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1. Physics
1.1 Introduction to physics

an INTOR core plasma preduces high-energy alpha particles with their
neating power, 124MW, and its heat and particles flow out of & plasma core
through ceonduction and convecticn with their finite confinement times. The
essential obkjective of impurity control 1is teo remove such large heat and
particle fluxes without deteriorating plasma confinement performance, Heat
and particle fluxes finally reach a first wall and a collector plate through a
scrape-off plasma around the main plasma and interact with them, Critical
issues for impurity contrcl physics are, then, related strongly to the
scrape—off layer property. Impurity control needs for INTOR are briefly
summarized here. )

(1) Parameters of scrape-—off plasmas

one third of the alpha heating power, around 40MW, is assumed to be
radiated to the first wall in an INTOR cperating scenario. The rest of
it, about 80MW, therefore is transfered through a main plasma edge to
the scrape-off plasma, and heats it up. What parameters the scrape-off
plasma gets is basically essential for impurity control. This is partly
because the scrape-off plasma directly interacts with a collector plate
through a sheath, where ions accelerated by a sheath potential collide
on the plate and sputter its material and incident particles are also
reemitted from the plate with certain energy, and partly because the
energy of charge exchange neutral particles incident upon the first wall

is also closely related to the scrape-off plasma parameters, Selection
of materials for the first wall and collector plate therefore strongly
depends on the scrape-cff plasma parameters, The width of the

scrape-off plasma layer is alsoc a crucial parameter, because it is
deeply connected with heat and particle flux densities on the plate.
When the width happens to be sc narrow, temperatures of the layer would
become high and it results in an unmanageable large heat flux density
for the plate.

The key parameters of the scrape-cff laver, such as densities,
temperatures and a layer width, are strongly subject to heat and
particle fluxes from the main plasma, particle and heat diffusivities of
the layer, behaviors of neutal particles from the collector plate and
first wall, and impurities, The reliable evaluation of those
parameters, indispensable for a design study, evidently neceds adequate
data bases from experimental and theoretical research and developments,

(2) Behaviors of impurities

The most essential way for impurity control is to avoid impurities from
peing released from the collector plate and first wall, It is however
actually impossible to completely cut ocut the impurity release., Then,
it becomes crucial for impurity ceontrol to shield impurities from going
into the main plasma and to keep it as clean as possible. The behaviors
of impurities including helium particles produced from D-T reactions in
the main plasmas are really important and also influencial on the plasma
confinement performance, Some part of impurities from the first wall
and collector plate could unavoidably penetrate into the main plasma,
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especially high-Z impurities have great influences on the confinement
performance. Therefore, the behaviors of impurities in the main and
scrape-off plasmas should be understood in an enough depth.

If effects of impurities on the confinement performance fortunately
would turn out to be so little and impurities would not accumulate in
the center part of the main plasma region, their radiations could be
used positively in a way to reduce the scrape-off temperature and to
decrease the heat load onto the collector plate.

The long confinement time of helium iens is dengercus for a long burn,
because of its tendencies to dilute D-T reactions and increase plasma
beta values. The steady exhaust of the helium ashes also needs adequate
understanding of the helium ash behavicr in the main and scrape-cff
plasmas.

(3) Helium ash exhaust

The helium ash should be removed continucusly at the same rate, about
2x1020/s, as an alpha production rate to achieve the long burn operation
of 100-2008 with a helium concentraticn of less than a few percent (e.g.
iess than 5%) in the plasma. The pumping requirement should of course
be as small as possible to mitigate needs on research and development
for a evacuating system. Moreover, if possible, a selective evacuation
of the helium ash, which means to pump out mainly helium gases, should
be paid some heeds to reduce requirements on a tritium processing
system.

{4) Basic data for surface and moleculer/atomic cecllisions

A data Dbase for atomic and molecular collision processes is
indispensable for adequate understanding of the scrape-off plasma.
Incident energy of impurity ions, which mainly determines sputtering
vield of materials, is closely related to a charge state of impurities.
Radiation losses from impurities, which are useful in cooling dJdown
temperatures of scrape-off plasmas, are also dependent on behaviors of
impurities. Futhermcre, scrape-off plasma temperatures near the
collector plate seem to be strongly coupled with moleculer and atomic
processes of hydrogen particles.

Tt 1is evident that the dJdata base for plasma-surface interacticn 1is

necessary for impurity control studies. Quantities of released
impurities from the collector plate and first wall hinge upon their
sputtering yields. Recycling D-T particles, which have significant
influences on plasma parameters near the collector plate, are

substancially subject to their reflection energy and coefficient.

Tn an INTOR cperation scenarioc, the alpha heating power is 124MW. It
therefore is necessary for impurity contrel in INTOR to remove a heat flow of
around 100MW and a helium particle flow of 2%1020/s,

There is a considerable difference in a heat flow to be removed Dbetween
INTOR and JT-60. The tokamaks such as JFT-2M and Doublet III, under
cperation, have their maximum heating powers of about 10MW, and the large
tokamak, JT-60, is scheduled to be heated with a power of 30MW in a few vears,
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The heating power for INTOR, therefore, is considerably beyond thecse tokamaks
and then impurity contreolability for INTOR can not practically be demonstrated
in a few years and it is on an extrapolation from the large tokamak. Another
difference is a pulse length. INTOR is speculated to have its pulse length of
100-200s, while the maximum time is 10s for JT-60, which has also no plan for
D-T experiments. The long confinement time of arcund 10s of helium particles
could be harmful to the helium ash exhaust from the main plasma. Hence, in
this context, complete capability of helium ash exhaust will not Dbe
demonstrated in JT-60Q, when the particle cenfinement time will TDbeccme
congiderable. Consequently, impurity controlability in INTCR must be
evaluated on the basis of present data bases including near future. In other
words, success of impurity contrcel in INTOR is essentially dependent on to
what extent the data obtained are understocd,

various methods of impurity control for tokamaks have been proposed and
discussed so far, and some methods have been actually used in experiments,
Unfortunately, there seems to be no way, which could surely survive to future

tokamak reacters. Two impurity control methods, limiter and divertor, are
widely adopted in present-day tokamaks and they have succeeded in producing
nigh temperature plasmas to some extent, They have however many serious

problems even to be solved.

Progresses in divertor experiments are in fact marvelous in the last few
years, and a new operation regime has been developed, which is suitable to
impurity control. The high-density, low-temperature divertor plasmas near the
collector plate are realized successfully under strong hesting operations in
Doublet IIT. The new regime of a divertor ¢peration has many advantages for
impurity control, i,e. reduction in material erosien due to decreased
temperatures, reducing heat load to the collector plate due to enhanced
radiation losses, and reduced pumping requirement due to compressed neutral
gases. Furthermore, diverted discharges show a good plasma confinement
performance. Those results provide useful data bases for impurity control for
INTOR.

The limiter has made a steady progress lately. Most present experiments
accommodate low-Z material limiters and have got high temperature plasmas with
large heating power of NBI and/or RF, However, degraded confinement
performance has been observed with increasing heating power and severe
critical problems to be solved are found in its future extention, while the

ilimiter has some benefits in an engineering area. Recent experiments with the
limiter in Doublet III improve the plasma cenfinement by means of a pellet
injection. Tt seems to give useful data bases for impurity control by a

pumped limiter.

Some progress have been made in innovative schemes, an ergogic limiter
and an RF pumpout. They have been conducted only in analytical areas, and
experiments in small machines are going to be performed in a few years.

Impurity control physics for INTCR is on an extrapolation from the
present large tokamaks, as mentioned previously, and a step from the large
tokamaks toc INTOR is never small. What is the most faveorable impurity control
for INTOR therefore must be partly judged by analyses codes for impurity
control. Those codes therefore should be credible, which therefore can
reproduce the present and near future experiments. Results from the codes
will be usedfor a design guideline, so the codes must include various physics
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ranging from the main plasma to the surface, To get reliable informations
from the codes, then, they sheuld be checked by experiments with wide
parameter ranges. Tn +this context, experimental results with detail
measurements are indispensable for code calikrations. Unfortunately, the
experimental data base for impurity contrecl is still insufficient, although
the remarkable progress have been made lately. DMore efforts are needed 1In
both of experimental and theoretical works.

Many tokamaks ranging from large- to small-scale are listed in the
following table. Their objectives widely spread out.
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1.2 Divertor
1.2.1 Experimental data base for the high recycling divertor

The previocus data base assessment on the impurity control physics was
performed as a critical item to be assessed in the Zero Phase of the INTOR
Workshep conducted mainly in 1979. The adequate impurity control, including
helium exhaust, was appreciated to play a key role for attaining a
reactor-relevant core plasma compatible with the INTOR objectives,

The long burn operation of INTOR demands enough understandings on the
transport of helium ions in main and scrape-off plasmas and on a pumping
requirement for helium ashes. A permissible level of impurities in the main
plasma was evaluated and it resulted in less contaminated plasmas with proper

impurity control, which of course needed deep understandings on
characteristics of the scrape-off plasma interacting directly with a collector
plate and a first wall. 1In addition to them, engineering evaluations cn a

collector plate and a first wall, being under severe conditions, were found to
be necessary.

Various concepts on the impurity contrel were widely assessed in the
Zero Phase Workshop. BAmong them, the divertor concepts were evaluated to have
great potential, especially the poloidal divertor was assessed to be the most
premising for the INTOR impurity control concept. It was however agreed that
the poloidal divertor did not always lead to a commercial reactor, and that
other concepts needed further studies. It was also appreciated in the Zero
Phase to evaluate requirements on a fuel feed and necessity on basic data for
analyses of the impurity control, e.q. atomic and molecular collission data
and surface data.

About five years have been elapsed since the data base assessment of the
Zero Phase. During those years, many new tokamaks went into operation and
provided new useful informations, and understandings on impurity contrcl has
made great progresses. In a divertor concept, a gquite new operating regime,
i.e. the high-density, low-temperature divertor plasma, was discovered. The
limiter concept with particle exhaust was also developed. Furthermore, other
innovative impurity control ccncepts make progress steadily and basic data are
alse accumulated and evaluated. For updating the INTOR cenceptual design in
Phase Twe A, then, reassessment of the data base on impurity contreol is
necessary and beneficial for the future research and develcpment proegrams.

1.2.1.1 Credibility of high recycling divertor

For the impurity contrel in next generation tokamaks like INTOR the
following two points are essential, if impurities are not positively taken
advantage of, e.g. ccoling a plasma boundary by appropriate impurities.
Firstly, impurities released from a {first wall and a collector plate,
interacting directly with screpe-off plasmas, should be as low as possible.
The second 1is to avoid the detericration of confinement performance of main
plasmas by impeding unavoidably released impurities from flowing into the main
plasma confinement region.

In the past divertor experiments such as DIVA, effective screening of
impurities intentionally injected within a divertor chamber was observed and
considerable clean plasmas were obtained by means of a divertor operation,
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The simple empirical scaling law for scrape-off parameters was also proposed,
where the density along a magnetic field line in the scrape-—off layer to the
collector plate was to be almeost constant. No past data shows a high-density
divertor plasma operation, The temperature of the scrape-off layer,
therefore, was estimated to be significantly high in the next generation
tokamaks with a heating power of around 100MW evaluating from the old simple
empirical scaling law for the scrape-off plasmas.

The high-density and low-temperature divertor plasmas were cbserved in
Doublet III experiments with a single-null poloidal configuration as shown in
Fig.1.2.1-1 for the first time [NAGBMI:1,21. Their parameters are in a quite
new regime different from the past divertor plasmas, and they have several
interesting features beneficial to impurity control by the divertor concept
[SHIMADA:5] . '

(1) The density in the divertor region increases nenlinearly with a density
increase of the main plasma [NAGAMI:2], The density near the collector
plate increases to the order of 1020m~3 (Fig.1.2.1-2) [SENGOKU:1,2]}.

(2) The high-density near the collector plate reduces the divertor plasma
temperature there below 10eV (Fig.1.2.1-3) [SENGOKU:21.

{3) Radiation losses from the divertor regleon also increase with changes in
the density and temperature (Fig.1.2.1-4) [SHIMADA:6, MAENO:1, MIYA:1].
They reduce the input power to the collector plate.

(3) Along with the changes in the divertor plasma parameters, neutral
hydrogen gas pressures were also observed to be remarkabkly enhanced

(Fig.1.2.1-5) [SHIMADA: 1].

(4) Changing magnetic configurations from limiter to divertor operation,
congiderable impurity reduction in the main plasmas were attained by the
divertor operation [NAGAMI:2, SHIMADA:6]. Especially, the reduction in
metal impurities is okserved to be remarkable (FIg.1.2.1-6).

{5) Even in NBI heated discharges, similar phenomena to Joule heating were
obtained [SENGOKU:2, SHIMADA:9, YOKOMIZO:1l.

(6) The high-density divertor operation 1s compatible with the so~called
H-mcde discharges with good confinement time,

The high-density, low-temperature divertor plasma is caused by highly
recycling particles in the divertor chamber, and the high recycling divertor
concept have great advantages for impurity control, The low plasma
temperature near the collectcr plate could results in significant reduction in
an amount of released impurity from it., The high density plasma, moreover,
could really be effective in avoiding penetration of released impurities from
the plate. The strong radiation in the divertor chamber could also certainly
case difficulties in the heat removal of the collector plate. The pumping
regquirement for Thelium ash could also be reduced by the neutral gas
cempression around the divertor plasma.

From those favorable experimental results, it may be concluded that the
high recycling divertcr concept has some more credible features for impurity
controel than the conventicnal divertor and other impurity control concepts at
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present.
1.2.1.2 Credibility of high recycling in open geometry

The magnetic configuration cf the single-null poloidal divertor realized
in +the Doublet III experiments is significantly different from the
conventional diverter, as shown in Fig.1.2.1-1. The divertor has ne narrow
throat between the divertor region and the main plasma, and hence has no
specific divertor rcom separated from the main plasma chamber, and then it is
called as an cpen-type divertor. The open divertor configuration of INTOR
results from exterior poloidal coils to toroidal coils. The diverter
configuration of the Doublet IIT device is guite similar to the single-null
poloidal diverter of the present INTCR design, and results of controlability
for impurities on the Doublet IIX experiments are significantly useful for
INTCR operation.

A key peint of the high recycling cperation in the copen divertor concept
is whether most of neutral particles reemitted from the ccllector plate can be
ionized in the divertor chamber and not return to the main plasma region and
cause an amplification of a particle flow to the collector plate. Hence, it
seems crucial to narrow the gap between the scrape-off edge and the divertor
wall at the divertor throat, because in a case of a wide gap neutral particles
can easily pass without ionization and charge exchange reacticns. The wvacuum
chamber of the Doublet III device fortunately has a dent on the outboard wall
at the midplane, as shown in Fig.l.2.1-1, which seems to prevent neutral
particles from going to the main plasma and is considered to play an important
role in obtaining the high recycling divertor. On the inboard side, magnetic
field lines run almost parallel to the inboard wall and the gap between the
wall and the scrape-off plasma edge becomes significantly narrow. Those facts
are thought to lead te that the neutral particles can not go far away from the
collector plate [NAGAMI:2, SHIMADA:4].

No data is reported so far from Doublet TII on what configuration is
offective to the high recycling divertor and on what is the allowable width
for the gap. The Doublet III experimental results, however, suggest at least
that the open-type divertor concept could have big potential for impurity
contrelability as mentioned previously, if neutral particles released from the
collector plate are sufficiently impeded by making the gap narrow between the
scrape-off plasma edge and the wall.

1.2.1.3 Plasma edge conditions in the "H-mode"

Discharges, a confinement time of which does not degrade with increasing
a heating power and almost same as in Joule heating (H-mode), seem to be
strongly associated with the divertor operation so far. The H~mode discharges
can be attained with operating a divertor in the Dcublet III experiments

[NAGAMT:5,6] . All divertor configurations do not always lead to the H-mode
discharges 1in the Doublet ZITIL. Some fine adjustments of the magnetic
configuratien 1is necessary for obtaining the B-mode, especially at the
divertor region. Tt seems crucial for the H-mode operation that neutral

particies should be confined in the divertor chamber and their effects should
be minimized on the scrape-off layer arcund the main plasma as shown in
Fig.1.2.1-7,

The H-mode obtained in the Doublet III discharges is somewhat different
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from ASDEX, i.e. no clear-cut changes from the H-mode to the L-mode (degraded
confinement diccharges) has not been observed so far. Confinement time
broadly spreads in a range from the H-mode +to the L-mode. Superficial
differences between the H- and L-modes have been observed mainly in the
scrape-off plasmas in Doublet III. The H-mode discharges have fairly low
recycling in the scrape-off layer around the main plasma, and an substantial
increase of its temperature and a slight decrease in its density have bkeen
measured there [KOBAYASHI:1], No sufficient understanding on a relation
between the H-mode and the divertor operation has not been established yet.
at least, no H-mode discharge has been obtained with a limiter operation with
gas puffing, and the Doublet III experiments evidently suggest importance of a
contrel of the scrape-cff plasmas arcund the main plasma by the divertor
operation.

1.2.1.4 Impurity transport

Changing from a limiter operation to a divertor, impurities in the main
plasma are decreased and their radiations also drop. In the high recycling
divertor operation, metal impurities significantly decrease in Doublet TIII, as
shown in Fig.1.2.1-6[NAGAMI:3). The fact may be explained by that the metal
impurities are released mainly from the collector plate and that they are
reduced with decreased plasma temperatures near the cellector plate and
moreover released impurities could be forced to return back by effects of
pre-sheath electric field and frictional forces of particle flows to the
plate. ©On the contrary, light impurities such as oxygen and carbon decrease
moderately even in the high recycling divertor operation, This may be
understood in a way that most of light impurities are originated from the
First wall and that screening effects for them have not clear differences
between the limiter and divertor discharges.

The impurity +transport in the divertor region was intensively
investigated in DIVA, the conventional divertor, which was already assessed in
the Zero Phase. Scarce informations on the impurity transport, however, have
heen obtained so far in the Doublet III high recycliing divertor, Urgent
studies in this area are strongly needed,

1.2.1.5 Power balance

The high recycling divertor obtained in the Doublet ITI experiments can
be partly characterized with their high radiation losses from the divertor
chamber. In Joule heating experiments, about a half of the input power is
radiated in the divertor chamber for the high recycling divertor operation, as
shown in Fig.1.2.1-4 [SHIMADA:6, NAGAMI:4]. NBI heated discharges are also
cbserved to radiate a considerable part of the heating power in the
high-density, low-temperature divertoxr cperation. Those radiation losses of
course reduce the heat load to the collector plate significantly [YCKOMIZO:1,
SHIMADA:81.

Understanding on the main cause of the high radiation loss is a key
factor for reducticn of a heat load to the collectcr plate and no definite
answer has been gobt yet. Radiation losses by hydrogen and light impurities
are considered to be plausible candidates to explain the Doublet TIII
experiments [SHIMADA:6].
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1.2.1.6 Gas pumping from divertor

For helium exhaust in reactor relevant plasmas, essential are the
confinement time of helium ions in the main plasma, transport of helium in the

scrape-off layer, and behaviours of helium gas in the divertor chamber, 1In
the Doublet III experiments, neutral gas fuel is observed to be compressed
remarkably in the divertor chamber as shown in Fig.l.2.1-5, Helium gas

pressure is alsc observed to increase just as the same way as [uel gas, when a
small amount of helium gas is injected during a discharge. It means that most
helium particles also recycle in the divertor chamber just like hydrogen
particles [SHIMADA:2].

There is no informaticn on behavicurs of helium ions in the main plasma.
Metal impurity ions, however, were measured and some analyses have been
developed lately [HIRAYAMA:1,2]. Tt discloses that metal ions can be
explained by the almost same transport as hydrogen ions.

1.2.1.7 Scrape-off and divertor plasma transport

Blasma transport in both a scrape-off layer and a followed divertor
chamber play a key role in what parameters the scrape-off laver gets and how
the released impurities behave. In particular, in the high recycling divertor
a flow velocity of the scrape-cff layer around the main plasma is observed to
be considerably slow [SENGOKU:2]. The screening effect of the scrape-off
plasma for impurities released from the first wall cculd become weak in such a
case, and contaminaticn of the main plasma is considered to be unavoidable.

In the ‘high recycling diverter in Doublet ITI, the guantity of
impurities is significantly reduced compared with discharges with a
low-density divertor and the limiter, as mentioned above. Those facts
indicate that the impurity transport in the high-density divertor plasma may
not at least drastically change from other density regimes, i.e. it may be
estimated that no severe impurity c¢logging, impeding impurities in the
scrape-off layer from flowing into the divertor chamber, could occur in the
high recycling divertor plasma. TIn any way no detail information has not been
obtained yet in the Doublet ITI experiments. Further intensive studies are
required on the scrape-off and divertor transport.
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Fig.i.2.1-1 The single-null polocidal divertor equilibria can be cbtained as a
simple modification of a D-shaped plasma.
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Fig.1.2.1-4 Power balance of diverted discharges of Ip=500kA.
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1.2.2 Divertor modelling and validation
1.2.2.1 Two dimensional modelling of divertor plasma

Poloidal divertor scheme has been adopted as the most reliable control
measure for impurities including helium ash through d&iscussions during the
past four years on the INTOR workshop [1-3]. Experimental [4-6] and
theoretical studies [7-10] have strongly suggested a pessibility of cold and
dense divertor plasmas that couid lead to reducticn of sputtering erosion and
heat load on the divertor plate and to improvement of the helium pumping

efficiency.

In order to discuss the possibility of the cold and dense divertor
operation, a two dimensional program for the divertor plasma and neutral
particles has been developed, The divertor plasma is strongly influenced by
the neutral particles emitted from the divertor plate and traversing the
divertor chamber through ionization and charge exchange reactions. Therefore,
a self-censistent modelling is necessary for the description of the divertor
plasma and neutral particles, The divertor plasma is described by the Fluid
equations and the neutral particle transport in the divertocr chamber is solved
by the Monte Carlo simulation. The interactions between the divertor plasma
and neutral particles are self-consistently solved by an iterative procedure,

The two dimensicnal flow of the divertor plasma is described by the
particle, mementum and energy conservation eguations aleong the magnetic field
line [10] as follows:
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+ 5;'[5-Te(x’z) Dl ax + Kel ax ] '
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where the coordinates along and across the diverter throat ars dencted by =
and x, respectively. The symbol used here are explained as follows:

fK,Z(K=D'T and He) : ion fluxes for D, T and He particles in the z-direction,

fZ total ien flux in the z-directiomn,

nK(K=D,T and He) : ion densities for P, T and He particles,

np total ion density,

n, ¢ electron density,

Vv, : 1on flow velocity along the field line,

v, ion flow velocity in the z-direction,

U iz mpV 2 (mp: average ion mass),

Te : electron temperature,

Ti ion temperature,

Pe electron pressure,

A, ° electron conduction heat flux in the z-direction,

qiz . ion conduction heat flux in the z-direction,

Pei collisional energy transfer between electrons and ions,

SK' SP, SEe' SEi : plasma source Ior the ionization and charge exchange of
the neutrals,

PR +  radiation loss term,

D : perpendicular diffusicn coefficient,

Ke : perpendicular heat conductivity for electrons,

Ki : perpendicular heat conductivity for ions.

Part of the boundary cenditions to sclve the fluid equations are given
at the divertor throat entrance as the incoming particle £luxes fg,7(x,0), the
total heat fluxes Qror(x,0) and the ratic of the electren to ion temperature
in crder to describe the linkage to the main plasma. The rest of the boundary
conditicns is imposed by the sheath electric field which is formed in front of
the divertor plate, Z=L:

U(x,L) = = [ 2T (x,L) + T.(x,1) 1
2 p e i

Q (XrL) = Y T (X,L)fZ(X,L) r

TOT TOT e

The plasma sources Sg,Ns Sp, Sge and Sgj are caleculated with the use of the
Monte Carle simulation for the neutral particle transport, where the following
physical processes are included: ZiZconization and charge exchange of the atoms,
dissociation cof hydrogen molecules and reflection of atoms at divertor chamber
walls [11!.
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1.2.2.2 Comparisons between the numerical results and experiments

The experimental studies of the divertor plasmas have been made on the
several tokamaks as stimulated by the development of tokamak reactors such as
INTOR. The experiments have indicated important characteristics as follows:

(a) formation of high density and low temperature plasmas,

(b) strong radiative cooling of the divertor plasmas, and

(¢) nonlinear dependence of the divertor plasma density on the main plasma
density. '

The numerical simulatiocn kased on the model presented in the previocus section
was compared with the Doublet IIT experiments under 1 MW NBI heating, The
main features of the D-III experiments were shown to be successfully

reproduced. (See Appendix i)
1.2.2.3 Simplified divertor model

The numerical simulation gives the dual agquilibrium solutions of the
divertor plasma in the limited range of the icn flux entering the diverter,
The origin of the dual solutions can be explained by a simplified modelling of
the neutral particle recycling in the divertor plasma in the following.

The incident ion flux at the divertor throat, Fg {(0), is amplified to
the ion flux at the divertor plate, Fp (L), The ion flux amplification
defined by R:FE(L)/FE (0) is determined by the trapping efficiency, T, of the
neutral particles in the divertor plasma as follows:

no L

1-7

A gross particle balance in the divertor gives the following relationship.

L b
n = 11 - goexp(AE o1 - nescexp(-;\J_)]

The first bracketed term in the last equation is the probability for a neutral
particle to be reionized when it moves back to the main plasma region through
the divertor plasma. The factor exp(—b/AJ_} in the second bracketed term is
the probability for a neutral particle to flow out of the divertor plasma
across the divertor channel, and Tlege is the probability for a neutral
particle emerging from the divertor plasma to escape from the diverter
chamber. The mean free paths of the neutral particles Kg and A, can be
expressed as functions of the ion flux amplification, R. Therefore, the ion
flux amplification R can be determined from the last equation. The electron
density and temperature in front of the plate can also be expressed as
functions of R. The solutions of the last squatiocn can explain the existence
of the dual solutions as described in detail in Appendix Z.
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1.2.3 Predictive modelling of single-null poloidal divertor for the high
recycling regime

1.2.3.1 High recycling regime

The characteristics of the divertor plasma would strongly depend on the
main plasma state, i.e. on the particle and heat fluxes fiowing from the main
plasma into the divertor throat entrance. Therefore, the electron density and
temperature near the divertor plate are calculated as a function of the
incoming ion flux and heat flux, as shown in Figs.1.2.3.2 and 1.2.3.3.

The divertor configuration is simply modified as shown in Fig. 1.2.3.1
where the divertor throat length from the null point of the poleoidal field is
set to 50 cm. The distributions of the incoming ion flux and heat flux at the
divertor throat entrance are assumed to have an exponential distribution where
the e-folding distances are 7 cm, since the e-folding distance of the
scrape-off plasma, around 3 cm on the main plasma edge, expands, by a factor
of about 3, going from the main plasma edge to the divertcr throat.

Figure 1.2.3.2 shows the relation between the peak electron density at
the divertor plate and the inceming ion fluxes for the case of the incoming
heat flux of 6, 24 and 40 MW, It should be noted that the electron density
rapidly increases to a level of 1014/cm3 with the increased incoming ion flux.
As shown in Fig. 1.2.3.3, the corresponding electron temperature decreases to
less than 10 eV. In this study, the effective pumping speed for the helium
neutrals is set to a rather high value of 2.5x105 1/s ccmpared with the
pumping speed required for the helium ash removal. Higher pumping speed would
result in lower ion flux amplification that leads +to the lower electron
density and higher electron temperature near the divertor plate. In order to
assure the feasibility of the cool and dense divertor operation in INTOR, it
is necessary toc discuss the divertor operation under the higher pumping speed
possible for the INTOR divertor cperation, It should be remarked that the
cool and dense divertor plasma can be obtained even for the rather low ion
flux of 1022/s that corresponds to a very long particle confinement time of
1.7 s for the INTOR standard operation parameters.

The two dimensional distributions of the ion flux in the z-direction and
the electron density and temperature are shown in Figs. 1.2.3.4, 5 and &,
respectively, for the case of the incoming ion flux 3x4022/s and the pumping
speed 2.5x10% 1/s. Bs shown in Fig. 1.2.3.4, the ion flux is amplified, by a
Factor of about 100, from the divertor throat entrance z=0 cm to the divertor
plate =z=50 cm. It can be seen from Fig. 1.2.3.5 that the electron density
increases from 6x1013/cm3 at the divertorthroat to about 5x1014/cm3 at the
divertor plate. The electron density 6x1013/cm3 at the divertor throat could
be compatible with the edge density of the main plasma, i.e. the solution of
the divertor plasma could be smoothly connected with the main plasma
gscrape-off layer. The electron temperature varies from about 50 eV at the
divertor throat entrance down to less than 10 eV near the divertor plate.
These cold plasma layer formed in front of the divertor plate could protect
the divertor plate from the sputtering erosion by ions, From these
viewpoints, the typical sclution shown in Fig. 1.2.3.4, 5 and 6 1is selected as
the standard parameters for the design of the divertor chamber.

Total loss powers from the divertor plasma increase with the increased
ion flux as illustrated in Fig. 1.2.3.7 and reach about 50% of the incoming
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heat flux at the particle confinement time of about 1 s. The large total loss
power 1is mainly due to the radiation loss from the recycling hydrogen
neutrals, it is cbviously found in Fig. 1.2.3.7 that the fracticn of the
total loss power slightly depends on the incoming heat flux. The fraction of
the radiation power depends mainly on the electren temperature. The weak
dependence of the loss power fraction can be explained by the fact that the
electron temperature depends weakly on the incoming heat flux,

The power balance of the divertor plasma and neutral particles is shown
in Fig. 1.2.3.8 for the standard divertor parameters, 0=40 MW and I=3x1022/s,
The total incoming heat flux of 40 MW is carried by the electrons, ions,
neutral particles and radiations, and finally ebsorbed on the inside wall of
the divertor chamber and on the first wall. The heat load on the divertor
plate is found to be reduced by a factor of 2 due to the dissipation of the
heat flux by the radiations and neutral particles,

1.2.3.2 Impurity control

We have indicated that there exists a possiblity for a dense and cold
divertor plasma near the neutralizer plate by using the detail numerical code
in the previous section. More investigaticns are required before we conclude,
since the characteristic feature of divertor plasma may dJdepend on other
parameters, for examples, the ratio of the poleidal to toroidal magnetic field
Bp/Br, perpendicular diffusion and rhermal conduction coefficients and the
widths of incoming ion and heat flux spatial profiles,

The used parameters are classified into four cases,

It
Il

Case I : D, X4 0 ., Bp/Br = 0.1

Case II : D X1 0, Bp/Br = C.15

104 cmz/sec, X,(z) = 2D, (z), Bp/Bp = 0.13

Case IIT: D, (=z)

104 cmz/sec, Xy(z)y = 2D, (2], Bp/BT = 0.1

Case IV : D, (2}

Other parameters are the same as designated in all the cases., The hydrogen
line radiation is included, but the radiation due to impurities and the
multi~step iconization process are not included yet, Two dimensional profiles
of electron temperature and density are investigated again but no significant
change appears. The electron temperature near the neutralizer plate becomes
very low (below 10 eV) and the density very high (order of 1014 cm—3). Thesea
indicate that one can attain the low temperature and high density plasmas neax
the plate with the Dbenchmark parameters. Diffusion and thermal conduction
processes cause no remarkable differences between Case I and Case IIX
qualitatively. If the ratio Bp/Br becomes iarge from 0.1 to 0,15 for Cases I
and II, the electron density at the plate decreases and the electron
temperature increases. According to a broad range of parameter survey, the
e~-felding lengthes of the distributions of the incoming ion and or heat fluxes
may have meore effects rather than +he diffusion and the thermal conduction
processes in the divertor chamber for the range of D< 52103 cmd/sec. We
cannct find any gqualitative difference as concerns the radiation loss and
power flow.
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Here we examine in detail the characteristic feature of the eguilibrium
soiutions of the divertor plasma by the numerical code, There exists a single
equilibrium seolution in the low range of the incoming ion flux, where the
plasma density is sufficiently low (we call it lower solution). Another
solution (upper solution) can be obtained, the value of which jumps at some
incoming ion flux as the incoming ion flux becomes large. The latter solution
is a high density and low temperature one. These features are clearly
explained elsewhere [1] together with the simple analytic model develeoped in
§1.2.2.3. The low temperature below 10 eV is confirmed by both the numerical
code and the simple divertcr plasma model.

Neverthless, a quantitative problem, 1i.e. whether more than 10 eV or
less than 10 eV, is left. The difference in the temperature was estimated to
be caused from difference in a width of incoming power flow into the divertor
region. A breoad profile assumed could lead to the low temperature plasma,
less than 10 ev, near the divertor plate. To check the above guess, a
divertor with a narrow width of a incoming power flux is investigated by a
model based on 2D plasma transport and Mecnte-Carle transport of neutrals
within a divertor. 2 divertor gecmetry used is a rectangular chamber, as
shown in Fig. 1.2.3.9. The peak values of density and temperature near the
neutralizer plate are shown in Figs. 1.2.3.10 and 11, which also include the
previous results with the broad profile, The low temperature below 10 eV is
obtained.

The reason of the difference in temperatures (more than 10 eV or less
than 10 eV) is nct clear. Only the narrow power profile can not explain the
difference. Some combined effects with it could be impertant for the peak
temperature to go above 10 eV.

1.2.3.3 Pumping of helium

For a steady-state operation of the INTCR, accumulation of the helium
ash in the main plasma should be reduced to less than 5% of the plasma
density. For this purpcse, the helium neutrals must be evacuated through the
exhaust systems at the production rate of the helium ions in the main plasma,

T@ Therefore, the following relation must he satisfied from the particle
balance:
N,
_— T - =
N, (1 fbf) Fu !
i
- Ty Ny -1
e =TT W
i

where fpf is the backflow fraction of the helium which is defined as the ratio
of the helium neutral flux returning to the main plasma to the incoming helium
ion flux. The above equation yields the helium backflow fracticn 0.86 Iin
order to keep the 5% concentration of the helium ash in the main plasma for
the case of the TNTOR standard parameters and I=3x1022/s,

on the other hand, the relation between the helium backflow fraction fpf
and the effective conductance Ceff is obtained by the numerical calculation as
shown in Fig. 1.2.3.12. The helium backflow fractien (0,886 1is found in Fig.
1.2.3.12 to correspond to the effective cenductance of about 2x10%4 1/s which



JAERI-M 85-074

could ease the R and D needs for the exhausting systems.

If the effects of BP/BT, p, and X, are taken intc account, the
results become as follows. For Case I, we have already reported the value of
2x10%4 1/sec for the required pumping speed, where the self consistent
procedure was taken., There will be no significant difference in the required
pumping speed for Case I and III.

1.2.3.4 Optimization of geometry

A possibility of the formaticn of dense and ceold diverter plasma relies
on not only the inccoming ion and heat fluxes but alsco the divertor geometry.
We have done the parameter survey for various geometries [1]. The essential
parameters of geometrical dependence are the throat length L and void width d
if the width of the plasma region is the same., We oxpress the geometrical
characteristics by the terms, close-standard-open. We have concentrated on
the standard geometry (L=50 cm and d=5 cm) scC far, We will change L and d,
The term, close, 1s used when the throat length L is long and/or the vold
width d is narrow. On the other hand, the term, open, is used when L is short
and/or d is wide.

Wwe will discuss the formation of dense and cold divertor plasma from two
points of views, that is, the plasma temperature near the plate and the
required pumping speed. In both close, standard and copen geometries, the low
temperature solution below 106 eV can be obtained. However the range of
incoming ion flux, I, that stable dense and cold solution exists changes
depending on the incoming heat £lux, Q. As the geometry becomes open and/or
the incoming heat flux becomes large, such range becomes higher. When Q=40 MW
in open geometry (L=3d=25 cm), such range is above 7x1022/s. In the case of
Q=24 MW, such range is above 5x1022/s., A single sclution is obtained in the
whole range as a function of incoming ion flux in the case cf Q=6 MW, where
Te < 10 eV in the range I >»3x1022/s. When Q=24 MW in the standard geometry
(L=50 cm and &=5 cm), such range is above 2x1022/s. As the geometry beccmes
close, the lower limit that stable dense and cold soluticon exists decreases.
It depends on the particle confinement time in the main plasma what range the
incoming ilon flux I exists on.

The throat length and the woid width are also limited by the reqguired
pumping speed. In the standard gecmetry, the reqguired pumping speed becomes
105 1/s from the relation between the neutral helium density at the evacuating
duct by the numerical code and the required helium density to exhaust same
number of helium particles as being produced. In the open geometry, when I is
in the range 2x1022/s < T <4x1022/s, the serious erosion problem of the plate
can well be mitigated by achieving the upper soluticn, whereas the helium ash
exhaust may be difficult even by the guite large pumping speed of 5x105 1/s.

1.2.3.5 Conclusiens

The divertor operating condition for INTOR was investigated based on the
two dimensional program, scolving consistently the divertor plasma and neutral
particles. Simple analytic model is also developed to clarify the dual
structure of the sclution of the numerical code. The numerical results
strongly suggest that the cold plasma layer less than 10 eV could be produced
in front of the divertor plate, provided that the particle confinement time of
the main plasma is shorter than 1.7 s. The evaluation of the backflow
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fraction of the neutrals indicated the low effective pumping speed of about
2x104 1/s to keep the 5% concentration of the helium ash in the main plasma,.
When the void margin is taken intoc account, however, the reqguired pumping
speed should be 105 1/s from the relation between the neutral helium density
at the evacuating duct by the numerical code and the required helium density
to exhaust same number of helium particles as being produced in the main
plasma [1]. These low temperature and the reguired pumping speed conditions
indicate that the divertor throat length should be about 50 cm and the wvoid

width be 3 ~25 cm.

The sputtering erosion of the divertor plate and the other inside wall
of the divertor seems not tc be serious problem, since the electron
temperature could be reduced to less than 10 eV near the divertor plate.

References

[1] M. Sugihara, S. Saito, $. Hitoki and N, Fujisawa, J. Nucl, Mater,
128-129 (1984) 1li4.
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function of the incoming ion flux. The calculated results are
shown for the incoming heat fluxes of 6, 24 and 40 MW.
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1,2.4 Impact upon INTOR design concept

5.2.4.1 Height of divetor chamber

One of the major penalties cof using a poloidal divertor instead of a
pumped limiter is the greater volume inside the vacuum vessel required by the
divertor chamber compared to & pump limiter. The current INTOR divertor
design calls for a relatively short divertor like the Doublet III divertor,
compared to a conventional divertor of the DIVA type. HNonetheless, the volume
required is still large and it would be advantageous to further reduce the
size of the divertor chamber.

The modelling results indicate that the high recycling regicn 1is
localized very near {10-20 cm) the neutralizer plate. The density and
temperature gradients are localized in the recycling region. The size of this
region is determined by the meanfree path of neutral hydrcgen formed at the
neutralizer plate. For Te ~ 10 eV, ng~ 1020 m-3, the meanfree path for
ionization is less than 7 cm for 30 eV D°. Molecules have much shorter mean
free paths. Furthermore, experiments on Doublet III show that the electron
temperature drops from 35 eV to 8 eV along the separatrix within 13 c¢m of the
plate (in the poloidal cross section). Probe measurements on Doublet III also
indicate that relatively little plasma flows radially across the separatrix
after the plasma flows by the X point. The measured scrape-off distances are
much shorter on the inside of the separatrix than on the outside, Thus the
region between the two separatrixes past the X point has little or no plasma,
and does not play a large role in the recycling of plasma near the divertor
plates. It should be feasible to reduce the distance between the separatrix
and the divertor plates from the current design value of 1 meter to 50
centimeters or less and still retain the advantages of high recycling with a
low temperature and high density near the plate. The advantages of a short
divertor configuration would be

1} smaller divertor chamber,

2)  reduced peak heat load on the plate since the flux surface expansion

is greatest at the X point, and

3} divertor c¢oil closer to X point.

The disadvantage would be a possible increase in the risks of impurity
production and contamination.

If a significantly shorteded divertor is feasible, the diverter would
become more competitive with the pumped limiter in cost, while offering better
impurity and particle control capability than the pumped limiter, Here, the
feasibility of shortening the divertor 1is assessed.

The dependence of formation cof cold and dense divertor plasmas on
divertor geomeyry is studied in the previous sectiocn 1.2.3, where a simple
analytic model is used to perform a wide range of a parameter survey, although
the region analyzed is limited to a divertor chamber. In the previous
section, some results of the short divertor is also discussed by a more
developed meodelling, which can describe the main and divertor plasmas
consistently. From those studies, some results are described here on the
short divertor.

1) The divertor geometry has two key parameters, the length of a divertor

chamber and the width of the void between the divertor plasma edge and
the wall surface, as shown in Fig. 1.2.4.1-1. They influence the



3)

4)

5)

Fig.
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characteristics of the divertor plasmas, featured by three equilibrium
states, as discussed previcusly. Shortening the chamber and widening
the void mean the more open gebmetry of the divertor.

In the open geometry, cold and dense divertor plasmas are cobserved to be
produced in a wide range of the incoming ion £flux to the divertor,
Temperatures at the plate become below 10 eV.

Even in the significantly open geometry, its length 25 cm and its void
width 25 cm, very cold and dense plasmas can be cbserved at the plate,
as shown in Fig. 1.2.4.1-2.

The key problem of the open geometry 1is that the range of the incoming
flux, where triple equilibrium states are observed, becomes wide.

If the width of the void is retained narrow, it can be predicted that
the short divertor of 50 cm length cculd produce cold and dense plasmas
at the divertor plate. Even if the width of the gap is not so narrov,
the low temperature plasmas at the plate can be obtained with some
appropriate centrols,
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1.2.4.2 Comparison of single and double null divertor

Comparative studies gn impurity control cncepts
for Fusicn Experimental Reactor (FER} at JAERI

1. Introduction

Fusicn Experimental Reactor (FER) will succeed the large tokamak JT-60
to realize ignited DT plasma and to demonstrate engineering feasibility of
fusion reactors, Synthetic comparative studies on impurity control concepts
for FER were carried out to select a reference option. Four opticns evaluated
are: (a) double null poloidal divertor (DND), {b) single null poloidal
divertor (SND), (¢) pumped limiter with medium edge temperatue (PLM), (d)
pumped limiter with lew edge temperéture using a cold mantle ({PLL). Plasma
parameters of those four options are determined by keeping plasma confinement
performance, i.e. confinement time and allowable beta wvalue,

Four reactor concepts corresponding to tbose four impurity control
options are assumed to have the following common features. The number of
teroidal field (TF) coils is 14, which satisfies a field ripple limit of 0.75
% at a plasma edge. Both toroidal and poleidal field (PF) colls are
superconducting coils with a pool boiling method. AlL PF coils are located
outside of the TF coils, A tritium breeding blanket with Liz0 as breeding
material with its breeding efficiency above unity is installed all around the
plasma column. Plasmas are heated to ignition by a hybrid heating of radio
frequency and neutral beam injection heatings, and seven heating ports are
provided at every two TF coils.

Results of the comparative stidies are summaried in Table 1.2.4.2-1. 1%
is recomended for the impurity control option for FER that the single null
divertor should be a reference option and that the dpuble null divertor and
pumped limiter with the cocld mantle should be retained as a back-up option.
Those three options will be continued to he studied from both of engincering
and physics viewpoints.

2., Comparative sutides_of physics of features

2.1 Plasma parameters

The main plasma parameters for four ocptions for impurity control are
selected so that they have same plasma performance, and are listed in Table
1.2.4.2~2. The energy confinement time is evaluated with the INTOR scaling
with some margins. The allowable beta limit is assumed to follew the
theoretical beta maximum derived from ballooning instability, and tc have some
risk, i.e., the maximum beta value is assumed to exceed the theoretical one to
some extent. All plasmas satisfy D-T ignitien.

The plasma elongation and the safety factor are set 1,5 and 2.5,
respectively. A burn time is 100 s and plasma current is inductively drived,
which is supplied by hybrid PF ccoils with their maximum field, 8 T. The
maximum experienced field of TF coils is 12 T, The width of a gap between a
separatrix surface and a first wall is assumed to be 15 cm on a midplane of
both of inboard and ocutboard sides for the DND opticn, and to ke 15 cm at
cutbecard and 30 cm at inboard for the SND and two limiter cptions. Plasma
with a cold mantle are also assumed to have a layer with its width 20 cm
inside a separatrix.
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2.2 Physics data bases

Impurity control

A divertor configuration produced with the exterior PF coils to the TF
coils is quite different from the conventional one. It is featured by a
significantly wide divertor thrcat and no particular divertor chamber, so that
it is called an open-type divertor. The divertor obtained in the Doublet IIT
device iz just an open-type cne, and the results from it provide important
data bases for a design of next tokamaks. The data bases of the open-type
divertor are well assessed in the INTOR Workshep, Phase 2A (Part 2Z). The most
remarkable feature, different from the conventional type, is a dense and cold
plasmas fromed in front of the divertor plate. The dense and cold divertor
plasma brings about several advantages to impurity control such as quite low
sputtering erosion of a diverteor plate which directly results in reduction of
metal impurities in the main plasma, neutral gas compression near the plate
which reduces the pumping reguirement, coexistence with the so-called H-mode
discharges, enhanced radiation in the divertor region which leads to reduction
of heat load tc the plate, Such a dense and cold divertor plasma 1is
demonstrated to be reproduced in a FER divertor operation by an computational
code, which can of course well explain the present divertor experiments.

A pumped limiter with medium temperature was studied in the INTOR
workshop, Phase 2A (Part 1}, It is found that limiter material is limited to
low—-7 and therefore its erosion becomes guite large, Then, behaviors of
impurities have a key role in a physics aspect. At present impurity transport
is uncertain and credible impurity control is an open question.

The pumped limiter with a ceold mantle is an attractive opticon, which
brings a lot of engineering advantages and could survive in future tokamak
reactors. A present problem is, same as the pumped limiter without a cold
mantle, uncertaity in impurity behaviors in plasma.

Beta limit

Theoretical studies on a beta limit due to ballconing instabilities show
that a trianglar deformation of a plasma cross secticn is advantageocus in
increasing beta limit. in a elongated D-shaped plasma configuration,
enhancement of the triangularity induces proximity of a magnetic null point to
a plasma boundary. For limiter configurations and single null divertor,
therefore, their triangularities must be moderate. On the other hand, the
double null configuration can increase its deformation and attain slightly
higher beta wvalue than other three options, although the enhancement of
triengularity needs larger currents of PF coils.

3. Comparative studies of engineering features

Comparative studies of engineering features for four impurity control
options are conducted as qualitatively as possible to elucidate engineering
gains and losses. The results are summarized in Table 1.2.4.2-3. Some
details of engineering comparative studies are in a referencel13th SOFT (Sep.,
1¢84, Italy) 5P031.
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Table 1.2.4.2-2

JAERI-M 85-074

Main plasma parameters of Reference and Alternative design

Double Null|Single Null] Pumped Pumped
Divertor Divertor Limiter Limiter
(DND) (SND) (PLM) (PLL)
Plasma major radius (m) 5.5 5.72 6.01
Plasma minor radius (m) 1.1 1.17 1.46°
Aspect ratio 5.0 4.89 4,12
Plasma elongation 1.5 1.5 1.5
Plasma triangularity > 0.2 z 0.2 z 0.2
First wall radius (m) 1.25 1.395 1.685
. Same as
Average ion temperature(keV) 10 10 single null 10
Average ion density (m) 1.36 1.28 divertor 1.19
Toroidal fiels . 5.7 548 5.9
on plasma axis (T)
Peak thermonuclear
power W) 440 458 480
#
Plasma current (MA) 5.3 5.54 5.8
*
Safety factor 2.9 2.5 2.5
Toroidal B (%) 4.0 4.1 4.1
Poloidal B 2.28 2.18 2.08
Note Parameters are determined keeping equality of plasma confinement

performance.

%) Plasma cold layer is excluded.

Current in cold layer is neglected.

+)} Cold layer (0.2 m) is included.

Plasma confinement performance 1is evaluated for plasma minor

radius of 1.26 m.
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1.3 Limiter
1.3.1 Experimental data base for limiters
1.3.1.1 TImpurity control

Impurities in the tokamak plasma are classified into two groups, i.e.
light and metal impurities. Light impurities can be reduced in the JFT-2 and
-2M tokamaks by baking, low-power discharge cleaning (TDCY of the wall with
hydrogen and titanium flashing, Dominant light impurity was oxygen and its
level was 1-5 %.

In advanced tokamaks, the TDC will be confronted with the difficulties
such as thermal stress of the first wall, a high operation cost and influences
on superconductor coils, In order to overcome the difficulties of TDC,
electron cycroton resonance discharge (ECR-DC) cleaning has been tested [1].
High power continuous wave magnetrons are available in the 2450 and 915 MHz
band, and we demonstrated the possibility of a low operation cost. A
microwave (2.45 GHz, 2 %W CW) was supplied from a magnetron oscillator.
Comparison between the cleaning effect of the ECR-DC and TDC showed that both
cleaning methods have similar cleaning effect. This shows that ECR-DC is
applicable to advanced tokamaks.

The crigin of metal impurities in tokamaks is generally considered to be
due to three different types of wall interacticn, i.e. arcing, evaporation and
sputtering.

Arcing phenomena occur on the first wall in nonegquiliblium phases such
as the current rise and shut down phases as well as plasme disruption ([2-7].
The most probable cause of unipclar arcing in tokamaks is that run away
electrons increase the sheath potential between the wall surfaces and the
non-equiliblium dense plasma in the scrape-off plasma, and produce the arcs,
Unipolar arcing will hardly occur during the steady state even in future large
rokamaks, 1f the first wall is well conditioned and the heat flux to the wall

is kept below 500 W/cmé [&].

Evaporation due to the heat flux from the plasma does not constitute a
mechanism of metal impurity production in normal discharges [8].

Sputtering is the dominant process in the stedy state of the JFT-2
tokamak. The energy E of the charged particle is given as,

E = Tig + 3Tegd ,

where Teg and Tig are electron and lon temperatures of the scrape-off plasma,
and Z is charge number of the lon., To reduce the amount of metal impurities
released from the wall by sputtering, Tes and Z of the scrape-off plasma must
be kept low. Metal impurity can be reduced by Ti gettering [9,10], gas
puffing [10] and use of graphite limiter [11]., Metal impurity level was about
{0.1-0.2) % even in neutral beam injection heating,

Light impurities (mainly oxygen) and their radiation loss were reduced
by 1/3 - 1/10 with Ti gettering and simultaneously metal impurities were then
reduced by about the same factor as shown in Tab, 1.3.1-1 [10]. It has to be
noted that the T.g was almost the same in twe cases; with and without Ti

— 43—



JAERI-M 85-074

gettering. Figure 1,3.1-1 shows the Tgg was varied by adjusting the injection
rate of working gas (Hp). At a higher injecticn rate, as the electron density
rise up and the increase of the radiation loss was followed, the Tgg was
reduced to about half and the Mo density was also reduced. In contrast, at a
lower injection rate the Teg increased a little and Mo density also increased,
These results confirm that the reduction of Teg and Z results in the reduction
of metal impurities.

Spatial behavior of emission from iren impurities with the different
ionic charge is obtained in the JFT-2 discharges with neutral beam injection,
Their concentration is in the range 1010 - 1011 atoms c¢m-3 and the impurity
level is low. Figure 1.3.1-2 shows the Abel-inverted spatial distributions of
the density of Fel7t, Feld+ and Fe9+ ions in the ground state at 100, 115, 120
and 130 ms (beam is injected at 100 ms) [12]. In co-injection, the population
density of Fel7* ion indicates a gradual increase with time (a factor of 1.7},

and its profile is shallow-hollow during injection. The profile of Fe9+ ion
becomes broad after injection, but the density at the peak changes siightly.
The total number of this ion only indicates the increase of 33-37 %. In

counter-injection, the population .density of ¥217+ icn near the plasma center
(r<5 cm) at 120 ms increases tc about & times that at 100 ms, although there
are uncertainty of the BAkel-inversion near the plasma center and the assumed
profiles of the electron density ané temperature. From 120 to 135 ms, the
density is approximately constant. The time-variation of FeZt ion is similar
to that in co-injection (the increase rate of the total number of this ion 1is
about 40 %). The plasma density and population density of Fel7t are ~7x1013
and {5-10)x1010 e¢m—3, respectively, and the impurity level is (0.1-0.2} %.

i.3.,1.2 Pumping performance
No data base
1.3.1.3 Effect upon plasma confinement

It is important tc reduce radiation loss in order to obtain stable high
density plasma. In addition to the reduction of radiation loss, density
profile contrel is a key factor to improve confinement characteristics in beam
heated discharges. Good confinement and high density plasma has been cbtained
lately by using pellet injector in neutral beam injection heating [13].

The maximum attainable plasma density and plasma current in tckamaks are
limited by the plasma disruption. The radiation loss and resulting current
channel shrinkage are plausible for the cause of the plasma disruption 1[i4].
The reduction of the radiation loss results in good confinement
characteristics in the JFT-2 tokamak.

The electron thermal conductivity has been estimated from the measured
radial profiles of the electron temperature and density, and diffusion
coefficient was derived from the electrostatic density fluctuation [15]. The
estimated electron thermal conductivity has weak dependence on effective Z of
the plasma ( Xg~29-2).

A typical global energy confinement time Tg in JFT-2 is around 10 ms
in beam heated discharges with net input power Ppet of (0.3-1.7) MW and around
20 ms in Joule heated discharges. No "H-mode" was obtained in the limiter
experiment of the JFT-2 tokamak. The reasocn for "L-mode'" is as follows [16].
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Without the control of neutral gas flux, the boundary temperature
significantly rises and density clamp occurs in the neutral beam injection
heating. To overcome the density clamp intense gas puffing is necessary.
Broader density profiles are inevitably obtained, because the low temperature
neutral gases are mainly lonized at plasma boundary due to the higher boundary
electron temperature compared with the case of ohmic discharge, The higher
plasma density at the boundary region increases the deposition power near at
the boundary and thus decreases that of the plasma center, Thus the density
profile contrel is one of the key Ffactor to improve Tg in beam heated
discharges.

By using a centrifuge pellet injectors as the principal Dj fueling
source, good confinement and high density plasmas have been obtained in the
neutral beam injection heating of Doublet ITT tokamak [13]. Comparison of the
dependence on the beam power between ¢as and pellet fueled discharges are
shown in Fig., 1.3.1-3. The neutral pressure at the upper chamber and the
particle recycling at the limiter surface, as infered from the Dz emission
level, for pellet fueled discharges ares two to three times lower than those of
gas fueled discharges (Fig. 1.3.1-3{(a)}. The global energy confinement time,
Tg, obtained by diamagnetic measurement degrades in beam heated gas fueled
discharges as observed generally in present tokamaks. The confinement time is
improved 1.7 times by central fueling (pellet fueling) compared peripheral
fueling (gas fueling) discharges at 2.4 MW of beam power, however degrades
with increasing the beam power corresponding to decreasing the pellet
penetration (Fig. 1.3.1-3(p)).

1.3.1.4 Scrape-off plasma condition

Scrape-off plasma determines the energy flow of the charged particles to
the limiter and wall in tokamak. The boundary characteristics are an
important factor determining impurity generation., Particle and energy fluxes
in the scrape-off layer behind the limiter have been studied in the JFT-2
tokamak. The diffusion coefficient of the scrape-off plasma is the order of
the Bohm diffusicn coefficient.

Table 1.3.1-2 summarizes the value of the e-folding length, the electron
temperature Tgg, the diffusion coefficient D, and the safety factor for six
cases [17)1. Where, suffix 1 and 2 correspond to the regions behind the rail
(r=19.5 cm) and aparture (r=25 cm) limiters. The Bohm diffusion coefficlient
ie also shown in addition to the diffusion coefficient determined by the
e-folding length. From this we can say that Dy is the order of , but a little
larger than, the Bohm diffusicn ccefficient and Dy has a dependence of Tes/B
in the boundary regicn.

The total heat flux density gf to the rail limiter (r=19.5 cm) during a
discharge are compared between the electron and ion sides of the limiter In
Fig. 1.3.1-4 [181. They were estimated from the observations by the infrared
camera and the probe, respectively. ©On the electron side of the Llimiter, d¢
in the region -8 cm<x< 8 cm in larger in case & (ng = 1,3x1013 ¢cm—3) than in
case B (Tig = 2.8x%1013 cm=3), at x = @, gt in case A is 2.6 times that in case
B, whereas on the iocn side of the limiter g¢ is almost the same in cases A and

B. There was good correlation between heat flux density on the limiter and
®-ray emission from the limiter Iin cases A and B, This indicates the higher
heat flux on the electron side is mainly due to accelerated electrons. In

order to reduce the heat flux to the limiter, it is iImportant to operate the
higher density.
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Effect of Ti gettering on light and metal impurities [10].
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Table 1.3.1-2

Summary of e-folding length, electron temperature Teg,
diffusion coefficient, Bohm diffusien coefficient D, and
safety factor gs at the boundary region for each case, where
the sgsmall suffixes 1 and 2 denote the rail and aperture
limiter region, respectively [17].
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Case |

Case II
Case III
Case IV
Case V
Case VI

41 14 30 30 7.4x10*  37x1p 1.1x 10* 1.1x10* 43
41 1.4 30 30 7.4x10* 3.7x104 1.1x 10* 1.1x10* 43
48 14 30 30 1.0x10* 3.7x 104 1.1x10* 1.1x10* 4.3
48 14 30 30 1.0x 104 3.7 x10* 1.1x10* 1.1x10* 4.3
52 18 20 16 4.8x10* 4.5x10* 7.3x10* 5.9%x10° 8.6
7.5 42 30 35 2.5x10% 2.7x10* 2.2x10* 1.5x10¢ 43
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Radial distribution of the population density of the Fel7t,
Feldt and Fe9t ions in the ground state in (a) co- and (b)
counter-injecticons [12].
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1.3.2 Limiter modelling and validation

In the design studies [1,2], simple point model calculations have been
done to roughly determine the necessary pumping speed and the limiter
configuration. However, the performance of the helium ash exhaust crucially

depends on the particle recycling in the peripheral region of the plasma,
which cannot be treated by simple point model calculaticns. In addition, heat
load and erosion of the limiter surface are very sensitive to the radial
profiles of the particle flux and temperature in the scrape-coff layer plasma,
Thus, in order to assess correctly the necessary width ¢f limiter opening and
pumping speed for helium ash exhaust, heat load and ercosion rate of the
limiter surface, detailed power and particle balance both of fuesls and heliums
under the reacter plasma condition must be examined, The density and
temperature profiles in the scrape-off layer plasma strongly depend on the
detailed process of the particle recycling on the limiter surface, limiter
opening and the first wall. In addition, the main plasma must also be solved
to examine the helium ash accumulation and exhaust,.

neutral
aid of

Therefore, we will perform  detailed recycling calculations of
particles on the limiter surface and the first wall with the
one-dimensional tokamak transport code which calculates the transport process
in the main plasma including the scrape-off layer plasma. In the
pumped~limiter chamber, the behavior of the neutral particles is calculated
beforehand by the two-dimensional Monte-Carle code with fixed parameters of
the scrape-off layer plasma. The average energy of the neutral particles
flowing back to the main plasma from the limiter chamber calculated by the
Monte-Carleo code is used in the transport code, and the eguilibrium state both
of main and scrape-off layer plasma is cobtained.

A schematic drawing of the calculational model is shown in Fig. 1.3.2.1.
We define the separatrix line as the tangent magnetic field line with the
limiter (in contrast teo the usual separatrix line in the case cf divertor, any
magnetic null peint does not appear on it). We will assume a concentric
magnetic flux surfaces with circular plasma cress section, Pumped-limiter is
installed continuously in toroidal direction at the bottom of the plasma. We
define the length 17, which is the distance between the leading edge and the
separatrix line. We will hereafter call 1lp limiter length, while I1j is
actually the projected length of the limiter on the minor radius direction.
The 1length 17 is most important parameter for the performance of the

pumped-limiter, since the particle flux
well as the heat flux on the leading edge

Required functions and engineering
possikle contreol methods to meet them are

inte the pumped-limiter chamber as
are predominantly determined by 1p,.

requirements for pumped-limiter and
summarized in Table 1.3.2.1.
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including scrape-cff layer plasma is

Main plasma
calculated by

one~dimensicnal tokamak transport code. In pumped-limiter

chamber, neutral particle behavior 1is
two—dimensional Monte-Carlo code.

calculated by

Required function Engineering requirements Poeagible control method

1. Belifum ash exhaust minimizing pumping capacity
snd pumped ocut tritivm

o adjueting width of
iimicer opening

O sdfuating pumping

speed
2. Heat removal and minimizing hest flux and © employing suitable
, fueling method
{mpurity control erosion of limiter surfece (pellet/gas—putf)
Table 1.3.2.1 Various required functions and engineering requirements for

pumped-limiter and possible control methods to meet them,
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1.3.3 Predictive modelling

1.3.32.1 Modelling concepts

The main plasma including the scrape-off layer plasma is calculated by
+he one-dimensional tokamak transport code, in which four species of ions (I,
T, Het and Hett) are treated separately. Particles flowing onto the limiter
surface or diffusing onto the wall are also neutralized there. Some of them
are reflected and others are adsorbed and desorbed with the energy of wall
temperature. In the case of fuel particles, charge exchange reacticn exists.
Neutral fuel particles produced by charge exchange reaction collide with the
wall or the limiter surface and are also reflected or adscrbed and desorbed.
Helium ash accumulation is determined by the particle balance between the
production rate in the central regionn of the main plasma and the exhausting
rate in scrape-off layer region. The amount of pumped out fuel particle is
also determined by the incoming particle flux to the limiter chamber and the
exhausing rate. Heat load and erosion of the limiter surface and the leading
edge are determined by the ion particle flux along the field line and their
temperature., They strongly depend on the detailed particle recycling on the
limiter and the wall.

We will employ the folleowing recycling model of neutral particles on the
limiter and the first wall in the one-dimensicnal tokamak transport code.
particles colliding with the limiter and the wall are assumed toc be reflected

at the rate Ry given by [1]

¢y w%@m ) -1

R {(E, ,8) =1+ {1 - in

N in T 90°

where Ejip is the incident energy, 8 is the incident angle measured from the
normal tc the surface and

E
0 - - _in
RN (Ein)_ = -0.24 loglo(EL ) + 0.19

where Ei, is the reduced energy factor having typical valuel1] of

B, = §

on the other hand, reflected particles may have energy Eref gilven as

2990 v for D, T

6290 eV fcor He

= N RE(Ein’e ' -
= . ]
ref RN(Ein,B y Tin

whexre

a
RE(Ein'6 y =1+ {1 - 900)(R



JAERI-M 85-074

and

E
Oz 3y = A0
Ry (B, ) = -0.22 1og10(EL ) + 0.06 .

Particles which are not reflected are adsorbed and then descorbed with
the energy of wall temperature. The angle of reflected or desorbed particles
is assumed to be isotropic. Deuterium and tritium particles desorbed from the
limiter and the wall or gas-puffed are in molecular form, These molecules
will soon be dessociated, sc that we assume the energy of fuel particles
desorbed or gas-puffed to be 5 eV {Frank-Conden neutral energy;}. Recycling
rate at any point on the wall and the limiter is assumed to be unity, that is,
the total number of neutrals reentering into the plasma from these points is
egqual to the sum of the ions and charge-exchange neutrals entering into those
respective points.

The average energy of neutral particles, flowing back to the main plasma
from the pumped-limiter chamber is calculated by the two-dimensiocnal
Monte-Carlo neutral code. The neutral particle meoticns initiated at the
neutralizer plate are followed with fixed plasma parameters of the scrape-oif
layer in the limiter chamber. Neutral particles traversing the scrape—off
plasma have chances for ionization and charge exchange reactions with plasmas.

Neutral particle density in the main plasma including the scrape—-off
layer is obtained by the soluticn of the Boltzmann equation for mneutral
particles in c¢ylindrical gecmetry i2,31. We divide the limiter surface into
several meshes, and consider several velocity groups for recycling neutral
particles at each mesh point according to the recycling model. For helium
particles, the rate coefficients for charge exchange bettween helium-hydrogen
and helium-helium are smaller than that of electron impact ionizatien by about
two order of magnitude for the temperature rangs of 10-103 ev [4,5].

The average energies of fuel and helium neutral particles flowing back
to the main plasma through the opening of the 1limiter are calculated
beforehand by two-dimensional Monte-Carlo neutral code over the wide range of
plasma parameters of the scrape~off layer., We express the average energies
for fuel and helium by linear functions of the average electron temperature Te
in the limiter chamber from Fig. 1.3.3.1. By using these energies, neutral
particle transport calculation in the main plasma is recalculated 1in the
one-dimensional transport code until the consistent soluticn between - the
plasma and neutral energy are cobtained. We assume that the neutral particles
flow back to the main plasma uniformly throughout the limiter opening.

Wwe will introduce the backflow fraction R_ to denote the efficiency of
the helium ash exhaust. This is defined as s

particle flux returning back te main plasma

R =
S  particle flux flowing into the limiter chamber (= I'y

in fact, {1-Rg) denotes the efficiency of the exhaust and Rg corresponds
to the recycling rate at the opening of the pumped-limiter in the
one-dimensicnal transport code. Rg can alsc be calculated by this code as a
function of the effective pumping speed Cg at the entrance of the evacuating
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duct. The results are shown in Fig. 1.3.3.2 with the plasma density as a
parameter. This value is very sensitive to the plasma density of the
scrape-off, but is not very much to the temperature. The wvalue cf Rg for
deuterium, tritium and helium differ slightly each other depending on the
processes of the neutral-wall interaction adopted [6,7]. In the present
paper, we will assume for simplicity that Rg takes the same value for D, T and
He. This assumption becomes correct when the plasma density of the scrape-off
becomes high [6,7]. The pumping speed for fuel particles at the very front of
the pump, especially if cryogenic pumps were used, bkecomes fairly larger than
that for helium. However, the conductances of the evacuating duct for fuel
particles (Dy, DT, Tp) are smaller than that for helium by a factor of the
sgquare root of mass ratio, so that the former differences will strongly be
compensated by the latter. Therefore, it will be reasonable to assume that Cg
of fuels and helium take the same value for the same pumping capacity.

The basic eguations of the one-dimensional transport code consist of
continuity equations for the densities of deuterium, tritium and helium, np,
nT, nge+ and nge++, electreon and ion energy conservation eguations and

toroidal current diffusion equation. They are extended from the simple
criginal one [8,9} to multi-species ions including fusion reaction and
scrape-off layer., For heiliums, ionization and recombination source from

different state of iconization are included. We have assumed that four species
of ions have the same temperature, since the ion-ion energy relaxation time is
considerably short and the differences of ths temperature between ilon species
are not essential in the present analysis. B&s for the alpha particle heating,
we have assumed that alpha particles generated by fusion reaction deliver
their energy to the field particles instantaneously, since the birth profile
and heating profile is almost the same [10] and the slowing down time 1s not
essential in the steady state.

We use the standard INTOR scaling for the transpert coefficients in the
main plasma. In the scrape-cff layer transpert coefficients 1in radial
direction are assumed to be of Bohm type having a constant value throughout
the layer,

We employ two methods for fueling; pellet inijection and gas-puffing. We
use the simplified penetratien model for the pellet injection [111]. In
gas-puffing case, neutral particles enter into the main plasme from the wall
with Frank-Condon energy of &5 eV. We consider three fueling scenarios as
typical references, They are tabulated in Table 1.3.3.1.

Recently, in ASDEX, radial profiles of electron density and temperature
in the scrape-off layer for Chmically heated limiter (toroidal carbon limiter
in the midplane) discharges are measured by Themson scattering [12]., We will
simulate this experiment by our numerical model to determine the ambiguity
factors in the transport process in the scrape-cff layer. First, we show the
case, in which the conventional transpert assumption is employed [13], that is
Ye=5.8, Yi=2, v§=0.3Cg, D= Xa= X i=0.3Dpohm, in Fig. 1.3.3.3. Although the
plasma current is not clearly indicated in Ref. [12]1, we have determined Iy
(400 kA) to reprocduce the measured average electron temperature (Tg~ 400 eV)
for the average electron density (Ag~ 1.6x1019 m=3), Solid lines represent
the numerical calculations for density ne and temperature To. Closed circle
and triangle represent the experimental data for ne and Te, respectively,
They are apparently inconsistent. Based on the suggestion cbtained in Fig.
1.3.3.3, we have made wide range of parameter survey in the transport
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ccefficients. Best fitting case is shown in Fig, 1.3.3.4, in which 7Y g=15,
Y i=2, v§=Cg, D= Xe= Xi=0.5DBohm are employad, We will use these values for
the extrapolation to future tokamak reactor.

1.3.3.2 Control of impurities
No contributicn.
1.3.3.3 Pumping of helium

Figures 1.3.3.5 and 1.3.3.6 show the electron temperature and density in
the scrape-off layer. The abscissa is the distance from the separatrix line
in radial direction. The arrows on the figures indicate the position of the
leading edge of the limiter, "The characteristic decay length of the
temperature in radial direction in scrape-off layer is considerably short
(~ 1cm), so that the heat flux to the limiter plate will be consziderably
large, ©On the cother hand the decay length of density is longer than that of
the temperature. This implies that the decay length of the perticle flux is
not so short, so that the helium ash exhaust is rather easily achieved, since
the particle flux flowing into the limiter chamber is rather large,

Figure 1.3.3.7 shows the helium ash accumulation in the main plasma as a
function cf Rg for 1y=3 and 5 cm. Fueling is performed by pellet injection
(1). Considering that the saturated helium accumulation of 4% does not change
for wvarious 1y and over the wide range of Rg, this value should be determined
by the balance between the particle confinement time in the central region of
the plasma (we call it the bulk plasma later on) and the production rate of
alpha particles. We now evaluate the pumping speed to realize the required
backflow fractions. To do this, the average density of the limiter chamber
(the average density of the scrape-off layer, which covers the opening of the
limiter chamber) is shown in Fig. 1.3.3.8 for each lp as Rg 1is varied. From
this figure, we see that the requird Cg is 105 1/s to realize Rg=0.9 for L1p=3
cm.

f.et us now evaluate the particle load to the pump. We will introduce
the overall particle confinement time, which is defined by T =N/T , where [ is
the total particle flux to the limiter and the wall, and N is the total
particle number in the plasma. Figure 1.3.3.9 shows the overall particle
confinement times of D, T and He for 1lr=3 cm. In the case of the helium
particles, <the overall particle confinement time + pe becomes longer and
approaches to that in the bulk plama, as the pumping speed becomes large. The
absolute amount of <tritium pumped out is more straightforward than the
characteristics of overall particle confinement time for the particie lecad to
the pump or the regquired amount of circulating tritium., The results are shown
in Fig. 1.3.3.10. The amount of tritium pumped out becomes smaller when Rg is
larger and/or 1y ig longer. If, however, we intend to realize the same helium
sccumclation (5%) by different values of 1lg, the absolute amount of tritium
pumped out are almost the sane for all 1 as shown by the arrows in the
figure. When the allowable helium accumulation can be increased, the amount
of tritium pumped out can be decreased,

1.3.3.4 Cptimization of geometry

In considering the heat leoad and erosion of the limiter, the electron
temperature and density of the scrape-off plasma and the total ion particle
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Flux to the Llimiter and chamber are important parameters. Te avoid the
maximum erosion rate, the plasma temperature Teg should be lowered or raised,
Figure 1.3.3.11 shows Teg by various fueling methods for lp=3 cm {(pellet (1)
and (2} and gas-puffing) and lp=2 cm (pellet (2) ) as Rg is varied, We now
avaluate the heat load and erosion of the limiter for three cases as tabulated
in Table 1.3.3.2. Since the heat lead and erosion depend strongly on the
practical position and configuration of the limiter and magnetic flux surface,
they should be evaluated in the practical design. we use the equilibrium
magnetic field configuration according to the INTOR design [14] and ingtall
the limiter at the bottom of the plasma. The heat and ion particle flux, ion
and electron temperature on the midplane calculated so far by the
one-dimensional transport code are reevaluated on the limiter surface,

Figure 1.3.3.12 shows the distributions of the heat and ion flux and
erosion on the limiter surface for Case I. The abscissa of the figure is the
position of the limiter surface in major radius direction. The position
tangential te the separatrix line is 5.0 m, and the positions of the leading
edge are shown by the arrows. The heat and ion flux and the erosion on the
large major radius side limiter are larger than these on the small major
radius side limiter due to the toroidal shift of the plasma. The heat and ion
flux and the erosion both at the maximum point and the leading edge cf the
jimiter are summarized in Table 1.3.2.3 for Case I~ III. The heat flux is
almost the game for Case I ~IIT. In the case of Case TI, however, the heat
flux on the leading edge is rather large and the erosicn is also very large,
Te lower these values, it is necessary to install the limiter with longer 1.
In the case of Case ITI, the heat flux and the erosion on the leading edge is
decreased significantly. Wwhen the length of the limiter is further
lengthened, the particle recycling on the limiter surface dominates the
overall particle recycling, so that the difference by the pumping and fueling
scheme between Case I and Case II, TIT almost vanishes,

In any cases, howevel, heat flux and erosion seem to be intclerably
large. it will be impossible to realise low heat flux and low erosion by only
adjusting the fueling, exhaust and limiter configuration. Redepcsition of the
sputtered materials could alleviate the ercsion, while the characteristics of
the redeposited materials are quite uncertain, so that it will be too risky to
rely on the redeposition scenaric. In addition, if the erosion is such high,
the sputtered materials will greatly cool the boundary plasma by radiatien
down to the temperature, at which the sputtering does nct increase the amount
of impurities any more, Under this circumstance, the erosion and heat flux
should be greatly reduced. Formation of such a cool boundary plasma seems to
be the sole case, in which the pumped-limiter can be used in the reactor,
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1,3.4 Impact upon the INTOR design concept

We performed a detailed recycling calculations of neutral particles on
the limiter and the first wall with the aids of the one-dimensional tokamak
transport code. The energy of neutral particles flowing back {rom the limiter
chamber and the necessary pumping speed to realize the recycling rate used in
the one-dimensional transport code are calculateé by the two-dimensional
Monte-Carlo neutral code independently. The feasibility of the pumped-limiter
were analysed. The main conclusions obtained are summarized as follows,

(1) The electron temperature in the scrape-off layer decays in radial
direction toward the wall very rapidly with the characteristic decay
length of about 1 cm, while the density distribution is slightly broad,

(2} when a rather short limiter is installed (e,g, l1=3 cm on the midplane},
moderate pumping system is sufficient to keep the helium accumulation in
the main plasma at the desired level {e.g, 1x105 1/s for 5% in INTCR).
There is a certain pumping speed, above which the accumulation of the
helium in the main plasma decreases only slightly even when the pumping
speed is increased, while, under which, it increases very rapidly as the
pumping speed is decreased.

(3) overall particle confinement time for helium becomes much longer than
that for Fuel particles, when more particles are pumped out by larger
pumping system.

(4) The minimum amount of tritium pumped out is almost uniguely determined
by the allowable helium accumulation in the main plasma. This wvalue
dces not depend on the length of the limiter, if the pumping speed is
appropriately adjusted sc as to keep the accumulation at the same level,
It is smaller as the allowable accumulation level is higher.

{5) The electron temperature at the separatrix is about 400 eV when the
realistic pellet injection by the present-day technology is employed.
It will be difficult teo further lower the temperature without increasing
the helium accumulation level, Fueling by gas puffing gives almost the
gsame results.

(e) The high temperature operation parameter (700~ 900 eV) could be realized
by large pumping system and ideal pellet injection with short limiter
length, and the maximum erosion of the limiter surface could be
decreased by a factor of two or more, However, the heat flux and
erosion of the limiter are still very large.

(7} To solve the high heat flux and erosion of the pumped limiter, cool
boundary plasma may be indispensable. This cocl boundary plasma must be
restricted to the periphery and the hot core plasma must be unaffected
by it to sustain the self-ignition state,

There may be several possibilities to realize cool boundary plasma. The
first one is the coocling by impurity radiation ({151, By selecting the
appropriate impurity, it may be possible to restrict the radiation energy loss
only in the boundary plasma region. This possibility, however, crucially
depends on the impurity transport.
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The seccnd possibility is the increase of the particle recycling on the
limiter surface. This increase has been observed in divertor experiments
[16], while not yet clearly observed in the limiter experiment, In the case
of the limiter, the main plasma is very close to the limiter surface, so that
the neutral particles emitted from the limiter can easily escape to the main
plasma, resulting in little increase of the particle recycling. However, the
particle recycling strongly depends on the heat and particle fluxes in the
scrape—-off layer and the geometrical configuraticn, so that there remains the
possibility of cool boundary plasma by the particle recycling., Realization of
any of these possibilities of cool boundary plasma will be the essential
purpose of the theory and experiment for the pumped limiter in future.
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r =1mm
1. pellee @ P {shallow penetration)

2 x 10" w/s

o
]

r =3am
2, pellet @ F {moderate penetration)

U = 10" m/e

3. gas-puffing S eV neutral energy {aurface fueling}

Table 1.3.3.1 Three typical fueling scenarios and their characteristic
features used in the calculations,

pellet injection QD
Cage I : medium Te‘3

Rs = 0.9, lL- 3 cm

pellet injection @

Case I1 : high Te,
R = 0.5, iL = 2 cm

[

peilet injection @
Case IL : medium-high Tea

R.-O.S.LL-ch

Table 1.3.3.2 Three typical cases used to calculate heat load and erosion of
the limiter.
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Case I Case Il Case II
Case pellet pellet @ peller Q
LL-ch !.L-Z cm LL-3cm
R.-0.9 R.-O.S R“-O.S .
heat flux (MW/z?) 3.8 4.0 4.0
fon flux (1/w?S) 9.6 » 10%! 5.0 = 10%! 6.2 x 10%}
wexicum alectron temp. (eV) 115 180 173
on limiter ion temp. (eV) 255 3160 114
surface srceion (cm/y)
Cc {500 C) 10.6 6.1 7.
Fe 5.7 3.7 4.3
heat flux (MW/m?) 0.74 3.3 0.84
ton flux (1/a®s) 4.2 x 10%} 3.8 x 10M! 3.5 x 10!
leading electron cemp. (eV) 14 73 23
edge ion temp. (eV) 186 330 240
etosion (cm/y)
c (500 C) 7. 11.7 3
Fe ) 5.0

Table 1.3.3.3 Heat and icn particle flux, electron and ion temperature and
erosion both at a maximum point and leading edge of limiter for
Case I, II and III. Erosion is calculated both for carbon and
ion limiter.
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1.4 Inncvative -schemes

1.4.1 Electric field effect
No data base

1,4.2 Ergodic limiters

Ergodic Magnetic Limiter and Wall Lapping Plasma
by Subsidiary Belical Coils in a Tokamak

It has been suggested that the ergodic magnetic layer produced in the
periphery of the tokamak plasma by subsidiary helical currents (Ergedic
Magnetic Limiter) can Dbe effective for egualizing the heat locad on the first
wall. And it is also propesed that the several sets of helical coils carrying
the alternating currents should produce a wall lapping plasma rotating along
the first wall and promcte the uniform heat flux to the first wall, In order
to examine the possibilities of these concepts we numerically analysed the
formation and destructicn of the magnetic islands produced by resonant helical
currents, and confirmed the rotation of islands Dby sets of alternating
currents. Tokamak parameters refered to the R-tokamak project in IPF-Nagoya
(R=2.1 m, ap=0.6 m, Bt=5 T, Ip=1.5 MAY .

At first we calculated the case in which a single set of double 1=3, n=1
helical coils with same constant current Iy in cpposite directions was
applied. The results show that the magnetic surfaces ocutsides the g=3 surface
(r=0.6 m) are effectively destructed, when the value of helical currents Ip
is larger than a critical wvalue (3 kA& for R-tokamak) which is very small
compared to the plasma current,

Next we considered the case of three 1=3 double helical coil sets which
were shifted by 20° in the poleoidal directicn with respect to each other and
which carry time-dependent sinuscidal alternating currents with shifted
phases. The results show that the alternating currents certainly produce the
rotation of resonance islands and the wall-lapping plasma concept,

Finally we examined the effect of the local helical coils which were
wound in the localized regions along the toroidal direction of the torus,
because they are of greater practical use from the engineering viewpoints. We
used a set of local helical ceils in which two local coils cover two toroidal
regions with an angular span of A=30°, Ip=15 kA (Ig is the amplitudes of the
alternating currents with shifted phases) show that the magnetic islands also
rotate in this case, although about five times larger current are needed than
the case of full windings,

rReferences for Section 1.4.2

[11] Interim Report on the First Phase Design of R-tokamak (Inst, of Plasma
Physics, MNagoya Univ., Oct. 1981)

21 T. Tazima and M. Sugihara, JAERI-M 8390 (1879)

(3] . Kawamura, Y. Abe and T. Tazima, J. of Nucl. Mater. 111 & 112 (1982}
268.

1.4.3 Bundle divertor

No data base.
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1.4.4 RF pumpout

Active Control of Impurities bv Radio-Freguency Divertor

A magnetic divertor has been recognized the most reliable method of

impurity contrcl in present-day tokamaks., Also much attention has been
focussed on a mechanical divertor (pump limiter} from an engineering
assessment peint of view. Both magnetic and mechanical divertors are

essentially passive since the impurities diffusing spontaneously out of a hot
plasma core are removed at the plasma periphery. If the impurity transport
itself is artificially controllable, then this active control will facilitate
not only the impurity suppressicn in the hot plasma core but alsc the positive
use of impurities (e.g., the first wall protection with radiative cooling by

impurities).

The active control of impurities reguires some additional input of
meomentum (energy) into a plasma. The external momentum injection by means of
neutral beams has been investigated experimentally ([1,2] and theoretically
[3,4]. Instead cof particle momentum, the use of radio-frequency (RF) wave
momentum has recently been proposed [5-7]. This is called RF divertor where
waves are launched into a plasma by external RF generator in the ion-cyclotron

range of freguencies (ICRF). In prinicple, RF divertor uses wave-particle
interactions in a plasma. Depending on the species of resonant particles, two
schemes of RF divertor are considered, i.e., the direct method and the

indirect method.

DIRECT METHCD

In this case, the resonant particles are impurity ions. An ion
Rernstein wave or an ion cyclotron drift wave [8] is excited in the
impurity-icn cyclotron range of fregquencies, and the wave momentum (energy) is
selectively deposited to the impurity ions. The resultant impurity-ion
heating diminishes the Ceoulecmb-collision diffusion, and enhances the
neutral-collision diffusicn and the ripple diffusien. Thus, the RF impurity
heating is an effective means contrelling the impurity transport, Recent
model experiments in TFR [9] have demonstrated this divertor effect. Even if
no heating takes place, the stationary cross-field impurity fiux can be driven
by the wave: the wave polcidal momentum Gpgl 18 depogited to the impurity
ions, and they are driven radially outward by GpolxBtor drift. This is an
application of RFFC [10] to the impurity control.

INDIRECT METHOD

When the main ions are resonant with waves, the wave energy is given to
the main ions which indirectlv modify the impurity diffusion. In this case,
the ICRF Theating 1is adopted in a conventional way except for the
uni-directional travelling wave,. The main-ion heating asymmetric in the
velocity space induces the toroidal rotation of the plasma. If the speed cf
the rotation driven by the wave exceeds the thermal speed of the impurity-ion,
the impurity transport is reversed to the radially outward flow [47. The
estimation of the dissipated power supports the practicality of this scheme in
a tokamak reactor.
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References for Secticn i.4.4
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izl
[3]
4]
[5]
el
(7]

el
9]
[10]

1.4.5

1.4.6

. Isier et al.,, Phys. Rev, Lett, 47 (19B1) &49.

. Fames, Ph.D. Thesis, Princeton University (1980) unpublished.
Stacy Jr. and D.J. Sigmar, Nucl, Fusion 19 (1979) 1665.

.H. Burrell, T. Ohkawa and $.K. Wong, Phys. Rev. Lett, 47 (1981) 511,
. Sugai, Phys. Lett. 91A (1982) 73.

H., Sugai, Phys. Lett. 93A (1983) 483.

d. Sugai, Proc. 1ith Eurocp. Conf. Controlled Fusion and Plasma Physics
(rachen, 1983) Vol. II, p. 423.

M. Kando, 5. Ikezawa and H. Sugai, Phys. Lett. 101A (1984} 204.

TFR Group, Nucl. Fusion 22 (1982) 956,

K. Itoh and 5. Incue, Comments Plasma Phys,., Cont, Fusion 5 (1980) 203.
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Flow reversal
No data base.
Liguid and droplet limiters

No data base.
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1.5 Fuelling

A data base for fueling is needed for INTOR to increase a plasma density
during a start-up and to replenish a D-T fuel in a burn phase, Most of
present tokamak experiments use a gas puffing to control plasma densities by
adjusting an amount of gas feed. Fueling by a pellet injector has made
remarkable progress in both of fueling physics and technology.

Recent experiments indicate that fueling physics is deeply correlated
with plasma confinement property. Discharges without degradation of a
confinement time during NBI heating, the so-called H-mocde, are found to be
strongly influenced by the fueling and recycling at a plasma edge. The
fueling is expected to become more important for INTOR,

1.5.1 Data on gas fuelling

A gas puffing 1is a simple gas supply method and is widely used in
tokamak experiments. Tt has a wide range of gas supply amount and the
prescribed plasma density is successfully obtained by preprogram or feedback
controls,

The recent tokamak experiments shows that a deep correlatiocn 1is observed
between the gas puffing and the plasma confinement time, In the Doublet III
experiments, the so-called H-mode discharges are obtained by reducing a gas
supply at a plasma edge with adjusting the gas puffing[1l., A large amount of
gas puffing from the plasma edge makes discharges difficult to become a type
of H-mode, The ASDEX experiments also show the abrupt appearance of H-mode
discharges due to the self-controlled gas puffing in a range of certain plasma
densities[2]. They indicate that the gas fueling is crucial for attainment of
good confinement discharges and that high plasma densities with large gas
puffing change discharges from the E-mode to L-mode of degraded confinement.

The physical machinary of H-mode discharges is not clear so far, the
above experimental results however suggest that the gas fueling 1s a Kkey
factor for H-mode. INTOR discharges with high plasma densities will need
strong gas fueling and are expected to need both of the gas puffing and the
pellet injection to attain good confinement,

1.5.2 Data on pellet fuelling

Use of a pellet injection as a fueling is observed to improve
confinement times of discharges with limiter and divertcr in recent
experiments[3]. It seems to be on the same line as the improvement of the
H-mode with adjusting a gas puifing.

Discharges with a limiter has been appreciated to become L-type ones
with increasing NBI heating., Remarkable improvement in & confinement time of
limiter discharges are lately observed in Deouklet III by using a pellet
injection{3]. A pellet injection during NBI heating encountered some
difficulties in its penetration intc the plasma, i.e. some high energy ions
resulted from the ionization of NBI beams at the outer plasma region impede
the pellet from going into the central region of the plasma due to ablation at
the plasma periphery, The difficulties are overcome in such a way that the
neutral beams are intermittently operated and during the cessation of the
beams the pellet is injected after fast ions in the edge plasma well slow down
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(~ Bms) . This way, the confinement time of discharges with a limiter is
significantly improved by the deep penetration of the pellet and reach the
almost same value of the H-mode discharges with a divertor, The results

indicate importance of the low recycling in the edge plasma and is consistent
with the feature of the H-mode discharges.

The H-mode discharges with a divertor are observed to change from the
H-mode to L-mode, increasing their densities, as mentioned previously. The
amount of a gas feed to increase plasma densities may raise the recycling in
the plasma edge and results in the degradation of the confinement, The
difficulties are also surmcunted by the pellet intjection, which can reduce the
edge recycling, retaining high density plasmas[3].

INTOR plasma will be heated with ICRF heating. Fast ions by the RF
heating are expected to exist in the center region of the plasma, different
from the NBI heating. The pellet will easily penetrate into the central
region, if the pellet has enough speed, and plasmas may increase their
densities, keeping good confinement property.

During a burn phase, a part of fast ions goes out without slewing down
due to ripple of torcidal field, and they ablate the pellet in the plasma edge
and discharges result in degradation c¢f the confinement time. However, those
ions appear in a limited region, i.e. the upper or lower half of the plasma
cross section. The interaction between the fast ions and the pellet could
therefore be avoided, when the pellet is injected intoc the region free of the
fast ions,.

References for subsection 1.5

[1] N.NAGAMI, et al., Nuclear Fusiomn, 49(1984) 183,

[21 F.WAGNER, et al., Phy. Rev. Let., 49(1982)1408.

[31 S.SENGOKU, et al., 10th IAEA Cenference (Londen, 1984), Post-deadline
paper.
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1.6 Basic science data
1.6.1 Atomic processes

1.6.1.1 Data center activities on atomic and molecular (A&M) data for
fusion in JAERI

The major activities of JAERI A&M Data Center have been devoted to the
compilation of 1} atomic collision data, 2) particle-material interaction data
and 3} atcmic structure data. A review on the recent activities and future
programs is given.

1. Organization

Betivities on atomic and molecular (Ag&M) data for fusion 1in JAERI are
carried out by A&M Section of Nuclear Data Center, Department of Physics, in
co-operation with the Research Committee on A&M Data of JAERI which consists
of the members of in and outside of JAERI. In Figure 1s shown the
crganization for A&M activities in JAERI.
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2. Data compilation and evaluaticn

Japanese Evaluated AgM Data Library, 1st Volume (JEAMDL-1} program is
peing in progress. This is systematic sets of compilations of evaluated A&M
data on specific items relevant to controlled fusion research and technology
such as designs of fusion devices, plasma modellings, diagnestics and particle

recycling.

2.1 Atomic cellision data

Following processes have bLeen compiled and partially evaluated in the
form of empirical formulas: {1) Total charge transfer cross sections in the
energy range of 1 and 107 ev/amu for (a) H atcms and ions with conventional
vacuum impurities such as Hjz, N2; O3, Hp0 and carbon containing molecules, and
with inert gases, (b) He atoms and ions with above molecules and gases, and
(¢} multi-charged impurity ions with He. &and (2) ionization cross sections
for HY, Hpt, H3t, Het, HeT*+H, Hp, He systems. Several numerical data
compilations are also now in progress as followings: {3) Total charge
transfer cross sections for (a) H and He atoms and ions with metal vapors, and
(b) malti-charged ions with other inert gases and molecules, (4) Cross
section of electron capture into excited states for light and heavy ions with
varicus target atoms and molecules. And (%) g+, H) + (85, H) cellisicen data.

2.2 Particle-material interaction data

They are composed of the following three items: (1) Data on elementary
processes foxr hydrogen recycling in fusion devices, such as (a) trapping and
detrapping process, (b} diffusion and {c) radiation effects and segregation
for hydrogen iscotopes and helium ions implanted on refractory and wall cecating
materials. (2) Surface effects on damaged profiling in fusion materials by
_ion Dbeam bombardment. &nd {3) electron-materials data for the bremsstrahlung
‘produced by 1 - 30 MeV electrons normally incident on thick targets such as C,
al, Fe, Cu, Mo and W.

2.3 Atomic structure data

Atcmic energy level and transition probability data are necessary in the
field of impurity diagnostics. Species of impurity are Ti, Fe, Ni, Mo and Nb
constituting the first wall materials. 2As to Ti we have been published a data
compilation in the forms of wave—length tables and Grotrian diagrams., At
present we go on to compile the data of other atoms te make wave-length tables
and Grotrian diagrams by using our computer programs,

3. Atomic and molecular data storage and retrieval system (AMSTOR) program

AMSTOR is a computerized data storage and retrieval system to represent

the numerical data in the graphical and tabular forms., batabase of this
system consists of three subdivided databases because data descriptions in the
three fields mentioned above are different from each other, (1) For atomic
collision data, numerical data format 1is developed with reference to the
exchange format (EXFOR) of TAEA. (2) For particle-material interaction data,
at present a format for plotting numerical data is designed, and an
appropriate format for data storage/retrieval 1is being planned, And {3} for

atomic structure data, precgrams for making the wave-length tables and Grotrian
diagramsare developed and are ready to use at present. The experimental data
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compiled up to now have already been stored in this database, so that we can
make use of this database in data evaluatiocn,

All the compiled data of above three items of Sec. 2 are now stcocred in
our computer system by our own formate, Some of them are available to
interested user on magnetic tapes for their requests as well as other
informations related to theose data compilations, which are being published as
JAERI-M Reports. (Ask tc ¥. Nakai, Nuclear Data Center, Department of Physics,
JAERI)

We are also keeping to open our door to compile other R&M data which are
urgently needed and requested by fusion cummunities,

APPENDIX Publication List

1. Y. Nakai, M. Sataka and T. Shirai: Data on Collisions of Helium Atcoms
and Tons with Atoms and Molecules I. (Cross Sections for Charge Transfer
of He, He*t and He*t with H, Hp, and He) {in Japanese), JAERI-M 8849
{1980}

2. M. Sataka, T. Shirai, A. Kikuchi and Y. Nakai: Tonization Cross

sections for Ion-Atom and Ton-Molecule Collisions I. (Ionization Cross
Sections for HY, Hpt, H3T, Het and Het+ incident on H, Hy, and He),
JAERI-M 9310 (1981)

3. K. Mori: Grotrian Diagrams for Highly Ionized Titanium Ti vV - Ti XXII,
JAERI-M 82-078 (1982)
4. S. vYamaguchi, K. Ozawa, Y. Nakai and Y. Sugizaki: Data on Trapping and

Re-emission of Energetic Hydrogen Isotopes and Helium in Materials,
JRERI-M 82-118 {1982)

5. Y. Nakai, A. Kikuchi, T. Shirai and M. Sataka: Data on Collisions of
Hydrogen Atcms and Ions with Atoms and Mclecules (I) (Cross Sections forxr
Charge Transfer of H, H¥ and H- with Hp, Nz, 0z, H2C, C and Carbon
Containing Molecules}, JAERT-M 83-013 (1983)

6. g, Tanaka, R. Tanaka, T. Tabata, R. Ito, Y. Nakali and K. Ozawa: Data on
- Thick Target Bremsstrahlung Produced by Electrons, JAERI-M 83-019 {1983
7. ¥. Ishii: Atomic Structure Calculation of Enerkgy Levels and Oscillator

strength in Mo Ion, I (3p633d8-3p53d2, 3d8-3d74p and 3d8-3d74f
Transitions in Mo XVII), JAERT-M 83-034 (1983)

8. v. Nakai, A. Kikuchi, T. Shiral and M. Sataka: Data on Collisions of
Hydrogen Atoms and Ions with Atcms and Molecules (IT) (Cross Sections
for Charge Transfer of H, HY and H- with He, Ne, Ar, Kr and Xe), JAERI-M
83-143 (1983)

9. X. Tshii: Atomic Structure Calculation of Enerkgy Levels and Oscillator
Strength in Ti Ion, I (3s-3p and i3p-3d Transitions in Ti IX), JAERI-M
83-155 (1983)

10. K. Ishii: Atomic Structure Calculation of Enerkgy Levels and Oscillator
Strength in Ti Ton, II (3s-3p and 3p~-3d Transitions in Ti X}, JAERI-M
83-164 (1983)

11. K. Ishii: Atomic Structure Calculation of Enerkgy Levels and Cscillator
Strength in Ti Ion, III (3s-3p and 3p-3Q Transitions in Ti XI), JAERI-M
83-198 (1983}

iz. M, Kitagawa: Stopping Power for Ions in $olids (in Japanese), JAERI-M
83-223 (1983)



13.

14,

15.

16.

17.

18.

19.

20.

21.
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Research Committee on A&M Data, JAERI: Report of Workshep on Computer
Simulation of Atemic Collision Processes in Scolids (in Japanese),
JAERI-M 83-226 (1984)

Research Committee on AgM Data, JAERI: Report of The Ind Workshop on
Particle Material Interactions for Fusion Research (in Japanese),
JAERI-M 83-235 (1984)

K., Ishii, H., Kubc and K. Czawa: Atomic Structure Calculation of Energy
lLevels and Oscillator Strength in Fe Ion, I (3s-3p and 3p-3d Transitions
in Fe XV), JAERI-M 83-240 (1984)

N. 0oda and J. Urakawa: Data on Icnization, Excitation, Disscciation and
Dissociative Ionization of Targets by Helium Ion Bombardments (I).
{Target Icnization, Excitation, Dissociaticn and Dissoccliative Ionization
induced by Several keV to 3.5 MeV Helium Ions incident on a Thin Gas
Targets), JAERI-M 84-049 {(1984)

Y. Nakai, A. Kikuchi, T. Shirai and M. Sataka: Data on Collisions of
Helium Atoms and Ions with Atoms and Molecules (II} (Cross Sections for
Charge Transfer of He2*+, Het, He and He~ with He, Ne, Ar, Kr and Xe),

JAERI-M 84-069 (1984)

K. Ozawa, X. Fukushima and X. Ebisawa: Data Compilation fer Trradiation
Fffect on Hydrogen Rekcycle in Fusion Materials, JAERI-M 84-089 (1984)
M. ‘Terasawa, S. Nakahigashi and K. Ozawa: Data Compilation of

Ion~Induced Damage and Ion-Implanted Atoms, JAERI-M 84092 (1984)

S, Yamaguchi, K. Ozawa, Y. Nakai and Y. Sugizaki: Data on Trapping and
Re—emission of Energetic Hydrogen Isctopes and helium in Matyerials,
Supplement 1,, JAERI-M 84-093 (1984}

T, Oshiyama, 5. Nagai, K. Ozawa, and F. Takeuchi: Data Compilation for
Particle Impact Descrpticn, JAERI-M B84-094 (1984)
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1.6.1.2 Data Compilation and Evaluation for Atomic and Molecular Processes
and for Plasma-Surface Interactions at Institute of Plasma
Physics, Nagoya University

1. Data compilaticn and evaluation

Well before establishing the Research Information Center at IPP, data
compilation for A&M processes relevant to fusion plasma researches started
[1,21. Since then, such activities have been extended to those for
plasma-suxface interaction processes. These activities are generally
supported by a number of volunteer scientists in these fields and the results
are reported in Internal Reports IPPJ-AM series (see a list of reports}. Some
of them are further refined and published in International Journals {see list

of publications). In the following is given a short descripticn of these
activities:
1) The atomic structure data of Fe ions, one of the most common impurities,

were compiled and published. Similar works are now mainly being made at
Japan Atomic Enerkgy Research Institute,

2} The charge transfer cross sections of ions in collisions with atomic and
molecular hydrogens are compiled. These data are stored in our computer
as a data base CHART (Charge gyansfer) and can be retrievad, Also those
for other target gases are compiled,

3) The compilation and evaluation cf excitation cross sections and rate
coefficients in electron impact for carbon and oxygen ions in various
ionization stages have recently be completed and these data are stored
as a database AMDIS (gﬁomic and gplecular Data Eﬁteractive Eystem).
Similar systematic  works for H-like ions to C-like ions in
iso-electronic sasquence are under way.

4} The ionization cross sections of ilons by electron impact are compiled
and stored in AMDIS. Also a critical evaluation of empirical formulas
describing the ionization cross sections in electron impact has been
made.

5) Biblicgraphic data con atomic processes in hot, dense plasmas (stored as

a database HIDENS, E&gh Density) and on icn-ion collisions, which are
impertant in the inertial confining fusion research, are compiled,

6} The impertance of understanding behavior of low temperature plasmas near
the edges, limiters and diveriers urged us to compile data involving the
ionization of neutral atoms and excitation, dissociation and

recombination processes of atomic and molecular hydrogen atoms/leons.
This compilation is now under way.

7) Compilation and evaluation of sputtering data by ion impact have been
completed for monatemic seclid targets. The incident energy dependence,
angular distribution and incident angle dependence of total spubttering
yields have been evaluated and some empirical formulas for sputtering

yields have been found. These data are stored as a data base SPUTY
(Sputtering Yield). Compilation of the sputtering yields for compound

metals/alloys is under way.
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8) Data for the particle- and energy-backscattering ccefficlents are
compiled and evaluated and empirical formulas for these data in normal
and obligue incidences have been found.

G} Data compilation of the important kasic processes relevant to hydrogen
recycling processes is under way. It has been found, however, that some
data are significantly dependent on the surface and other envirocnmental
conditions and it seems tc be difficulf to evaluate consistent data.

2. Bibliographic and numerical databases
In order to make easy access to the bibliographic and numerical data, a

computer-based data stcrage and retrieval system has been developed. The

databases developed by ourselves as well as those commercial and exchanged
with other Data Centers are available, These data can be retrieved through

TSS at the Institute or telephone line linkage from other Institute, In Table
is shown a list of our databases together with their record numbers.

References for subsection 1.6.1.2

[l
tz2)

Cross Sections for Atomic Processes Vol. 1 (IPPJ-DT-48) (1975)
Cross Sections for Atomic Processes Vol. 2 (IPPJ-DT-50} (1976)



IPPJ-AM-1

[PPJ-AM-2

IPPJ-AM-3

IPPJ-AM-4

1PPJ-AM-5

IPPJ-AM-6

IPPJ-AM-7

IPPJ-AM-8

IPPI-AM-9

IPPJ-AM-I10

[PPJ-AM-11

IPPJ-AM-12

IPPI-AM-13

IPPJ-AM-14
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LIST OF IPPJ-AM REPORTS

“Cross Sections for Charge Transfer of Hydrogen Beams in Gases and Vapors
in the Energy Range 10 eV—-10 keV”

H. Tawara (1977) [Published in Atomic Data and Nuclear Data Tables 22,
491 (1978)]

“lonization and Excitation of lons by Electron Impact —Review of Empirical
Formulae-"

T. Kato (1977)

“Grotrian Diagrams of Highly lonized lron FeVIII-FeXXVI”

K. Mori, M. Otsuka and T. Kato (1977) {Published in Atomic Data and
Nuclear Data Tables 23, 196 (1979)]

“Atomic Processes in Hot Plasmas and X-Ray Emission™

T. Kato (1978)

“Charge Transfer between a Proton and a Heavy Metal Atom™

S Hiraide, Y. Kigoshi and M. Matsuzawa (1978)

“Free-Free Transition in a Plasma —Review of Cross Sections and Spectra—"
T. Kato and H. Narumi (1978)

“Bibliography on Electron Collisions with Atomic Positive lons: 1940
Through 1977”7

K. Takayanagi and T. Iwai (1978)

“Semi-Empirical Cross Sections and Rate Coefficients for Excitation and
lonization by Electron Collision and Photoionization of Helium”

T. Fujimoto (1978}

“Charge Changing Cross Sections for Heavy-Particle Collisions in the Energy
Range from 0.1 eV to 10 MeV I. Incidence of He, Li, Be, B and Their lons”
Kazuhiko Okuno (1978)

“Charge Changing Cross Sectiens for Heavy-Particle Collisions in the Energy
Range from 0.1 eV to 10 MeV 1L Incidence of C, N, O and Their Ions"”
Kazuhike Qkuno (1978}

“Charge Changing Cross Sections for Heavy-Particle Collisions in the Energy
Range from 0.1 eV to 10 Mev 111 Incidence of F, Ne, Na and Their [ons”
Kazuhiko Okuno (1978)

“Electron Impact Excitation of Positive lons Calculated in the Coulomb-
Born Approximation —A Data List and Comparative Survey—""

S. Nakazaki and T. Hashino {(1979)

“Atomic Processes in Fusion Plasmas — Proceedings of the Nagoya Seminar
on Atomic Processes in Fusion Plasmas Sept. 5-7, 19787

Ed. by Y. Itikawa and T. Kato {(1979)

“Energy Dependence of Sputtering Yields of Monatomic Solids”

N. Matsunami, Y. Yamamura, Y. Itikawa, N. [toh, Y. Kazumata,

S. Miyagawa, K. Morita and R. Shimizu (1980)



IPPJ-AM-15

IPPJ-AM-16

IPPJ-AM-17

{PPJ-AM-18

IPPJ-AM-19

IPPJ-AM-20

IPPJ-AM-21

[PPJ-AM-22

IPPJ-AM-23

[PPJ-AM-24

[FPJ-AM-25

[PPJ-AM-26

IPPJ-AM-27

IPPI-AM-28
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“Cross Sections for Charge Transfer Collisions Involving Hydrogen Atoms™
Y. Kaneko, T. Arikawa, Y. itikawa, T. Iwai, T. Kato, M. Matsuzawa,

Y. Nakai, K. Okuno, H. Ryufuku, H. Tawara and T. Watanabe (1980}
“Two-Centre Coulomb Phaseshifts and Radial Functions”

H. Nakamura and H. Takagi (}980)

“Empirical Formulas for Tonization Cross Section of Atomic lons for
Electron Collisions —Critical Review with Compilation of Experimental
Data—"

Y. itikawa and T. Kato (1981)

“Data on the Backscattering Coefficients of Light Ions from Solids”

T. Tabata, R. Ito, Y. ltikawa, N. Itoh and K. Morita (1981)

“Recommended Values of Transport Cross Sections for Elastic Collision and
Total Collision Cross Section for Electrons in Atomic and Molecular Gases™
M. Hayashi (1981)

“Eleciron Capture ‘and Loss Cross Sections for Collisions between Heavy
lons and Hydrogen Molecules”

Y. Kaneko, Y. ltikawa, T. Iwai, T. Kato, Y. Nakai, K. Okuno and H. Tawara
(1981)

“Surface Data for Fusion Devices — Proceedings of the U.S—-Japan Work-
shop on Surface Data Review Dec. 14-18, 1981"

Ed. by N. itch and E.W. Thomas (1982)

“Desorption and Related Phenomena Relevant to Fusion Devices™

Ed. by A. Koma.(1982)

“Dielectronic Recombination of Hydrogenic fons”

T. Fujimoto, T. Kato and Y. Nakamura (1982)

“Bibliography on Electron Collisions with Atomic Positive Ions: 1978
Through 1982 (Supplement to IPPJ-AM-7)"

Y. Itikawa (1982)

“Bibliography on Jonization and Charge Transfer Processes in lon-lon
Collision”

H. Tawara (1983)

“Angular Dependence of Sputtering Yields of Monatomic Solids™

Y. Yamamura, Y. Itikawa and N. Itoh (1983)

“Recommended Data on Excitation of Carbon and Oxygen Ions by Electron
Collisions”

Y. Itikawa, S. Hara, T. Kato, S. Nakazaki, M.5. Pindzoia and D.H. Crandall
(1983)

“Electron Capture and Loss Cross Sections for Collisions Between Heavy
lons and Hydrogen Molecules (Up-dated version of IPPI-AM-20)

H. Tawara, T. Kato and Y. Nakai (1983}



IPPJ-AM-29

[PPJ-AM-30

iPPJ-AM-31

IPPJ-AM-32

IPPJ-AM-33

IPPJ-AM-34
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“Bibliography on Atomic Processes in Hot Dense Plasmas™
T. Kato, J. Hama, T. Kagawa, S. Karashima, N. Miyanaga, H. Tawara, N.
Yamaguchi, K. Yamamoto and K. Yonei (1983)

“Cross Sections for Charge Transfers of Highly lonized lons in Hydrogen
Atoms (Up-dated version of [PPJ-AM-15)”
H. Tawara, T. Kato and Y. Nakai (1983)

“Atomic Processes in Hot Dense Plasmas™
T. Kagawa, T. Kato, T. Watanabe and S. Karashima (1983)

“Energy Dependence of the Yields of lon-Induced Sputtering of Monatomic

Solids™
N. Matsunami, Y. Yamamura, Y. Itikawa, N. Itoh, Y. Kazumata,
S. Miyagawa, K. Morita, R. Shimizu and H. Tawara {(1983)

“Proceedings on Symposium on Atomic Collision Data for Diagnostics and
Modelling of Fusion Plasmas, Aug. 29 — 30, 1983”
Ed. by H. Tawara (1983)

“pDependence of the Backscattering Coefficients of Light lons upon Angle of

Incidence™
T. Tabata, R. Ito, Y. [tikawa, N. Ttoh, K. Morita and H. Tawara (1984)
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List of publications in internaticnal journals

i.

10.

11.

12.

13.

14.

15.

16.

17.

18.

H. Tawara, Atomic Data and Nuclear Data Tables 22 {(1978) 491; <Cross
Sections for Charge Transfer of Hydrogen Beams in Gases and Vapers in
the Energy Range 10 eV - 10 keV

K., Mori, M. Otsuka and T. Kato, Atomic Data and Nuclear Data Tables 23
(1979) 196; Grotrian Diagrams of Highly Tonized Iron Fe VIII - Fe XXVI
N. Matsunami, Y. Yamamura, Y. ZItikawa, N, Itch, Y, Kazumata, S.
Mivagawa, K. Morita and R. Shimizu, Rad. Eff. Lett. 57 (1980) 15; A
Semiempirical Formula for the Energy Dependence of the Sputtering Yield
T. Kato, Y. Itikawa, Y. Kanada and R. Watanabe, Physica Scripta 23
(1981) 198; Database and Retrieval-Display System of Atomic Data for
Fusicn

7. Tabata, R. Ito, X. Morita and Y. Itikawa, Japanese J. Appl. Phys., 20
(1981) 1929; Empirical Formulas for the Backscattering of Light Tons
from Sclids

E.W. Thomas, N. Itoh and R.A, Langley, J. Nucl, Mater, 111 & 112 (1982)
8092; surface Data for TFusicn Devices, Progress Report on  Data
Compilation and Assessment by the U.5., Japanese and TAEA Data Centers
¥. Yamamura, N. Matsunami and N, Itch, Rad, Eff, Lett. &8 (1982) 83; A
New Empirical Formula for the Sputtering Yield

T. Tabata, R, Ito, ¥. Itikawa, N. Itch and K. Morita, Atomic Data and
Nuclear Data Tables 28 (1983) 493; Backscattering Coefficients of H, D
and He Ions from Solids

K. Morita, Japanese J. Appl. Phys, 22 (1983) 1112Z; Analytical
Calculation of Energy .Spectra of kev Light Particles Reflected from
Seplid Surface

XK. Morita, J. Appl. Phys. 53 (1984) 776; Reflection of keV Light Tons
from Compound Targets

N. Matsunami, Y. Yamamura, Y. Ttikawa, N, Itoh, Y. Kazumata, 5.
Miyagawa, K. Morita, R, Shimizu and H. Tawara, Atomic Data and Nuclear
Data Tables, 120 (1984) 36; Energy Dependence of the Yields of
Ton-Induced Sputtering of Monatomic Solids

Y. Yamamura, Rad. EEf, 80 (1984) 193; A Simple Analysis on Angular
Dependence of Light-Ion Sputtering yield

N. Itoh, R. Ito, Y. Itikawa, Y. Kazumata, N, Matsunami, S. Mivagawa, K.
Morita, R. Shimizu, T. Tabata, H. Tawara and Y. Yamamura, J. Nucl,
Mater. 122 & 3123 (1984) 1613; Data Center Activities on Plasma-Wall
Interaction at Institute of Plasma Physics, Nagoya University

T. Kato, H. Tawara, N. Matsunami, K. Morita, Y. Yamamura, R. Shimizu and
N. Itoh, J. Nucl. Mater. (1984); Database and Retrieval-Display System
for Compiled Sputtering Data

K. Morita, T. Tabata and R. Ite, J. Nucl. Mater. (1984): Universal
Relations for Reflection of kev Light Ions from Solid Targets

H, Tawara, T. Katec and Y. Nakai, Atomic Data and Nucl, Data Tables
{accepted);: Cross Secticn for Electron Capture and Loss by Positive Ions
in Collisions with Atomic and Molecular Hydrogen

T. ‘Tabata, R. Ito, K. Morita and H., Tawara, Radiation Effects
(accepted); Empirical Fermulas for the Backscattering Coefficients of
Light Iens Obliquely Incident in Solids

Y. Itikawa, S. Hara, T. Kato, 8. Nakazaki, M.S. pindzola and D,H.
Crandall, Atomic Data and Nucl, Data Tables {accepted); Electron-lImpact
Cross Sections and Rate-Coefficients for Excitations of Carboen and
Oxygen lons
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19. T. Tabata, R. Ito, K. Morita and H, Tawara, Nucl, Instr, Meth.
(submitted); Universal Semiempirical Formulas for the Backscattering
Coefficients of Light Ions
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i1.6.2 Surface interaction
1.6.2.1 Surface effects related to impurity production

For the last five years, the data bkase on sputtering has been
extensively produced and compiled both experimentally and theoretically, which
is summarized as follows.

1) Hydrogen chemical sputtering yields of low=-Z2 materials such as €, 3iC
and TiC have been measured in the energy range petween 0.1 and 6 keV in
connection with R&D for JT-60 on screening the best low-Z material
[1-31. Among them TiC has the lowest value of chemical sputtering of
carbon atoms in the form of CHgq molecules, 3x10-3 atoms/H*. That is,
this value is approximately’ one-third and one-tenth as much as those of

sic and C, respectively.

2) along with the measurements of chemical sputtering yield of carbides
menticned above, surface compositional changes by bombardment with
energetic hydrogens have. been measured [2,4-6].

3) Concerning the energy dependence ¢f the hydrogen chemical sputtering of
carbon materials, a theoretical model has been proposed to explailn the
maximum arocund 1 kev [7,8].

4} Chemical erosion of graghite by atomic hydrogen exposure has been
measured [9,10]. After conditioning the surface by the exposure, the
erosion vield is reduced by one crder of magnitude [9). The yield has
been measured alse in the case of simultanecus bombardment with
energetic protens [10], indicating that it would be enhanced by the
simultaneous bombardment {111,

5) & detailed measurement has been made on chemical erosion by oxygen ion
bombardment of refractory metals such as W and Mo, which are candidate
materials for divertor plates of INTOR [12].

6) Energy dependence of self sputtering yields of W and Mo has been
measured at room temperature in the energy range between 0,1 and 10 keV
[131.

7) an empirical formula for the energy dependence of physical sputtering

yield of monatomic solids has been proposed, which takes into account
the thresheld effect in the original Sigmund's theory 14,151,

1.6.2.2 Surface effects related to particle recycling

1) A hydrogen recycling model at wall surfaces 1in tokamaks has been
proposed in connection with recycling rate control in JT-60 [16].
Hydrogen diffusivity in TiC necessary for the calculation have been
estimated from measurement of the decay of the deuterium re-emission
from a deuteron saturated TiC sample [171.

2) Hydrogen diffusivity data on Ni and Mo have been estimated from
measurement on energetic hydrogen beam re-emission and permeation during
bombardment of the beam [18]. Tt shows that hydrogen diffusivity
estimated from the re—emission measurement is approximately two orders



3)

4)

5)

)
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of magnitude lower than that of bulk material.

An effect of radiation damage on deutercn re-emission and trapping has
been measured in carbon showing that the effect is marked in the energy
above 250 ev [19].

Deuterium re-emission measurement during energetic deuteron bombardment
has been made in Mo, Incenel 625 and TiC [17]. The result indicates
that a considerable fraction of incident deuterium atoms are trapped in
TiC at relatively low temperatures arcund 100 °C compared to that in Mo
and Inconel 625.

Ton-induced release of deuterium from Mo Dby low energy proton
bombardment at room temperatufe has been investigated in the enexrgy
range between 0,5 and 6 keV for both deuterons and protons [20], The
release curves of deuterium atoms pre-implanted at 1 kev censist of two
exponential decay curves due to bombardments with protons from 1 to &
kev, but only one exponential decay curve was cbserved at 0.5 keVv HT,
The desorption cross section decreases with increasing deutercn fluence.

Empirical formulas of light ion backscattering coefficient for both
particle and energy as a function of incident energy have been proposed
by fitting the compiled experimental data [21]. Empirical formula of
particle backscattering coefficient as a function of energy and angle of
incidence has been alsc proposed [22].

References for subsection 1.6.2

(1l
(2}
[3]
4]

[5]
(6]

[7]
(8]
9]
[101
f11]
[12]

[131
[14]

[15]
[16]

R. Yamada, K. Nakamura, K. Sone and M, Saidch, J, Nucl. Mater., 95
(1980) 278.

K. Sone, M. Saidoh, K. Nakamura, R. Yamada, Y, Murakami, T. Shikama, M.
Fukutomi, M. Kitajima and M. Okada, J. Nucl., Mater., 98 (1981) 270.

R. Yamada, K. Nakamura and M. Saidch, J. Nucl., Mater., i11 & 112 (1982)
744.

H. Tanaka, K. Saiki, S. Otani, A. Koma and S. Tanaka, J. Nucl, Mater.,
116 (1883) 317,

5. Fukuda, M. Mohri and T. Yamashina, J. Vac. Sci. Technol., in press.
S. Fukuda, M. Mohri and T. Yamashina, to be published in Nucl,
Technel./Fusion.

K. Sone, Culham Laboratory Research Report CLM-R236 (1982).

R. Yamada and K. Sone, J. Nucl. Mater., 116 (1983) 200.

7. Bbe, K. Obara and Y. Murakami, J. Nucl. Mater., 91 (1980) 223,

R. Yamada, K. Nakamura and M, Saidch, J. Nucl, Mater,, g8 (1981) 167.

R. Yamada and K. Sone, J. Nucl. Mater., 120 (1984) 119.

M. Saideh, Int. Conf. Plasma-Surface Interactions 1in Controlled
Thermonuclear Fusion Devices, May 1984, Nagoya (to be published in J.
Nucl. Mater.)

M. Saidoh and K. Sone, Japan, J. Appl. Phys., 22 (1983} 136l.

N. Matsunami, Y. Yamamura, Y. TItikawa, N. Itch, Y. Kazumata, 5.
Mivagawa, K. Morita and R. Shimizu, Radiat. Eff. Lett., 50 (1980) 39,

Y. Yamamura, N. Matsunami and N, Itoh, Radiat, Eff., 71 (1983) &5,

K. Sene and Y. Murakami, J. Nucl. Mater., 123 {1984}, in press.
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(18]

191
f20]

T21]

[221]
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Fusion Research Center, Annual Report April 1, 1982 - March 31, 1983,
Japan Atomic Enerkgy Research Institute Report JAERI-M B3-182 (1983
p.68.

T, Tanabe, N. Saito, Y. Etoh and $. Imoto, J. Nucl, Mater,, 103 & 104

(1981) 483.
X. Sone and G.M. McCracken, J. Nucl, Mater,, 111 & 112 (1982) 6C6.

R. Yamada, K. Nakamura, K. Sone and M, Saidoh, J. Nucl. Mater,, 101
(1981) 100.
T. Tabata, R. Ito, K, Morita and Y. Itikawa, Japan., J. Appl. Phys., 20
{1981) 1929.
T. Tabata, R. Ito, Y. Itikawa, N. Ttoh, K. Morita and H. Tawara,

Institute of Plasma Physics/Nagoya Univ. Report IPPJ-AM-34 (1984).

Plasma edge transport

No contribution
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Data on vacuum vessel preparation

New Japanese data developed since the previcus assessment studies can be

seen in the following technical papers. The cutline of and some comments on
each paper are given under the title.

1)

2)

4)

¥. Sakamoto (IBCR), "ECR discharge cleaning of toreidal machines", Proc.
gth Intern. Vac. Congr. & 5th Intern, Conf. on Solid Surfaces, Madarid,
1983, p.716;

g. Ishii, X. Okazaki, Y. Sakamoto and K. Yano, "ECR discharge cleaning
for liner-containing tokamaks", Jap. J. Appl. Phys. 22 (1983) L403.

Experiments on electron-cyclotron-resonance {ECR) discharge cleaning
have been performed on JFT-2 {JAERI), JIPP T-II (IPP, Nagoya University)
and TEXTOR. Tn this method, a cleaning plasma is produced by the
ionization of hydrogen molecules and atoms by electrons which abscrb
microwave energy under cyclotron resonance conditions. The discharge
does not need electrodes in the vacuum vessel., The operating pressure
ig in the range 10-3 - 10-2 pPa. Typical plasma parameters are ng = 1016
m—3 and Tg = 10 eV. Tt has been proved that the wvacuum components
between the liner and vacuum vessel can be cleaned by this method.

In order to select (a} discharge cleaning method(s) apprepriate to the
YNTOR vacuum vessel, comparison should be made among pulse discharge
cleaning, glow discharge cleaning and ECR discharge cleaning.

8. Sengoku, et al (JAERI), "Carbon wall experiment in DIVA", J. Nucl.
Mater. 93894 (1980} 178.

The sticking coefficient and saturation density of oxygen and CO on
carbon surface are extremely low. These may retard the accumulation of
oxygen-containing gases o0 clean surface of the vacuum vessel wall. A
carbon wall experiment on DIVA supported the idea, in which once clean
eurface was obtained by discharge cleaning very low ¢ plasmas with a
good confinement characteristic were maintained for several hundreds
shots without any additional cleaning procedure.

K. Yoshihara and K. Nii (NRIM}, "Developwent of self-healing coating
method for vacuum vessel materials", Froc. 7th Intern, Cenf, on Vacuum
Matallurgy, Tokye, 1982, p.492.

when a special stainless steel doped with boron (0.01 %) and nitrogen
(0.16 %) is heated to about 800 °C in vacuum, & Very thin layer of
hexagonal boron nitride 1is formed on the surface, The adsorption
characteristic of this material is very similar to that of carbon or
graphite.

Although the precipitation temperature is too high to apply this methcd
directly to large vacuum vessels, it is worth while to develop the idea
as a potential methed of surface preparation.

S. Komiva, N. Umezu and C. Hayashi (ULVAC), "Titanium nitride film as a
protective coating for a vacuum deposition chamber", Thin Spolid Films 63
(1979) 341%.



5)

&)
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A hard and anti-corrosive titanium nitride cocating is proposed for use
as a protective ccating for the inside of wvacuum vessels, components and
other fixtures. The titanium nitride coating can be formed by activated
reactive evaporation. The outgassing rate of the TiN-coated surface is
about one-fifth of the corresponding value of a bare stainless steel
surface at rocom temperature.

Y. Murakami, T. Bbe and H. Nakamura (JAERI), "Development of low-2Z
surface coatings for JT-60 first wail", J. Nucl. Mater, 111 & 112 (1982)
861;

¥. Murakami, "The vacuum and surface techrnological aspects of the JT-60
tokamak", Proc. 9th Intern, Vac. Congr. & 5th Intern. Conf. on Solid
surfaces, Madrid, 1983, p.532.

In JAERI, development of surface ceatings of low-2Z materials were
started in 1980. Work in this area includes evaluation of candidate
coatings as well as development of coating techniques. From the results
of several performance tests including thermal shock test, thermal
fatigue test and sputtering yield measurement, titanium carbide was
chosen as the coating material for the first stage use in JT-60 since
CVD-TiC on molybdenum produced a favourable result in both refractory
character and coating-substrate adhesion, In the improvement of
deposition technigue from 1982, the temperature of TiC deposition could
be successfully reduced toc about 2900 °C where the recrystallization of
molybdenum was found to be inconsiderable., The outgassing rate ¢f the
TiC-coated molybdenum is comparable to those of bare molybdenum and
stainless steel.

G. Tominaga, K. Nakamura and Y. Murakami (JAERI), "Materials and methods
for attaining to low cutgassing rates without high temperature bakeout",
JAERI-M Report 83-112 (1983).

Since the necessity for high temperature bakeout of fusion vacuum
vessels imposes many restrictions on the machine design and consequently
will raise the cost, the investigation and testing of materials and
methods for attaining to low outgassing rates without bakecut is one of
the major R&D items of fusion reactors. From recent investigations by
Japanese scientists, the " authors considered a hypothesis that the
formation of dense oxide films crystallized on stainless steels and
aluminum alloys is conducive to reduction of outgassing rate at rcom
temperature. For the further development of this problem, they pointed
out the importance of a full understanding of the mechanism of gas
descrption from oxide films and of similar investigations on the films
of nitride and carbide.
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1.8 pPhysics conclusions and R and D

Diverteor plasmas, observed in the Doublet IIT experiments, significantly
enhance the credibility of dense and ccol divertor plasmas. They provide
precicus data bases for impurity control studies on INTOR. The divertor shape
of the Doublet III is an cpen single-null type, which is almost same as the
INTCR divertor. The Duublet III divertor plasmas near plates have
temperatures of less than 10 eV and densities of more than 1020 m-2, The high
fuel gas pressure 1is observed to increase up to 10-3 Torr in the divertor
region. The divertor operation demonstrates clean plasmas with a small amount
of metal impurities, The strong radiation is also observed from the divertor
region. such a dense and cool divertor plasma is compatible with good
confinement time. The above favorable results indicate that the dense and
cool divertor concept is more credible than the cther impurity control

concepts.

The numerical analyses with a divertor simulation code have made great
progress, along with the divertor experiments. The dense and cool divertor
plasmas of the Doublet III are well reproduced with the divertor code, which
however does not include impurity effects. The divertor ccde extrapolates to
the INTOR conditions and elucidates what conditions should be satisfied in
INTOR to realize the dense and cool divertor plasmas.

The limiter experiments have alsco made progress and the low-Z limiters
provide clean plasmas under the intense additional heating of a MW level, The
simple analyses on the INTOR limiter plasmas show that the limiter is limited
to the low-Z materials, and that the temperature of the plasmas in contact
with the limiter does not decrease below 100 ev. Then the erosion is the
serious problems for the limiter concept.

Parametric studies on the diverter shape, with the divertor numerical
code, indicate that even a fairly short divertor can provide a dense and cool
plasmas near the diverter plate. The short divertor, having short distance
betweernn the null-point and the divertor plate, has some advantages on
simplification of the reactor configuration. Comparison studies on single-
and double-null divertor have also revisited and results from physics and
engineering viewpoints show that the single-null concept is slightly moxe
favorable than the double-null one.

Ergodic magnetic limiter and radio-fregquency divertor concepts hawve been
assessed as innovative schemes for impurity control, Further studies,
especially experimental ones, are necessary to develop those concepts.

Data on fuelling are assessed. The fuelling is important for achieving
the H-mode discharges. The pellet fuelling is observed to expand the
operation regime with good confinement.

Data compilation and evaluation both for atomic and molecular processes
and for plasma-surface interaction have made progress systematically. 19
computer-based data storage and retrieval system has also been significantly
developed to make easy access to the bibliographic and numerical data.

Present programs
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JT-60

The

The schedule of JT-60 operation is shown in the following table,
first plasma of the JT-60 is scheduled in spring, 1985, and Joule experiments

After an installation of heating apparatus

will be conducted for a half year.
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JT-60 experiments are featured with hydrogen plasmas and a long pulse of
10s. Capability in a divertor operation in JT-60 is outstandingly differnt
from the other large tokamaks, TFTR, JET, and T-1%., Then, the JT-60 operation
will certainly enhance research and development of impurity contrel including
a divertor concept, and it could provide very useful data base for INTOR
impurity control.

Doubklet ITI (Big D)

The Doublet III experiments are performing under a cooperative agreement
between Japan and US. Lately, the contract was agreed to extend to 1988 to
continue cooperative experiments of a Big-D project, In addition toc the
present NBI heating (around 10MW), an RF(ICRF, ECRF) heating is scheduled to
be augmented. The Big-D experiment is expected tc start at the beginning of
1986. Non—-circular high beta plasmas with & divertor or limiter will be
produced within a big chamber, Experimental results on impurity control,
particularly in an open-type divertor, are expected surely reinforce the data
base for INTOR.

JFT-~2M
TFT-2M was modernized in 1983. Its major objectives are focussed on RF
experiments. A heating power (NBI and RF) will reach about 10 MW. Impurity
control experiments are planned to be performed with a pumped limiter and a
divertor with non-circular plasmas, JFT-2M is not so big, but is able tc make
small adjustments as its objectives. Useful data, sspecially impurity control
control under RF heating, are expected.

JIPP-T 2U
JIPP-T 2U was upgraded in 1983, and it has a circular cross section

with a considerable heating power of NBI and RF (ICRF, IHRF, and ECRF).
Regarding to impurity control, experiments on an ergodic limiter are sheduled
in near future.

Recommended new programs

JT-6C is a large tckamak with a considerable heating power and with a
copability of a divertor operation. Doublet-ITI and JFT-2M are non-circular
tokamaks heated by a level of heating power of more tharn 10MW, and can be
operated with an open-type divertor. Those machines could supply a lot of
information deeply related to impurity control by a limiter and a divertor, if
detail measurements were adequately performed, in particular about scrape-off

plasma parameters and impuity behaviors. To establish a sufficient data base
for INTOR, +then, it 1s important to obtain detailed data from tokamaks
mentioned above. It may be recommended that rokamak programs are almost

enough for research and development for divertor and limiter concepts, and-
that detailed measurements should be performed to obtain adequate under-
standings for a reliable extrapolation to INTOR.

The problem of impurity control in tokamaks does not seem to be
completely resolved by an INTOR operation, even though INTCR would work well,
because demonstration and commercial reactors will increase their power up to

about 1GW. Therefore, it is indeed necessary to develop other schemes for
impurity control in parallel, which might not be adopted for INTOR, e.g. a
cooling boundary layer, a bundle divertor, and so forth. There are noct so

many programs at present, These requirements are not so urgent, but they
should be performed steadily.



