller impurity
influx at the plasma edge, the accumulation of higher ionized impurity
in the main plasma is reduced to half by the divertor action.

This situation is similar to the oxygen and metallic impurity present
in the discharge in the diverted dlscharge line intensities from oxyvgen
(ov (630 A), ovl (1032 A) and OVIL (21.6 A)) and metallic impurity (pseudo-
continuum emission in the range from 45 A to 250 AS) are reduced by a
factor of 2-3 than those in the non-diverted discharge.

The impurity injections are performed at 5-6 msec in the discharge by
the following manner. By using a fast acting gas value, 6.3x1017 molecules
of methane is injected with pulse duration of 1.5 msec through the gas inlet
placed at the farthest point from the divertor. A short burst of neutral
aluminum atoms with a velocity of 5x10%cm/s is produced by irradiating a
0.2 ym thick aluminized glass slide with a 2.6 mm diam focased high-power
laser spot. The glass slide is located at & cm from the plasma outer edge.
An estimated 4+2x10%5 atoms are obliquely directed to the outer edge of

a scrape-off layer through a gap of shells,
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The injected impurity atoms penetrate into the plasma before being
ionized. The ionization process continues as the ions rapidly move along
the field lines and, less rapidly, move across them. The transport of the
injected carbon ions towards the central region of the main plasma is
observed with M.l and M.2, and that into the burial chamber is observed with

M.Z.

3.2 Accumulation of the Injected Impurity in Discharges with and without

Divertor
3.2.1 Methane Injection

With the methane injectionm for the diverted discharge, changes in
plasma resistivity and the total radiation loss measured by a pyro-
electric detector®) are small and less than 15 %Z. The electron density
increase by 15 % and the electron temperature of main plasma column decrease
10 %. Since the changes in the plasma parameter are small, the increment of
the impurity accumulation with the injection is proportional to that of the
line intensity. This situation does not change in the non-diverted discharge
with the methane injection of same amount.

Fig. 3-5 shows the time development of the increments of line intensities
from CITII, CV and CVI in both discharges with methane injection of thesame
amount. Solid lines indicate the discharge with the divertor and dotted lines
without the divertor. Fig. 3-5-a shows the injection phase : at 1 msec after
opening the gas valve. Almost same increment of CIII line emission in both
discharges indicates the same amount of additional carbon influx into the
plasma edge. This is consistent with the same amount of injected carbon
atoms. - Fig. 3-5-b is at 2 msec. It shows the radial penetration phase of the
injected impurity toward the central region of the plasma. Increment of
the CV line emission for both discharges with and without divertor indicates
that the impurity influx into the main plasma column is reduced to half by
the divertor action. Fig. 3-5-c is at 4 msec when the radial penetration is
accomplished. CVI and CV line emission are reduced te half in the diverted
discharge. These observations make it clear that the radial impurity influx
toward the piasma center is reduced during the ionization process from CITI
to CV by the divertor action. This is apparently due to the shielding action
of the scrape-off plasma, and it is suggests that the half of the inward

carbon flux guided into the burial chamber as a ionization state of around
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CIV.
At 4 msec in the Fig. 3-5, the peak value of the increased carbon ion
in minor radius are; CTTTA9x1010 cm’3, cvn2x10t1 cm‘3, which are calculated
by using the modified coronal model for Be-like ions and He-like ionsG),
and CVIv1.7x1011 cm_3, which is calculated by using coronal model employing
the excitation rate coefficient given in Ref.”). The ionization time T1 of
CVI in the central region is n0.3 msec®) . Therefore, the lnjected carbon
ions are dominantly in fully stripped state CVIT at this time. Assuming
that the n, increase with the methane injection is due to stripping of 10
electrons from each of the injected methane molecules, 15 % increase of
electron density of total number of 3.5x1018 results that total parti-
cles of accumulated carbon ions is 5.3x1016, Using the CVT density obtained
by spectroscopic measurement and CVIT density deduced from the ne increase,
the confinement time T of CVIT ions in the central region can be estimated,
ol7

and TsTIxCVII/CVI%3 msec. As the result of the injection of 6.3x1 carbon

atoms, 8-9 % of the injected carbon atoms is accumulated in the plasma. This
also indicates that, in the non-diverted discharge, approximately 15-20 % of
the injected carbon accumulate in the plasma; Tt appears that a shielding
action against the injected impurity is present even in the non-diverted
discharge.

A possible interpretation for this is that a large fraction of the
injected particles are trapped on the surface of gas outlet, which is made
of stainless steel, while they strongly interact with the surface during
the injection phase. The rest carbon atoms. spread along the field lines,
diffuse across them and are recycling at the gold plated shell surface.
During this process in the outer edge, a half of the ions are lost into the

burial chamber in the diverted discharge.

3.2.2 Aluminum Injection

Since there is no intrinsic content of aluminum ions in DIVA discharge,
the aluminum injection with sufficient line intensity from accumulated
aluminum ions can be performed with no detectable change above ~2 % in the
plasma resistivity and electron density.

Fig. 3-6-a shows the time evolution of the line integral (across the
minor diameter) of photon signals of A1XI (550 Z) with the aluminum injec-
tion of the same amount in discharges with and without divertor. Fig. 3-6-b

shows the radial profiles of its volume emission at 3 msec after the
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injection. Solid lines indicate the discharge with the divertor and dotted
lines without the divertor. In both discharges, the signal starts to rise
after 600-700 usec from the laser irradiation, reaches the peak value at

3 msec and then decays with 3-4 msec time constant. Since AIXT 550 R

(An=0 transition) is insensitive to the electron temperature above 20 eV,
the signal is proportiomal to ne-NAlXI where NAlXI is the AlXI density.
Therefore the increment of the intensity in Fig. 3-6-a indicates the radial
penetration of injected aluminum ions towards the plasma center, and decay
process indicates the ionization up to AIXII state or diffusive loss towards
the wall. Different from the carbon injection case, the signal indicates no
continued recycling of Injected aluminum at the wall. As the result, for
diverted discharge, the accumulation of the injected aluminum is reduced

by factor of 3-4 than the non-diverted one.

The amcunt of maximum accumulation in minor radius deduced from the
line intensity and the excitation rate coefficient give in Ref.”) 1is
2.3x10% cm™? for the diverted discharge. The ionization time T of AlXI
and A1XIT in the central region of the piasma are 0.2 msec and 17 msec
respectively, so that the dominant state is AlXII (He-like state}. Since
line emissivity from He-like state of aluminum ion is too weak to detect,
the A1XII density is deduced by employing much more aluminum contamination
with detectable ne_change (Ane/ne%7 %}, ané assuming that ne=11-N AIXIT
From this assumption and the spectroscopic measurement of AIXI density,

AlXII/NAlXI
we estimate that roughly a 2x101% aluminum ions accumulate in the diverted

we obtain that N =22 in the central region. By using this ratio,

discharge. The confinement time 1 of AlXTT ions in the central reglon is;

=T Ngxt

with an uncertainty of a factor of 2-3, 5 % and 15-20 % of the injected

¢4—5 msec. Thus for the injection of 4(12)X1016 aluminum atoms,

aluminum atoms accumulate in the discharge with and without divertor

respectively. These results are very similar to the case of carbon injec-
tion. The reasen for the much more reduction of the impurity accumulation
by the divertor action for the aluminum injection case is probably in the

oblique injection and no-recycling at the wall.

3.3 Observation of Parallel Flow of Injected Impurity Along the Scrape-off
Field Lines

By scanning the aluminum mirror herizontally in the diverted discharge

with methane injection, the increase of line emissions from injected carbon
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ions in the burial chamber and in the main plasma is observed. Fig. 3-7
shows the line integrated photon emissivity along the two paths indicated
in the figure. The solid lines indicate the line emissivities from the
intrinsic carbon content, and dotted lines that from the content with the
injected carbon atoms. In the observations of main plasma, sudden increase
of the CLI-CIV line intensity indicates the spreading of the injected
impurity ioms in the outer edge of the main plasma. As was discussed in
sub-section 3.2, the increase of CV line intensity mainly indicates the
cross field diffusion of the injected carbons towards the hot main plasma.

The appearence of the increment of the light emission in the burial
chamber is interesting. The increase of CIT line emission is very little.
Time behavior of the increase of CIII (2297 R) line emission is consistent -
with the wave form of the methane gas pulse of 1.5 msec duration. The
largest increment can be found in CIV line emission. The increase of CV
line emission is slower than of that in the main plasma.

Fig. 3-7 shows the delayed time of the flow-front of the injected
carbons as CITI state at the divertor throat (R=46 cm). It shows that it
takes 300:100 usec for appearing in the burial chamber.

These observations in the burial chamber make clear the following .

1) No increment of CII line emission in the burial chamber indicate
fhat the observed increment of CIII is not due to the ionization of the
increased neutral carbon atoms in the burial chamber. That is, the
injected carbons are successively ionized while their poloidal excursiocn
in the scrape—off layer and a part of them appear as the CIIT state in the
burial chamber. .

2) Although we have nog made an absolute measurement of the various
carbon ionized states in this observation, the signal suggests that the
appearance of the injected carbons in the burial chamber are dominantly
around the CIV state.

3) The increment of CV line emission. in the burial chamber does not
mainly show the direct flow of the injected carbons into the burial chamber
along the scrape-off field lines, but the guidance of the diffusive loss
flux of highly ionized ioms from the main plasma through the scrape-cff
field lines into the burial chamber.

Now it appears that the appearance of injected impurity flow as CITT-
CIV state in the burial chamber corresponds te the vertical observations

presented in sub-section 3.2 that a half of the injected impurity influx
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is disappeared during the successive ionization process from CIII to CV.
Adding to this shielding action by the divertor, it must be noted the
following. As the result of the methane injection, the carbon content in
the main plasma is nearly doubled. The less flux of the carbon ions to the
shell surface is also doubled as shown in Fig., 3-7. 1In the figure, CIT and
CIIT line emissivities from the main plasma edge, which present the
recycling flux at the gold plated shell surface, increase by a factor of 2.
This can be recognized from the confinement property of carbon ions (13
msec) discussed in sub-section 3-2. Similar te this impurity loss flux to
the shell surface across the field lines, the increase of CV line intensity
in the burial chamber presents the impurity loss flux as the highly ioniza-
tion state into the burial chamber through the scrape-off field lines. That
is, a part of the highly ionized impurity out-flux from the main plasma is

swept out inte the burial chamber.

3.4 Discussions and Conclusions

The transport of the injected carbon ions along the scrape-off field
lines into the burial chamber is interesting. The electron impact ioniza-
tion times of respective ionized state of carbon atomss) in the scrape-off
plasma of electron demsity ﬁe v2x101?2 and electron temperature “60-70 eV
are : 4 usec, 20 usec, 100 psec, 400 psec for CI, CII, CIITI and CIV,
respectively. The fact that the observed ionization states of the injected.
carbons in the burial chamber are arcund CIV state is consistent with the
successive jonization process estimated from these ionization times in the
scrape-off plasma parameter during the 3001100 usec of the poleidal excursien
time. The injected carbon atoms are quickly ionized (~20-30 usec) up to
CIII state at the plasma edge before making remarkable poloidal excursion.
At this ionization state by the collisional heat exchange between the ions

Z
( eff
(v40 eV) with the time constant of 60 psec. The thermalized CIIT or CIV

%3), the injected carbon lons are heated up to the bulk ion temperature

ions make much collisions with the bulk ions before traveling into the
burial chamber with the thermal velocity v, : ﬂqR/VtT 8115, where t is the
impurity-ion collision time. Therefore, the diffusion process along the
scrape-cff field lines is dominated by collisional effect. The diffusion
time needed for the poloidél excursion is (WRq)z/T-vtz%ANB msec, where

q(v5) is the safety factor. This is too long compared with the experimental

observation. This appears the existence of strong directional forces towards
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the burial chamber. Since the collisional momentum transfer time in the
scrape-off plasma is only 60 usec; the injected carbon ions should be
accellerated by the bulk scrape-off plasma flow.

Flow velocity of the bulk plasma along the scrape-off field lines in
the burial chamber measured by a one-side probe“) is 0.2-0.5 CS, where CS
is the sound velocity. With this flow velocity, the transit time is
mRq/0.3 CSNIQO psec. The observed transit time of the injected carbons
is well explained with this velocity, Adding to this collisional process,
the transport process of the impurity ions should be influenced by space
potential along the scrape-off field lines, Tmpurity transport including
above noted directional forces and atomic preocess in a scrape-off layer is
under investigation by a numerical method and will be published elsewhere.

| We have injected a pulse of methane gas and a short burst of aluminum
into DIVA discharges with and without divertor. The results are summarized
as follow:
1) TFor the methane injection and aluminum injection of same amount, the
accumulation of the injected impurity ions in the main plasma is reduced
by factor 2-4 by the divertor shielding action. Shielding efficiency is
higher for aluminum than for carbon.
2y In the methane injection for the diverted discharge, the radial impurity
flux towards the main plasma center is reduced during the successive
ionization process from CIII to CV. It corresponds to the fact that the
ionization state of the injected carbon ion flow into the burial chamber
is around CIV. This presents the impurity shielding action of the divertor.
3) The impurity shielded in the scrape-off layer is rapidly guided into
the burial chamber. The time needed for the poloidal excursion of the
injected impurity in the scrape-off layer is equal to that of scrape-off
plasma.
4) TImpurity ion flux of highly ionized states inte the burial chamber
increases with the increase of the impurity content in the main plasma.
This exhibit the sweeping action of the divertor, i.e. a part of the
impurity lons diffused from the main plasma is swept out into the burial
chamber through the scrape-off laver.
5) Shielding action is also wvery high even in a conventional tokamak.
6) Confinement time of carbon and aluminum are estimated to be 35 ms.

This wvalue is comparable to the average particle confinement time (2 ms}.
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Fig. 3-1 Cross sectional view of DIVA tokamak and experimental
arrangement showing the position of methane and aluminum
injection, and sight-path of three monochromators.
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Vi, and the line integrated electron density J/n.df at R=60 cm

for discharges with and without the divertor.
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4. Spectroscopic Study on Low-z and High-z Impurities

1)-4)

Many investigations on impurities have been done in various tokamaks.
Recently, closely crowded many lines from heavy ions were observed and were
shown to emit a significant fraction of input power in DIVAS) and ORMAK6).
The radiation loss due to heavy impurities becomes much more serious in a
. future large tokamak because these impurities are only partially ionized
éﬁen in a reactor plasma. Identificatién of these many lines was tried in
ref.(6) and absolute radiation power was measured in a low-z free plasmas)
but no detailed study has been domne. Spectroscopic study on heavy impurities
as well as light impurities are described in this section. Power spectrum
and radial profiles of the closely crowded many lines are studied.

Concerning the light impurities, density profiles and profiles of radiation
power are studied. The major results are following: Oxygen is the dominant
impurity in light impurities and its content is 2%. The pseudo continuum
is observed in a range of 45 - 200 2 and has internal structure, i.e. the
radial intensity profile has a peaked profile at a short wavelength and a
hollow profile at a long wavelength. The radiation loss power is 30 kW
from oxygen and carbon and 25 kW from heavy impurities.

In the next subsection we discribe the plasma parameters and the
experimental set-up. TIn 4.2 light impurities such as oxygen and carbon ions
are studied and in section 4.3 closely crowded many lines in the range of

[+]
45 to 200 A in detail. Discussions and conclusions are given in 4.4,

4.1 Experimental Set-Up and Plasma Parameters

In order to obtain the spatial distribution for impurity emission,
the vacuum monochromator is set up on a vertically scanning port as shown
in Fig., 4-1. 1In the present study all measurements were done with the
spatial resolution of 1 c¢cm in the plasma region, which is obtained by
inserting several diaphgrams between the plasma and the monochromator.

A 3m grazing-incidence monochromator used in measurements is equipped
with a 600 grooves/mm and 1200 grooves/mm gratings, which are exchangable
each other and coéted with platinum. The monochromator is calibrated
absolutely by means of the atomlc branchlng ratio method using sultable
line- palrs i.e. CV (£0.73 A 2277. 92 A), OVI (150.1 A 3811. 35 A), oIV
(238.5 A 3411.76 A), CIV (312.43 A 5801.51 A), OITI (320,98 A 3961.59 A),
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OII (515.5 A - 4943.06 A) and H (1025.72 A, 6562.8 A), from the plasmas in
DIVA (JFT-2a) and JFT-2.
Figure 4-2 shows time-variations of various plasma parameters in the

discharge in which the ratio of divertor current I_ to plasma current T
. P

D
is 1.2. The peak plasma current is 40 kA and the loop veltage VL is 4 V.
Peak electron and proton temperatures at the plasma center are 700 eV and

3 at the

270 eV, respectively. The peak electron density is 8§ x 1013 em™
plasma center. Under this discharge condition, time- and space-variations
of intensities of oxygen and carbon lines and closely crowded many lines
were measured by scanning a 3m grazing-incidence vacuum monochromator.

(We shall hereafter call crowded many lines as pseudo-continuum).

4.2 Light Impurities

The time-evolution of radiance in photons/cmz-sr-SEC for emission from
oxygen ions (OV-OVIII) and carbon ions {(CV and CVI) are shown in Fig. 4-3.
In the figure, the radiance of emission lines from light impurity ioms is
found to be approximately stationary near at 10 msec, and the plasma
parameters, i.e., electron temperature and density, revealed quasi-stationmary
variation as shown in Fig. 4-2. At this time, radial density profiles of
these ions are investigated and Fig. 4-4 shows radial profiles of the popula-
tion density for oxygen (0OV, OVI, OVII and OVIII) and carbon (CVI) ions in

the ground-state. Profiles of the electron temperature and density are also

shown in the same figure. In the DIVA plasma with the central electron

temperature Teo=700 eV, the OVIII ion with the ienization potential of 871 eV
has a peaked profile and the other ions have a hollow profile. The popula-
tion density of OVITI and OVII ions is an order of 1012 cm™3, and for lower
ionized oxygen ions, i.e., OVI and OV, the density is less than that of

more highly ionized ones by an order of 2 or 3. Integrating ;he density over
a minor radius r, content of the oxygen impurity is obtained to be 2% of

the total electron amount. On the other hand carbon impurity is less than
one percent of the total electron amount. In the above estimation, we
consider fully stripped ions such as 01X and CVII. The densities of fully
ionized ioms are calculated by employing a corona-model involving a particle
diffusioﬁ term. This term is calculated from the profiles of oxygen ions

in Fig. 4-4. These results for the density of oxygen and carbon ions give
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the effective ionic charge Zeff at the plasma center to be 2-3.
Radiation power by line emission from oxygen and carbon ions is obtained
from the measured intensity for these lines and calculated values for the
second and third resonance lines assuming a coromnal equilibrium. Solid
curves in Fig. 4-5 indicate radial profilés of radiation power from OVIII,

OVII, OVI and OV ions. The values shown in this figure are obtained by

multiplying the density of radiation power by 4m2rR, where r and R are

minor radius and major radius, respectively. The total radiation power by
oxygen ions is approximately 25 kW and that by carbon ions is less than

about (5-10) kW.

4.3 Heavy Impurities

o
Intense emission is observed in the range of 45 - 200 A and is

considered to be originated mainly from gold ions as described in 2,4,
Figure 4-6 shows the distribution of radiation power in watt/cmz'sr'z of
the pseudo-continuum integrated along the line of sight at 10 msec. This
radiation power is obtained after subtructing a light in the second and
third orders and a stray light. Figure 7 shows profiles of radiation power
density of the contlnuum at 60 98, 150 and 175 A The profiles have a
peaked profile at 60 A and 98 A and a hollow profile at 150 A and 175 A
This result indicates that the pseudo-continuum distributed in the range of
45 to 200 R has a sparial internal-structure. Radiation from the pseudo-
continuum below llOR concentrates in the central region of the plasma with
Teo=700 eV and that above 110 2 has a peak value in the intermidiate region
between central and peripheral regions or Te%ZOO eV, The difference of
these profiles by wavelength or energy suggests that the pseudo-continuum
below 110 2 are ascribed to emission from heavy ions with more multiply
ionized states than those of the lons emitting radiation in the range of
110 to 200 R. In order to estimate radiation power of the pseudo—continuﬁm,
we assume that the profile of the pseudo continuum above 110 A has the

same profile as that at 150 A and 175 A and that below 110 A has the same

profile as that at 60 A and 98 A. The profile of radiation power due to
the pseudo continuum is shown in Fig. 4-5 and the total radiation power is

25 kW.
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4.4 Discussions and Conclusions

<
Impurity radiations are investigated in a range of 10 - 1300 A by

vertically scanning a calibrated 3m grazing-incidence monochromator. Oxygen
is the dominant impurity in light elements and its content is 2 7 of electron
density. Radiation power by light iﬁpurities is 30 kXW. Intense emission

due to heavy impurities is observed in a range of 45 - 200 2. This result

is contrast with the previous experiment in which the pseudo continuum was
observed in a range of 120 - 250 Z with a lower electron temperature, i.e.
about 250 eV (see Appendix II), This pseudo continuum has internal

structure, i.e. the intensity of the radiation at the short wavelength

(f 100 A) has the maximum value at the plasma center with Te0=700 eV and that
[+]

. at the longer wavelength (% 100 A) has the maximum value at r=4 - 5 cm or

TE%ZOO eV. These results suggest that emission at the short wavelength
comes from more highly ionized ions and that at the longer wavelength from
ipns with lower ionization-states. Unfortunately, spectrums from heavy
elements are not clarified. The content, however, can be roughly estimated
frem the measured radiation power assuming the radiation power from gold
calculated by D.E. Post et. al. The estimated content is about 0.05 %.

The measured radiation power due to the pseudo continuum is 25 kW. The
total radiation loss power due to heavy and light impurities is 55 kW but
the total radiation measured by a pyroelectric detector is 30 kW as described
in Sect. 2. The difference has not been understood but may be due to the
errors of these measurements. The effective ionic charge is estimated 2-3.
which comes mainly from oxygen and is consistent with the value estimated

from the plasma resistivity.
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5. Origin of Metal Impurities

It is well known that the impurity contamination into the plasma
causes an increase in the radiétion losses and a decrease of the energy
confinement time.l) Moreover it also causes a decrease of the deuteron
and toriton demsity. This means that the efficiency of nuclear fusion
decreases., Therefore the reduction of the impurity contamination is one
of the important problem to be solved to realize the thermonuclear fusion
project. Many efforts to reduce the light impurities, such as oxygen and
carbon, have been done and it has been found that if the first wall
surface was made clean by the method of, for example, the flash of titanium,
the light impurity contamination could be reduced.z) However as the light
impurity contamination is reduced, the metal iﬁpurity contamination
increased and the radiation loss due to the metal impurity consumes the main
part of the ohmic input power.3) Therefore the research of the mechanism
of the metal impurity release, its contamination in the plasma and the
method of the reduction of the metal impurity influx and contamination
become more important. J.L. Craston et al. pointed out that the unipolar
arcing is the dominant process of the release of the metal impurity in
7FTA.%) However there is few works concerning to this problem about the
light impurity free tokamak plasma. It must be pointed out that arcing
occurs easily if the condition of reoxidation of the surface is satis-
fied.5) In this section the origin of the metal impurity from the surface
contacts to the scrape-off plasma, that is limiter, is described. The three
processes of the release of the metal impurity, that is ion sputtering,
evaporation and arcing, are identified and shown to occur under the
different condition of the limiter surface and the potential drop with
respect to the plasma. Among these processes, ‘it is made clear that the
jon sputtering is the dominant process of the release of the metal impurity
from the limiter for the stationary tokamak plasma.

In the following sub-section, experimental arrangement is described.

Experimental results are given in 5.2 and discussions in 5.3.

5.1 Experimental Procedure

The experimental arrangements are shown in Fig. 5-1. The plésma in
the divertor region of DIVAS) is used to simulate the scrape-off plasma of

the conventional tokamak. The parameters of the divertor plasma are as
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follows; Te=50—60 ev, Ti=60—80 eV and ne=2><1012 em™?, An Al target of &
em? in area located normal to the magnetic £ield in the divertor simulates
the toreoidal limiter in the .conventional tokamak. The length of the
corresponding toroidal limiter 1s a quarter part of the torus. Aluminium
was chosen as the metal impurity because it is not used elsewhere in DIVA
and it is clear to decide the position of the impurity source of aluminium.
This target.is positively or negatively biased with respect to the plasma.
At the time when the plasma reaches its stationary state (about 8 ms after
the beginning of the discharge)}, electrical bias is added to the Al target.
The time duration of the pulse is 2 ms and this pulse does not cause any
change in the macrdscopic discharge characteristics such as the plasma
current, loop voltage, plasma density and electron temperature. The
voltage of the pulse added between the Al target and the vacuum vessel is
changed shot by shot. The probe characteristics of the target, the time
evolution of the target current and the time variation of the intensity of
Al-T1I line radiatiom (3602 R) are measured. The monochromator is arranged

to view directly the target.

5.2 Experimental Results

The results are shown in Fig. 5-2 and Fig. 5-3. Fig. 5-2 shows three
different type of the time evolution of the intensity of AI-IIT line
radiation and the target current. In Fig. 5-3 the intensity of the line
radiation and the target current are plotted as a functicn 6f the applied
voltage to the target respect to the vacuum vessel. The floating potential
of the target is zero volt in this figure. From these experimental results,
the three different types of the origin of the metal Impurity release from
the limiter into the plasma are identified as follows.

(1) TON SPUTTERING

As shown in Fig. 5-3, when the applied voltage to the target is
negatively increased, the intensity of the Al-III line radiation continues
to increase, whereas the target current saturates at 6 A, that is the level
of the ion saturation current. The fact that the target current saturates
means the ion flux to the target is constant. But the energy of the col-
liding ions to the target is increased as increasing the applied voltage.
The dependénce of the amount of the impurity influx on the energy of the

colliding ion indicates that in this case the impurity release from the
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target is caused by ion sputtering. The typical time evolution of the
intensity of the A1-III line radiatlon and the target current correspond

to the dotted points in Fig. 5-3 are shown in Fig. 5-3-a. The time delay
in the change of the Al-III line radiation is relatively short as shown and
within 200 us, that corresponds to the characteristics time of the ioniza—

tion and the excitation of the aluminium to the state of this radiation in

‘the divertor plasma. The short time delay of the release of the aluminium

from the target and the time independent impurity influx inte the plasma
also indicates that the mechanism of the release is not the thermal process
but the atomic process, i.e. ion sputtering. Moreover, as shown by the
solid line in Fig. 5-2-c, when the floated target is biased positively to
retard the ion, the intensity of the line radiation of aluminium is
decreased to the level without the target if the pulse duration is short
and the heat flux is small enough.
(2) ARCING

As shown in Fig. 5-3 by the crossed points, the large target current
is observed. The time evolution of the target current and the intensity
of A1-III line radiation is shown in Fig. 5~2;b. This class of the release
of the metal impurity is orbiously distinguished from the class of ion
sputtering described above. As shown in Fig.5-3, the target current is
40 A, that is larger than the ion saturation current by the factor of ten,
and increased as the applied voltage increased. The larger target current
indicates that the mechanism of the rélease of the metal impurity for this
class is arcing as pointed by R. Hancox et al.. The arcing is observed
only in the first about ten shots after inserting the target into the
divertor plasma. This indicates the conditioning effects widely observed
in discharge phenomena and also suggests that the process of this type of
impurity release corresponds to arcing. .
(3) EVAPORATION

As shown in Fig. 542—c, when the target is positively biased and
collects electron currents, the intensity of the Al line radiation is
increased with the time delay of 1-2 ms. The electron current is greater
than the ion saturation current by the factor of ten. In this case the
heat flux to the target is greater than the case with positive biase. The
time delay of 1-2 ms of the impurity release corresponds to the character-
istic time of the aluminium target to melt. These results suggest that

the mechanism of the release of the metal impurity in this class is
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evaporation due to the heat flux by the electron.

5.3 Discussions and Conclusions

The processes described in the previous sub-section, occur under the
different electrical and surface conditions of the target. The target
in this experiment simulates the limiter in tokamak discharges.

The limiter is sometimes used as grounded or as floated electrically
in conventional tokamka. Arcing occurs only when the limiter has negative
potential to the scrape-off plasma, but can be easily suppressed by discharge
cleaning of the limiter surface as shown in the present experiments.
Arcing, however, may occur when the negative spikes appear. Evaporation
~may occur when the heat flux to the limiter is increase& to the level
about ten times greater than the normal heat flux by the stationary plasma.
Although these‘processes may occur under the special condition of the plasma
and the limiter surface, they do not occur when the plasma becomes its
stationary state. The experimental results described above indicate that
the ion sputtering is the dominant process of the release of the metal
impurity from the limiter contacting to the quasi-stationary scrape-off
plasma in tokamak.

“In Fig. 5-4 the intensity of the line radiation, that correlates to the
quantity of the metal impurity efflux by ion sputtering, is plotted as a
function of the applied voltage to the target. The intensity of Al-TII
line radiation, and the Au-I linerfadiation when the shell coated by gold
is biased, are also plotted in the same manner. These results suggest that
when the accelerating potential is below 400 V, the main part of the ion
sputtering may be caused by the impurity ions and above 400 V, the ion
sputtering by the hydrogen may become dominant, because the energy gained
by the ion of charge Z is Z-times greater than the energy gained by the
hydrogen.7) The results show that the high-Z impurity ion sputtering must
be dominant when the sheath potential is as low as in the usual scrape-off
plasma, i.e. ¢$81500200 V. The contribution of the sputtering by the neutral
atoms to the metal impurity contamination is concluded to be very little
because of the electrical potential dependence on the metal impurity release.
It is also demonstrated that the target of honeycomb structure can reduce
the metal impurity influx by the factor of two. This experimental result
supports the conclusion that the dominant process of the metal impurity

release into the plasma is ion sputtering.
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This conclusion shows that it is important to decrease the energy of

the ion that sputters to the limiter or to reduce impurity influx into the

main plasma in order to reduce the metal impurity contamination in the

present tokamak plasma.

The energy of the sputtering ion accelarated by the

sheath potential can be decreased if the plasma temperature of the scrape-

off layer is decreased. Therefore the control of the scrape-off plasma is

"the important techniques to avoid the metal impurity contamination.
D P

§)

The divertor decreases impurity influx inte the main plasma because the

impurity source is removed far from the main plasma.

1)

2)

3)

4)

5)

6)

7)

8)
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(c) Evaporation, respectively.
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6. Summary

After increasing the maximum toroidal magnetic field from 1 T to 2 T,
discharges have been obtained over a rather wide range of plasma parameters,
i.e. electron temperature Teo=200u700 eV, ion temperature Tio=60—300 eV and
density ne0=(l.5—8.0)><1013 cm™? in the main plasma and Tes=20—100 eV, T, =
20-60 eV and nes=(l.5—5.0)><1012 em™? in the scrape-off layer plasma. With
these parameters, the following investigations have been done and the results
are summarized as follows:

(1) Divertor effects on impurities and radiation loss

The divertor reduces radiation loss due to both low- and high-z

impurities by a factor of 2-4 by reducing plasma wall interactions (see (2))
_and shielding impurity influx (see (3)). The reduction of the radiation
loss by the divertor is more effective in a high current discharge because
the divertor efficiency is high in a high current discharge. Impurity
contents are also reduced by the divertor.

(25 Divertor efficiency for particle and heat

The maximum divertor efficiency is 35 % for particle flux and 75 % for
heat flux. The efficiencies increase as increasing plasma current because
the diffusion coefficient has the Bohm type coefficiency in the scrape~off
layer. plasma.

(3) Shielding action

The scrape-off layer plasma ionizes injected impurities and guides the
ionized impurities into the divertor chamber. Consequently, influx of the
injected impurities into the main plasma is reduced by a factor of 2-4 by
the divertor. The tfavelling time of the injected impurities to the burial
chamber is equal to that of the scrape-off layer plasma. Shielding
efficiency is'higher for aluminum than for carbon. Shielding action 1s
also observed in a conventional tokamak.

{4) Divertor effects on plasma confinement

The divertor increases the energy-confinement time by a factor of
2.5 by reducing the radiation loss and broadenning the electron temperature
profile. The divertor does not affect on ion temperature, particle-confine-
ment time and heat diffusion coefficient.

(5) Characteristics of a scrape-off layer plasma

The particle flow velocity 1s a few times less than the sound velocity,

heat transmission rate is consistent with a sheath model and the particle

diffusion coefficient is about ten times less than the Bohm diffusion
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coefficient. An empirical scaling low for the electron temperature is
obtained and gives an extremely high temperature for the edge plasma or
the scrape-off layer plasma in a large tokamak without any edge cooling
method.
(6) Particle-confinement time

An empirical scaling low for the average particle-confinement time
" ig obtained and is similar to that of the energy-confinement time. The
radio of the average particle-confinement to energy-confinement time is 1.5
without the divertor and 0.8 with the divertor. Confinement time of metallic
and gaseous impurities is comparable to the average particle-confinement
time.
{(7) Impurities

Pseudo continuum is observed in a range of 45-200 R and has an internal
structure, i.e. the radial intemsity profile has the peak at the plasma
center with Teo=700 eV at short wavelength (5100 Z) and at r=4-5 em or
Te%ZOO eV at longer wavelength (iIOO A). The radiation loss due to the
pseudo continuum is comparable to that due to oxygen impurity. Oxygen
content is 2 % and gold content is roughly estimated 0.05 Z.
(8) Origin of metallic impurities

Ion sputtering, arcing and evaporation are identified and sputtering
by impurity ions is the dominant process of metallic impurity release at a
limiter or a neutralizer plate in a stable discharge,

The results demonstrate the important divertor actions and improvement
of plasma characteristics by the divertor. Ion sputtering is important in
a future large tokamak as well as in the present day tokamak. Some methods
to control the edge plasma at a low temperature are necessary in a large
tokamak. If the edge cooling is not sufficient, the divertor allows the edge
plasma with a somewhat higher temperafure by reducing impurity influx into
the main plasma and has to be useful also to control the edge plasma.
Impurity transport in a scrape—off layer plasma is very important even in a
conventional tokamak because the impurity influx into the main plasma 1s
ruled not only by impurity production rate but also by the impurity transport
in the scrape-off layer plasma. The experimental results of scrape-coff layer
plasmas and shielding actions offer data from which we can discuss the
impurity control over a wide range of plasma parameters if we know detailed
data of sputtering not only by fuel- and w-particles but also by impurity

ions.
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Appendix I. Heat Flux to Material Surface**

This appendix describes the experimental study on the thermal interac-
tion between the plasma and the walls in the divertor tokamak, DIVAL)VE),

It is well known that a sheath potential built up in front of an
electrically insulated conducting plate plays an important role for a
thermal barrier. Heat flux ¢ (watts/cm?) to an electrically insulated

conducting plate in a plasma is written as follows’).

q= YIS-Te (a-1)

where IS(A/cmz) is ion saturation current density, Te (eV) is electron

temperature and y is called as a heat transmission rate, and y=7.8 for

hydrogen plasma of Te=Ti’ where Ti is proton temperature.

In the scrape-off layer of DIVA various types of probes has been suc-
cessfully useda). The procedures of the present experiment is to measure
the local values of g, IS and Te with pertinent probes scanned in the divertor
region and to calculate y. As noted in previous experiments3)’5), heat
fluxes in the divertor are highly asymmetriec as to the median plane and
high energy electrons escaping from the main plasma cause this asymmetory,
sinte they can exist in one side of the divertor until they annihilate at
the neutralizer plate. Hereafter we distinguish each side of the divertor
as to the median piane as an electron side and ion side of the divertor,
respectively, In the electron side, v is a few to ten times larger than the
value estimated by Eq.(a-1). Moreover even in the case with additional
hydrogen gas injection after starting the discharge, y is a few times larger
than expected, although the amount of high energy electrons is considerably
reduced. However the above experiments were somewhat limited in accuracy.
The thermocouple used for heat flux measurement had a response time of 5 ms,
which is too large for our experiment, since in this time interval ion
saturation current and electron temperature change considerably. In addi-
tion, the use of a Langmuir probe for the measurement of IS and Te may bhe
difficult particularly in the presence of high energy electroms.

We now report results with our recently developed thin-film thermome-
ter?)>10) with a response time 0.2 ms, which is small enough for our ‘
experiment. As for a particle measurement, an electrostatic multigrid
energy analyzer is used, which is able to measure IS and Te even in the

presence of high energy electrons,
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From detailed measurement with these probes, the relationships between
heat flux q, heat transmission rate vy and other plasma parameters are
obtained. It is found that the thermal interaction between the plasma and
the walls in the scrape-off layer can be described by a simple sheath model.
These results can be applied to the thermal interaction between the plasma

and the limiter in the scrape-off layer of a conventional tokamak!1),

A.1. Thermometer and Multi-grid Energy Analyzer

The detailed description of the thin~film thermometer is given else-
whereg)!lo). Here it is briefly described. TFigure A-1 shows the structure

of the thermometer. The backing metal was a thin molybdenum plate of

©8 x 12 me? area and 0.1 mm thickness. Silicon monoxide was vacuum-deposited

on the molybdenum plate and then nickel. The silicon monoxide layer served
as an electrical insulator. The temperature of the molybdenum was measured
by the resistance change of the nickel film, The response time of the
thermometer was measured using a Q switched pulse laser and was found to be
less than 0.2 ms. '

The width of the nickel film is 0.4 mm which is much larger than the
thickness of the molybdenum plate. Thus the spatial resclution of the
thermometer is determined by the width of the nickel film.

Figure A-2 shows the multigrid energy analyzer schematically. The
external jacket of the analyzer is at the same potential as the wvacuum
vessel. In front of stainless steel collector plate €, 5 mm in diameter,
three stainless steel grids (E, G;, G,} are placed at 1 mm spacings. The

grid E with the same potential as the vacuum vessel has seven holes, 100 um

in diameter and 100 um long, in 1 mm aperture, which decides a spatial

resolution of this analyzer. The mesh grids G; and G, are of 20 and 50 um
wires and have a transparency of 0.31 and 0.44, respectively.

Figure A-2? also shows potential distributions between three grids and
a collector plate to obtain ion and electron velocity distributions. Ion
saturation currents are obtained by the following precedure, which dis-
criminates against high energy and secondary electrons. That is, we adopt
the potential profile shown in Fig. A-2-a and subtract the collector signal
at +150 V from that at -40 V. The latter consists of ion saturation current
plus electron leakage current, the former consists of électron leakage'
current only, where the term "electron leakage current" applies to the

electrons which have higher energy than the retarding potential of grid




JAERI-M 7610

G, and succeed in passing grids G; and G, in addition to those which are
emitted at grid G, and can reach collector C. Tt was experimentally confirmed
that the electron leakage current is independent of the collector potential
unless it is less than the critical potential which is equal to G, potential

plus the mean energy of secondary electrons.

A.2. Experimental Results

Figure A-3 shows cross-sectional view of DIVA, -The experiment was
performed under the following operational conditions. The tbroidal magnetic
field was fixed at 1 T. The ratio of the divertor hoop current to the
piasma current was 1.2, where the latter was 14 kA with‘a flattop. The base
pressure was 1 X 1077 torr, and hydrogen gas of 1.5 X 1018 atoms was 5
admitted by four fast-acting valves 0.8 ms before starting a discharge.

Additional hydrogen gas was injected 2.2 ms after starting the discharge at
a rate of 1.7 x 1012 H,/s. Central electron and ion temperatures were 200
and 80 eV from laser scattering and charge exchange neutrals, respectively.
Average electron density was 1 x 1013 cm™? from a 4 mm p-wave interferometer.

A thermometer and a multigrid analyzer were scanned vertically at R=40
cm.

._Figure A-4 shows typical thermometer data. This figure represents
resistance éhange of Ni thin-film. The temperature T of the thin-film,
which is assumed to be equal to that of the molybdenum plate, is obtained
from a calibration curve. If heat flux to the divertor has a very sharp
peak in space, we must take heat conduction in the molybdenum plate into
account to calculate heat flux from the measured temperaturelo).

Figure A-5 shows the Z-profile of heat flux calculated taking above
effect into account in the electron side of the divertor. This profile

indicates a sharp peak near Z=45 mm. In this figure the results from a

simple heat balance equation, A
q(Z,t) = pcd QE&%LEl (a-2}

where p, ¢, and d are density, specific heat and thickness of the molybdenum
backing plate, respectively, are alsc shown.

It is found that the peak value of heat flux would be underestimated
by a factor of 1.5 if Eq.(a-2) were used. However it is only narrow region,

AZ=]1 mm, that the influence of transverse heat transfer is prominent.
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Qutside this region both results from the simple heat balance equation and
the transverse heat conduction equation are in good agreement.

Next, we describe the results of particle measurements. Figure A-6
shows time variation of electron energy spectra at Z=45 mm. These spectra
were obtained changing the bias voltage of grid G, of the multigrid analyzer

shot by shot. Tt was found that relatively high energy electrons, whose

‘energy range is 100 to 200 eV, exist in a narrow layer on the electron side

of the divertor, i.e. 2=45v50 mm and that amount of these electrons varies
with time. In order to examine a much higher range of energy than that of
the multigrid analyzer, we scanned an X-ray targetlz), whose spatial
resolution is 1 mm, on the electron side of the divertor. The X-ray energy
observed with 100% efficiency ranges approximately from 10 to 100 keV, as
determined by the thickness of the aluminum window and the Nal scintillator.
Figure A-7 shows Z-profile of X-ray intensity IX from the target. The
profile of electron flux whose energy is larger than 150 eV is also depicted
in this figure. The peak position of IX is 42.5 mm, where the heat flux is
much smaller than that of Z=45.0 mm. It is clear that the peak heat flux
has no correlation with runaway electrons, and that the peak position rather
coincides with thé path of the electrons in 100 - 200 eV range of energy.
The measurement of ion saturation current density was also made by the
procedure described in the previous section. Ion saturation current density
and bulk temperature of electrons are shown in Fig. A-5. It is noted here
that measured heat flux is factor 2+3 larger than the values calculated from
Eq.(a-1) using measured ion saturation current density and bulk temperature

of electrons.

A.3. Discussions and Conclusions

It is natural that this relatively large heat flux is due to the
electrons in 100-200 eV range of energy. Hereafter we call those the
epithermal electrons. The loss mechanism of the epithermal electrons from
the main plasma column is discussed in Ref. (12). To confirm the relation-
ship between heat flux and epithermal electrons we make some simple analysis
following Lovberg7). We assume electron vélocity distribution as a two
component Maxwellian. That is,

1

2 = 2

m 2 mv
n= I n,( Y" exp(- =) (a=-3)
e L1 ek 27rTek 2Tek
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where n, and m are the density and mass of electrons and suffixes 1 and 2
refer to low and high energy components, respectively. Furthermore we make

two assumptions. 1) Ion temperature Ti is equal to Te This fact was

roughly assured in the scrape-off layer by a multi-grié analyzer.

2) Secondary electrons are emitted from the backing plate of the thermometer.
These are induced only by electron impact. The secondary electron emission
coefficient on a molybdenum surface, § (electrons/electron), is referred
from Ref.(13). The data in Ref.(13) are given for monoenergetic electrons.
In the present analysis, however, we adopt the mean energy for the incident
energy of primary electrons. This treatment seems to be correct, because §
can be derived from Eq.{a-4) if the potential difference between the plasma
and the electrically insulated plate is known, and it is experimentally
confirmed that § so obtained is in good agreement with the data in Ref. (13)
for various plasma parameters i.e. Te=20%50 eV.

Ion induced secondaries are not considered here because the secondary
electron emission coefficient due to ion impact on a molybdenum surface is
much smaller than that due to electron impact in the energy range considered.

A floating potential ¢O cf a backing plate, where a space potential is

set to be zero, can be determined by the condition that net current to this

plate is equal to be zero. That is,

1 1
- = 8T =
-8, . (BTek)ZeX &% B (%*1)2
4 ek’ ™ P 4 o M

1 ek

(a-4)

o™ e

k

where n_ is jion density, M is 1on mass and £ is a correction factor of
electron to lon saturation current ratioc in a strong magnetic field. £ was
measured by a plane probe for the scrape-off layer plasma in DIVA and has a

value, 2v4, Typical data for Tel’ Te2’ corresponding secondary emission

w

coefficients &1, §, and n_,/n_ at Z=45 mm, t=20 ms are 55 eV, 198 eV, 0.59,
0.98 and 0.083, respectively. Calculated ¢0 using £=3 at 20 ms is shown
in Fig. A-7. Heat flux to the thermometer is written as

3

ep = ed ed
a=T_ T [2 [ (1-e)exp—2 + Ehzexp——g} +2 - =2 (a-5)
s el &yVm T T T
el e? _ el
' STi'%
where h =_Te2/Tel’ E=ne2/n0 and IS= Z-nof;ﬁ—)

This may be compared with heat flux in the absence of high energy tail,
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by rewritting in the form

q=F vy - IS Tel {a-6)

Ui

1—51 (3—7)

1
Y—Z(mlf+l)—ln

where v is the heat transmission rate in the absence of the high energy

‘tail, equal to 6.7v8.6 for hydrogen plasma with Te =7-55 eV and £=3,

1
and F is the correction factor for the two component model.

For the parameter range of the present experiment, i.e. hé&.O and
550.1, the low energy term in the left hand side of Eq.(a-4) is dominant.

In this case e¢o and F are approximately written as follows.

ol

efy = Toy1n (1-81) (1-¢) (a-8)
Lo, L 2(M 72 oM h % _
G e R N o e v oy 7o) (a-9)

These approximate forms of e¢0 and F are in agreement with the exact value
from Eq.{(a-4) and (a-5) within 10% using the measured values of h and €.
Before the comparison between theory and experiment we estimates the accuracy
of the experimental data of the heat flux.

' Transverse heat transfer in the backing plate of the thermometer was
already discussed in Sec. A-2. Another probable error for the measurements
is due to the fact that the floating potential 8f the backing plate of the
thermometer is shallower than expected from Eq.(a-4), since the dimension of
the backing plate, 8 mm, is larger than the characteristic length for
spatial variation of the floating potential.

If the bias voltage of the thermometer is shallower than the local
floating potential, the heat flux is larger than that of a plate at local
floating potential. 1In order to confirm this, the dependence of heat flux
on the bias voltage of the sheath of a thermocouple whose diameter is

0.25 mm was examined. Figure A-8 shows time integrated heat flux to a

thermocouple as a function of bias voltage with respect to the vacuum

chamber.

In this figure probe characteristics are also depicted. These were
obtained by employing a sheath, which is made of stainless steel, of the
thermoccouple as an electrode.

Transient heat flux as a, function of bias voltage ¢ is given by sub-
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stituting ¢ instead of ¢0 in Eq.{(a-5). It is with this equation that the
time integrated heat flux shown in Fig. 8 is compared, although rigorous
comparison would be rather inadequate, since both electron temperature and
ion saturation current change temporally during the discharge.

The minimum heat flux is obtained by the condition %%—l =0, that is

$=0_

- & /m _
ey = Top 1073 /; (a-10)

, assuming €=0 for simplicity.

The floating potential, setting a secondary electron emission coef-

ficient to be zero, is given below.

- m -
e¢0 = Tel In & J;; (a-11)

The difference between the two potentials ¢0—¢m is about 0.7 Tel/e, using
£=6.4 from the probe characteristics shown in Fig. 8. This is consistent
with the experiment, where the minimum heat flux is realized in the
vicinity of e¢=e¢0 - Te' |

Let us estimate how much the heat flux measurement was affected by
the above mentioned effect. For example we consider the peak heat flux at
t = 20 ms (see Fig. A-5). The calculated local floating potential is -94 V.
In this case g=18.5 IsTei’ where £=3 is assumed. The floating potential
of the backing plate of the thermometer placed at Z=45 mm can be calculated
by the equation integrating Eq. (a-4) from Z=41 mm to Z=49 mm, and is
about -85 V. By Eq.(a-5) q becomes 19.8 IsTel' From this result it can be
said that the heat flux measurement was affected within 10% because the
thermometer was not at local fléating potential, and that the influence of
this effect is relatively small. We are now in a position to make a
comparison between theofy and experiment.

Figure A-9 shows the relationship between heat flux q measured on the
electron side of the divertor and correction factor F calculated exactly
from Eqs. (a-4) and (a-5) using experimental data for h and £, and £=3.

Heat fluxes are averaged in space over the aperture of the multigrid
analyzer. The error bars for q are so determined as to include the widest
range befween the shot-to-shot deviations and the temporal changes for the

neighbouring time steps, At=tl ms. The error bars for F are due to
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ambiguity of £. The upper values correspond to £E=2, the lower ones
corresponding to £=4. The values of q corresponding to F=1 are those in
the absence of epithermal electrons. It is seen that there is a strong
correlation between the relatively large heat flux and the presence of
epithermal electrons.

The relationship between heat flux q measured and FYIsTel is shown
in Fig. A-10. As a whole they are in good agreement.

The present experiment was performed under the discharge condition
with an additional gas injection. Relatively large heat flux on the
electron side of the divertor has a strong correlation with epithermal
electrons whose energy range is 100 to 200 eV, and has no correlation with
runaway electrons. If the amount of additional gas was increased, the
number and kinetic energy of epithermal electrons became small. Hence
heat flux was also relatively small.

On the contrary, in the case of no additional gas injection, the heat
flux becomes very large. _

The peak values of heat flux at 15 ms for three additional gas injec-

tion rates are tabulated in Table A-1.

Table A-1 Comparison between peak values of heat flux
for different additional gas injection rates

Rate of an additional gas injection | Peak values of heat flux
0 H,/s 2200 Watts/cm?
1.7 x 10%? 330
4.5 x 101° 180

Thermal interaction between the plasma and an electrically insulated
plate in the divertor region of DIVA, where TeESO eV and neélxlolzcm_3,
was experimentally investigated. Results show that the heat flux to the
divertor is calculated from a simple sheath model including secondary
electron emission effects even if epithermal electrons are present. This
results can be applied to the thermal interaction between the plasma and

the limiter in a conventional tokamak.
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Appendix II. Pseudo continuum in a Low Current Discharge***

In the previous experiment with BT=1 T, Ip=£4 ka anﬂ Teo=250 eV. The
pseudo continuum was observed in a range of 120 A - 250 A as shown in Fig.
A-11. The radiation loss power was ruled by the pseudo continuum because
the low-z impurities coqld be neglected. Relation between the total
radiation loss including charge-exchange loss and the radiation loss due

to the pseudo continuum was shown in Fig, A-12,

%%% Shiho, M., et al., Japan Atomic Energy Research Institute Report
JAERI-M 7397 (1977)
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Fig. A-11 Intense emission lines from the DIVA plasma.
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