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Preface

In the recent progresses of the experiments on divertor
and limiter discharges and design studies of INTOR like
machines, more precise models of Tokamak plasma are
required, especially from the standpoint of impurity and
particle controls. However, if we want to go a step
further, it turns out that the present data of atomic and
molecular physics are still insufficient to describe the
models. This point is what we must improve near future
through collaboration of plasma and atomic physicists.

As the next step of investigation, we must organize the
experiment with appropriate magnetic field configurations
and proper wall materials to suppress serious influences to
core plasma from the edge. Through iterations of such
procedure, we can reach reasonable plasma modelling to form
the rigid base for the next generation machine.

I hope we can discuss these point during the coming 6th

PSI conference in Nagoya.

A. Miyahara
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“Plasma Engineering Considerations on Impurity Control of the

Next-Step Tokamak, Focussing on INTOR Design Concept

Fusion Research and DPevelopment Center
Tokal Research Establishment

Japan Atomic Energy Research Institute

Noboru Fujisawa



1. Introduction

Heats and particles flowing out from plasmas with their finite
confinement times have to be removed reliably. Inevitable plasma-
surf&ce interactions in those situations would generate impurities
from surfaces, which give severe influences on plasma confinement
performance and have to be well controlled. The critical issue of
the impurity control should be understood with well-balanced develop-
ments both in plasma physics, particularly peripheral plasmas, and in
technology associated with heat and particle removal.

Looking back into past fusion reseaches, the impurity control
played an outstandingly important rcle in production of high tempera-
ture plasmas. In a path to success in fusion reactors, of course, the
impurity control will hold a essential key. In the INTOR Werkshop,
the impurity contrcl issue has been actively tackled since the Phase
Zero Workshop [1,2,3], with recognizing it as one of critical issues
affecting the INTOR design concept.

Difficulties in the impurity control probem depend partly on
powers to be removed, which are predicted to amount to about 1 GW in
reactors.. In the history of the impurity control studies in tokamaks
up to now, emphases have been placed on trying to keep plasma as clean
as possible in order to get higher temperature plasmas. Taking into
account formidably large power to be handled in future tokamak reactors,
however, the impurity conctrol concept should be reconsidered to change
its tendency into harmonized co-existence with impurities, where most
part of power could be taken out through radiations caused by impurities.
Some symptoms of such a tendency is already observed in the present large

tokamaks such as JT-60, JET, and TFTR. The next tokamaks, a good



O
representative of which is INTOR, seem to be just on a corner of the

turnaround in the impurity control strategy. - T

Section 2 will review the plasina operation mode which 1s "indis=
pensable to perform INTOR objectives. Section 3 will describe critical
items for the impurity control in tokamaks. Section 4 will compare - -
two potential candidates for tlie INTOR' impurity control, i.e.; poloidal:.
dive?éor and toroildal pumped limiter. Section 5 will discuss feasibility
of high-density, low-temperature plasmas near divertor collector plate.

Summary is presented in Section 6. -

~ 10—



2, INTOR missions and plasma operation mode compatible with them

.

In a strategy of a tokc.nak fusion programme INTOR can be defined
as the major experiment between the present generation of large tokamaks
(TFTR,'JET,'JT%60, T=-15) and the generation of demonstration reactors.
The: principal role of INTOR generally is the engineering domonstration
of tokamak reactors [1l].

The reactor-relevant mode of plasma operation is required to achieve
the abcve major mission. Concretely, the following mode of operation is
required for the INTOR plasma.

(1) Ignited D-T plasma

(2) Controlled burn pulse of >109 s

(3) Reactor level neutron wall loading of > 1 MW-m™2
(4) Duty cycle 2 70 %

(5) Availability of 25-50 7

The Zero Phase of the INTOR Workshop, which was conducted during
1979, addressed the programmatic roles and the technical objectives of
INTOR and assessed plasma physics and technology bases requisite for
such an INTOR experiment, and finally concluded that such an engineering
test facility was feasible, provided that the supporting research and
development activity is significantly expanded.

The INTOR Workshop was extended into Phase One, in early 1980,
the objective of which was to develop a conceptual design of the INTOR
experiment. As a result of this design work, the major INTOR design
parameters, shown in Table 1, were developed in some detail and critical
problemes were identified. -

From the viewpovint of the impurity control, the considerably crucial

parameters may be the alpha heating power of 124 MW and the long burn

—11 -



time of 100~ 200 s.

Alpha particles of high energy produéed via D-T reaction heat
D-T particles in the main plasma region. Most power of the alpha
Qeating, then, flows out of the core plasma through conductjion and
convection processes. The major role of the impurity control therefore
is to remove such a large power without deteriorating confinement
pérformance of the main plasma.

Alpha particles after slowing down are ashes and should be removed
as soon as possible. Otherwise, the concentration of the helium ash
increases in the elapse of burning, and eventually they dilute the
D~T reaction and at the same time raise a plasma beta value, which
would be significantly severe constraint for tokamak plasmas at

present.,

—12 -



3. Problem description

The design work of the impurity control system ﬁeeds many
important items to be evaluated. They are not only in plasma physics,
but also include an impurity control engineering area. The major
problematic items are as follows.

(1) Parameters cf scrape-off plasmas which directly interact with
collector plates, receiving heat and particle fluxes from the
main plasma.

(2) Behaviors of impurities released from collector plates and first
walls, both in the scrape-off layer and in the main plasma.

(3) Heat and particle fluxes onto collector plates and first walls.

(4) Helium ash exhaust.

(5) Overall evaluation of the impurity control system from the plasma

physics and technology viewpoints.

Scrape-off plasma parameters

One third of the alpha heating power, around 40 MW, is assumed
to be radiated to first walls in the INTOR operating senario. The
rest of it, about 80 MW, therefore is transfered through the main
plasma edge to scrape-off plasmas and heats them up. What parameters
the scrape-off plasmas get is significantly crucial for impurity control
studies. Because the scrape-off plasma directly interacts with collector
plates and the energy of charge exchanged neutral particles plunging
into the first walls also depends on the scrape-off plasma parameters.
The parameters of a scrape-off layer, such as density, temperature,
and their profiles, are strongly dependent on heat and particle fluxes
from main plasmas, particle and thermal diffusivities in the layer,

behaviors of neutral DT particles and impurities from collector plates

—13 -



and first walls. The reliable estimation of such parameters needs

adequate data based on experimental and theoretical developments.

Behaviors of impurities

The most essentiaivway for the impurity control is to avoid
impurities form being released from plate and walls. It is however
impoééible to completely suppress the impurity ejection. Then, it
becomes crucial for the impurity control to shield impurities from
going into the main plasma and to keep it as clean as possible.
Therefore, the behavior of impurities in the scrape-off layer should
be understood in enough detail for the design. If the effect of
impurities would turn to be so little, their radiation could be used
positively in ways to reduce plasma temperature to decrease the heat
load to collector plates.

The -behaviors of impurities from walls and helium particles
produced through D-T reactions in the main plasmas is also influencial
on the plasma confinement performance. Some part of impurities from
walls and plates could unavoidably reach the main plasmas, especially
high-2 impufities have great influences on the confinement performance.
On the other hand, if impurities would rot accumulate in the center
of the main plasmas and their radiations could concentrate in the
edge of the plasma column, the radiation loss machinery could be used
to reduce the heat power to the scrape-off plasma.

As mentioned earlier, the long confinement time of helium ions
is daneerous for long burning, because of its tendencies to diluté
D~T reactions and to increase plasma beta valves. The steady exhaust

of the helium ashes also needs complete understanding of the helium

ash behavior in the main and scrape-off plasmas.
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Heat and particle fluxes to plates and walls

The heat and particle fluxes, including their energy spectra, are
indispensable to the design study on the impurity control system. They
should be evaluaéed in some detail, based on assessment of the above
items mentioned. In addition tc them, moreover, the design work needs
other coﬂditions to be considered, such as neutron wall loading, thermal
and electromagnetic influences due to plasma disruptions, feasibility
of maintenance and assembly of a reactor core, configulations of poloidal

magnetic fields for plasma equilibrium and so on.

Helium ash exhaust

The helium ash should be removed continuously at the same rate as
the alpha production to achieve the long burn operation of 100-200 s.
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 the demands on a tritium processing system.

Overall evaluation for impurity control system

At present various impurity coatrol concepts are proposed and
investigated experimentally and theoretically. Which is the most
favorable for INTOR should not be answered from only plasma consicera-
tion, it needs overall evaluation ranging from plasma phyS%cs to the
technology. Furthermore, a future extention of the concepg should
be taken into considerations, because commercial reactors at present
designs would produce a huge alpha heating power reaching about 1 GW,
which is by one order as large as INTOR. Therefore, the most suitable

method for INTOR might not necesarily extend to demonstration reactors.

—15-



4. Comparison study between single-null poloidal divertor and toronidal

pumped limiter

The pre-conceptual design at the Phase One INTbR Workshop accom-
modated the single-null poloidal divertor as a reference impurity
control method, based onAdata bases and some simplerevaluation of
scrape-off plasmas [2].

The impurity control issue was pointed as one of some critical
technical issues to be resolved at the Phase~Two-A (Part 1) Workshop)
which affect the INTOR design councept. During this phase, the poloidal
divertor was investigated in more detail, and together with it the
pumped limiter concept was also emphasized to compare it with the
divertor. As a result of those efforts, the poloidal divertor was
recommended to lieve as a reference method of the INTOR impurity
control.

The fesults of the comparison between the divertor and limiter
concepts are shown in Table 2. Their brief evaluations are described

in the followings.

Plasma parameters in front of collector plates

Plasmas in a scrape-off layer, especially in front of coilector
plates, are crucial for impurity controlability. They depend on
recycling D-T particles near the neutralizer plate, on the assumption
of constant heat fluxes and no impurities. In general, with a large
pumping speed and a particle supply with a pellet injection, the density
and temperature of scrape-off plasmas respectivelly decreases and increases.
In a region of high-temperature (e.g. 1 kV) and low-density (e.g.
of the order of 10%% m-a),.the sputtering yield of the collector plates

is decreasing with increasing D-T particle energy, since it is beyond
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its maximum. The incident D-T particle flux is also reduced to great
extent due.to reduced particle fluxes. In consequence, the flux of
sputtered plate materials can be reduced significantly.

.- - cPotential realizability of such high temperature scrape-off plasma,
however, seems at present to significantly low because of no experimental
indications and of concerns in arcing., It should be prudent to select
such high-temperature and low-density scrape-off plasmas for INTOR.

The -another operation region, which is just on the other side to
the above ‘and beneficial for the impurity control, is low~temperature
(< 30 eV), high-density (2 10%2° m™3) plasmas. Such plasmas were lately
observed' near the neutralizer plates in Doublet II and ASDEX high density
divertor discharges, and some elaborate divertor analyses codes indicate
high possibility in the INTOR open-type divertor.

On the other hand, limiter plasmas are found to be difficult to
approach the high-density, low-temperature region. Analyses on limiter
plasmas disco1se scrape-off layer plasmas to be medium temperature (50-200
.eV) and nedium~density (< 102° m~3). This temperature range is unfavor-
able for the impurity control, since the sputtering yield of materials

is nedr their maximum.

Impurity Controlability

‘The impurity control function can be subdivided into two. One is
to suppress impurities from being released from materials, and the
other is to prevent released impurities from going into the main plasmas.
The first function, reduction of impurity release, can work by
decreasing plasma temperatures in front by plates and walls. The
scrape-=o0ff' plasma near the divertor plates has large possibility in

getting to iow temperatures. The low-temperature (e.g. < 30 eV) near
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the limiter may be unrealistic at present, as mentioned above. . In
this context, the divertor could have more reli;ble impurity con-
trolability than the limiter.

The second function, prevention of contamination of the main plasma,
can also be observed considerable difference between the divertor and
limite;ﬁconcepts, stemming from difference in distance between the
main plasmas and the plates. Impurities released from the limiter
plates easily reach the main plasmas because the limiter plates are
in a close vicinity of the main plasmas. Impurities released from
the divertor plates could be forced to return to the plates due to
electric fields in sheath and pre-sheath and frictional ferces by D-T

particle flows toward the plates.

Materials for collectcr plates

Materials for the limiter plates would be limited to low-Z, because
the medium-temperature (50-200 eV) near the plates could result in the
self~sputtering yield of more than unity for wmedium~ and high-Z materials.

In the inertor case, as mentioned above, the low-temperature
plasmas (< 30 eV) near the plates could be realized in a high density
operation. Then the divertor plate materials might be free from the
sputtering problem, they should be selected from other considerations
on redeposition of first wall materials, thermal damage due to disrup-

tions, and so on.

Erosion of first wall

Charge exchanged D~T neutral particles would erode significantly.

the first walls. For instance, sputtered quantity from the stainless-

steel first wall would amount to about 1 ton/year under charge exchange

—18—



power of a few MW. Those impurities have great effects on the impurity
control concept. Especially in the divertor case, the flow velocity

of the scrape~off plasmas becomes considerably low and impurities
released from the walls near a divertor entrance might “ave chances

of penetrating into the main plasma. In the limiter case the situation
might not be so serious, because the charge exchange loss is concentrated

near the limiter and the flow velocity would not decrease so much.

Effects on plasma confinement performance

.Lately, energy confinement time with limiter plasmas was observed
to be fairly degraded with increasing heating power, and it was also
found to recover with the diverted plasmas, i.e. H~mode. If such a
trend continues, the divertor concept should be applied to INTOR.
Posibility of H-mode cperations with the pumped limiter, however, is

still open, and more elaborate researches should be needed.

Maximum heat load on collector plates

Capability in removal of heat has some differences between the
limiter and divertor plates,; stemming from their configurations. The
pumped limiter has to accomodate a exhausting space behind the limiter
plates, and the limiter shape must have a tip. The capability of heat
removal at the limiter tip is weaker than the plate because of ifs
structural restriction. At the tip poloidal magnetic field also is
normal to the surface, then the limiter tip must be far away from the
main plasma edge so as to reduce the heat load at it. The fact could

surely lead to a large demand of evacuation system.
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Life of collector plates- e : ST FAES

The limiter plates of ‘low~Z materials suffer severe ercsion due-
to their high sputtering yields. For instance, the erosion rate of
low Z haterials might be about 100 cm/year in continuous operation,
assuming no redeposition of sputtered materials. Sputtered materials
however could be instantaneously ionized in front of the plates, and
they would have high probability in reutrning back to the plates and
redepositing on them. Some analyzing codes disclose that the net
erosion rate of low-Z materials is significantly reduced to a few cm
per year. The lifetime of the low-Z limiter is evaluated to be a few
years.

In the high-density, low-temperature divertor case, the collector
plates could hardly be eroded, employing refractory materials as a
plate. The lifetime of the divertor plates might be certainly long.
The divertér plates would rather suffer the redeposition of the first

wall materials, which could govern the lifetime.

Pumping requirement

In the pumped limiter case, the tip of the limiter plates has to
locate far away from the edge of the main plasmas due to its weak heat
removability. Therefore, particle flux going into the chamber for
pumping behind the limiter plate is limited to a small part of.the
total particle fiux to the limiter. The fact demands a large pumping
speed of more than 10° %/s in the pumped limiter case.

The high~density, low-temperature plasmas near the divertor plates’
produce concomitantly high pressures cf neutral D~T and He gases. The
moderate requirement of a évacuation system (10%-10°% 2/s) could be

enough to remove the helium ash at the same rate as the alpha production.
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Torus size

The magnetic configuration of‘the divertor plasmas possesses
magnetic null points at the main plasma edge. The presence of the null
points surely enlarge a plasma volume compared with the limiter plasmas.
Moreover, the divertor region is necessary beyond the null points, which
furthermore expands a room for plasmas. Eventually, the size of toroidal
coils, which is practically tantamount to the torus size, swells signif-
icantly, The INTOR cost study disclosed that the size of the toroidal
coils with the limiter is reduce by 15 % from that with the divertor,

which results in 12 % reduction in cost including power supply mentioned

later.

Poloidal coil power supply

The divertor plasmas evidendiy need larger poloidal coil current
than the limiter plasmas due to the presence of the null points at the
main plasma edge. In the single null configulation 1like INTOR, in
additioh to the large coil current, the asymmetry increases forces on
the toroidal coils, which leads to strong support structures and
ultimately to large torusﬂsize. The poloidal power supply with the
divertor, which occupies a major part of the total power supply, is
bigger than that with the limiter.

In the above, comparisons between the divertor and pumped limiter
are made from both sides of plasma physics and technology, with some
emphasis placed on physics. On the basis of the above evaluations.

It was recommended as a regult of Phase-Two-A (Part 1) INTOR Workshop
studies that the single-null poloidal divertor should be the reference
impurity control option, and that the pumped limiter should be retained

as a design option.
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5. Low~temperature, high~density divertor plasmas

The most reliable impurity control concept for INTOR could be at
present the divertor with low-temperature, high-density plasmas near
the plates. ‘

Those low-temperature in divertor plasmas were observed in Doublet
II at first time [4], and after that they were also reproduced in ASDEX
and PDX. Especially note that the results from Doublet III are remarkably
important for INTOR, because they have no special room for a divertor
and their shape is open-type similar to the INTOR divertor.

Those interesting experimental results stimulated studies on divertor
analyses and some elaborate codes have been developed to predict the low-

temperature, high~density divertor operation for INTOR.

5.1 Simulation of Doublet II experiments
Major results of the single-null poloidal divertor experiments in
Doublet II are as follows [4]
® Metal impurities, typically titanium, are reduced by about one
order, changing from limiter to divertor discharges, especially
they are negligibly small in high density discharges. »
@ Neutral hydrogen gas pressures near the divertor reach an order
of 1073 Torr, which are larger by two orders than those in limiter
discharges. Furthermore, in helium gas injection cases, helium
gas pressure reach 10™% Torr, which would result in reduction
in pumping requirement.
® Radiation losses from the divertor region increase with increasing
plasma densities and get to one half of the input power.
@ High-densities (2 1X 1620 m~3), low-temperature (Te:: 8 eV) plasmas

near the divertor plates are observed even under conditions of
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NBI heating, 4-5 MW.

The divertor analysis code consist of hydrodynamic equations of
divertor plasma cdﬁpled with neutrals analyized by a Monte Carlo
method. ' The walidity of the divertor code was checked by cagability
in explanation of experimental results.

Comparisons of densities and temperatures between Doublet IIT
experiﬁenté and code analyses are displayed in Fig. 1. It can be

found that the code fairly well explains the experiments.

5.2 Plasma parameter for the INTOR divertor

The code mentioned above can predict plasma parameters of the INTOR
divertor, which are mainly dependent upon heat and particle fluxes flowing
into the divertor from the main plasmas. Densities and temperatures
near the divertor plates are shown in Fig. 2 as a function of the particle
fluxes with as a parameter of the heat fluxes. Outstanding features are
that plasma temperatures decrease below 10 eV beyond a certain value of

3 near the

the particle fluxes and that densities increase over 1020 o~
plate. In high-density, low-temperature divertor plasma, the code also
predicts that radiation losses by hydrogen neutrals amount to over 50 7
of the input power,

The above result is preliminary, and adoption of such a low-temperature
concept to the INTOR reference should need more evaluations. In any way,
it is likely that the INTOR divertor plasmas would be in a low-temperature
high-density regime. The code also includes no impurities, and the future
develcpment should evolve elabolate hydrogen atom and molecular effects
and plausible impurity behaviors. The consistency between the divertor
and the main plasma moreover should be paid heeds to, and operating

conditions must be made clear, which make sure the low-temperature and

high-density divertor plasma operation.
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1)

2)

3)

Conclusions

The single-null poloidal divertor concept could be the plausible
impurity control in the next device, ang it is recommended to be

as a reference in INTOR

The divertor configuration of INTOR is open type due to poloidal’
coils exterior to toroidal coils, the reliable code predicts high
probalility of high-density, low-temperature plasmas near the plate.
The pumped limiter option is important, particularly in an aspect
of its simplicity. Its potential to the extentiocn into commercial

reactors should be taken into considerations.
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Table 1. INTOR Major Parameters

PLASMA '
' Plasma major radius, Rp 5.3m
.

Plasma radius, a ! 1.2 m

Plasma elongation, K 1.6

Burn average beta, <f> 5.6 % !
Average ion temperature, <T;> 10 kev * o
Average ion density, <n;> ' 1.4x102° @3

Energy confinement time, g 1.4 s

Plasma current, Ip cot 6.4 MAY

Field on chamber axis, B, ° 5.5 T °

Peak thermonuclear power, Pth 620 MW

Neutron wall load, Pn 1.3 MW.m™2

OPERATICN

Burn time Stage I/II and I = ©100/200 s

Duty c¢ycle, Stage I/II and TI 70/80 %

Number of pulses (lifetime) - 7 x10% ) -
‘Maximum availability goal ‘ 50 %

IMPURITY CONTROL ®

Method Singl-null poloidal divertor
Collector Low plasma temperature at

plate: W, medium plasma
temperature: Be

Power to divertor 80 MW

FIRST WALL

Power to first wall 44 MW

Material S$S316
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ELECTRON DENSITY
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Numerical;SimuIatibn“of“Peilet'Injection§into Heliotron-E

. Yuji Nakamura
- Masahiro Wakatani

Plasma Physics Laboratory
_ ' kyoto Unlver51ty
] Gokasho, Uji

Density increase by the pellet 1n3ectlon into magnetically
confined plasmas is an interesting subJect from the point of view

of the transport theory. Recently the pellet injection
and stellaratorsS)

1)y ~ 4)
and the remarkable result of ne(O)"CF h-8.x_1013 cm'BSec is
obtained in Alcator C, where ne(O) denotes a central electron

experiment becomes popular in tokamaks

density and'?ﬁ is energy confinement ti@e.

There are two important processes in the analyses of pellet
injection. - One is ablation process and the other is transport
process of the deposited partlcles ‘The ablation process is
calculated by Milora-Foster model 7) and a self- limiting process
which is the effect of cooling the target plasma by the pellet on
the ablation rate. Typical ablation profills along the pellet
injection pass are shown in Flg -1, Here we assumé n, (r) = 6.0X%
1019 (1-(x/a)%) + 5 x 1017 (w3 and T (r) = 600(1- (x/a)> ) oF
10[eV] and total partlcle number of the pellet 5.86 X 10 9
There data are consistent with the pellet injection experiment
into Heliotron E with a major radius R = 2.2 m and an average
minor radius a = 20 cm.

The particle deposition profile is coupled with the numer-

ical codes)

to study the transport process in Heliotron E. The
currentless plasma was produced by decreasing the ohmic heating
current from 10 kA to 500 A in the numerical calculation. The
transport coefficients, D = Dneo + 5.0 X 1018/n [m2/sec],

x —Z Neo 4 1.5 x 1019/n [m /sec]l and % = )6 Ne0 yere as-

sumed The neutral beam 1n3ectlon heatlng of 1 44 MW was

calculated by using the linearized Fockker-Planck equation. The
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pellet of total particles, 4.2 X 1019,,was injected with the

velocity of 1000 m/s. The radiation loss was included through an
assumed Zeff.

_ In Fig. 2, the pellet ablation profile, T (r), T;(r) and
ne(rf’are shown after the pellet injection at T = 150 msec.
Fig. 3 shows time evolution of various parameters. The average
density W, is increased from 2.5 x 101%1m3) to 5 x 1019[m'3].
The abrupt increase of ne(O) means that the pellet goes across
the magnetic axis. The central temperature Te(O) and T, (0)
almost recover the values before the pellet injection. The
confinement time"CE and T_ also increase according to the assumed
transport coefficient (Alcator-like scaling). The pressure
profile 1s shown in Fig.4. The peaked profile just after the
pellet injection shows non-adiabatic heating occurs near the
central region. When b2ta value increases by the pellet injec-
tion, MHD stability against the pressure driver modes becomes an
important factor to determine the pellet size and velocity.

The comparion between the numerical results and the pellet

injection experiment carried out in this January is under way.
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Figure Captions

Fig. 1 Ablation rate profile along the pellet path.

Fig. 2 Profiles of abration rate, electron density and plasma
temperatures of Heliotron E NBI heated curfentless
plasma. Pellet is injected at T=150 msec. )

Fig. 3 Time evolution of plasma parameters corresponding to Fig.
2,

Fig. 4 Behavior of pressure profile after the pellet injection.
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Numerical Analyses of Plasma and Neutral Particle Behavior for

Poloidal Divertor in Fusion ExperiméntaliReactof,"

*®
Masayoshi SUGIHARA, Seiji SAITO ,

*%
Shigehisa HITOKI  and Noboru FUJISAWA

Japan Atomic Energy Research Institute

Naka-machi, Naka-gun, Ibaraki, Japan

1. Intrbduction

Recent design works of the experimental fusion reactors have
stimulated the experimental [1-4] and theoretical [5~9] studies on the
heat removal and related impurity control measures. A possibility of
the helium ash exhaust using a model poloidal divertor was discussed
in the earlier reports [5,6] by means of a Monte Carlo simulation of
the neutral particles and ions in the divertor chamber. Their model
[5] was based.on the simple sheath theory as to the estimation of the
scrape-off variables that were assumed to be uniform along the magnetic
field line. The observations of the cold and &ense divertor plasma in
DII[1,2] and ASDEX [3] experiments have indicated the strong inhomo-
geneity of the scrape-off plasma along the field line. This feature
has also been numerically investigated on the basis of the fluid model
of the scrape-off plasma [7-9]. 1In this paﬁer, the possibie attainment
of the high density operation in the FER divertor is investigated using
a self-consistent treatment for the scrape-off plasma and neuérals. The

scrape-off plasmas are described by the fluid equations consisting of

* Hitachi Energy Research Labcratory, Hitachi, Japan
**% Mitsubishi Electric Company, Tokyc, Japan
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the particle, momentum-and energy comnservation equations along the magnetic

field: line. The neutral particle transport is simulated by the Monte Carlo

method. Their interactions through ionization and charge exchange processes
are solved self-consistently with the scrape-off plasma by an iterative

procedure.

2. Mbéel of Neutral Particle Transport [10]
2.1 Particle Tracking Method

The neutral particle motions initiated at the neutralizer plate are
followed by the Monte Carld simulation method. The particle trajectories
are traced at the space intervals between space lattices. The reaction
points are searched within the space interval by generating a random number
according to the reaction probability.

After ionization of neutral particles, the tracking is terminated,
while after the charge exchange a new velocity is assigned to the neutral
particle by generating a random number according to the Maxwellian velocity
distribution of the back ground ions. A new velocity is also given to a
reflected reutral in collision with the divertor chamber wall.

The tracking of neutral particles is terminated when they return
back to the main plasma region across the entrance of divertor throat,

or leave the bottom of the exhausting duct.

2.2 The Physical Model

The ionization process of neutral atoms is described on the basis
of the ionizaticn rate coefficients using the Freeman and Jones formula[ll]
for fuel particles and Lotz's formula[lZ] for heliums. As for the charge
exchange, the Riviere's formula[l3] is used. Neutral particles colliding
with the chamber wall are assumed to be reflected at the rates given Ref.
[14]. There are few experiments and theories concerning the dependence

on 6 of the reflection ccefficients, except for the normal incidence[l4].
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The numerical calculation shows that the reflection coefficients: approach
to unity as 0 goes to 90°[15], where 6 is the incident angle measured
from the normal to the surface. Therefore we assume for simplicity the-
line?r angular dependence. Particles which are not reflected are adsorbed
and then desorbed at Qall temperature. The angle of reflected or desorbed
particles is determined by cosine distribution based on the assumption of
rougﬁ'surface in molecular level. There is still large uncertainty in
these reflection model, especially in low incident energy. If, for in- 7
stance, mirror reflection is dominant, the estimation of the effective
conductance of the evacuating duct will be much altered. Deuterium and
tritium particles desorbed from the wall are in molecular form. Dominant

processes for these molecules[16] are incorporated.

2.3 The scoring Method for the Neutral Distributions

Mean flight time of particles in each space lattice is cobtained by
followiné the particle trajectories at every space lattice. The neutral
density distributions are calculated from the mean flight times of test
particles, the total particle flux from the neutralizer plate and the

volume of the space lattice[i7].

3. Fluid Model

The fluid equations in conservation form derived by Braginskii[18]
can be reduced to the equations along the field 1ine[l9]. The particle,
momentum and energy comnservation equations projected on the poloidal

cross section shown in fig. 2, are given by

3 5 Bnk(x,z)
3, fk,z(x,z) = Sk(x,z) + 53 (D1 -—-35;———) s (k=D,T,He) , (3-1)

g% [n_(x,z)(2U(x,2z) + sze(x,z) + Ti(x,z))]

= T
]

anp(x,z)
DL w11 (3-2)

-

_8_{ 2U(x,2)
ox V/(x,z)

[Sp(X.Z) +

=]

p
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- wﬁ%a[fééx;z)CU(x,z) +a§ Ti(x,z)) i'qi(x,z)]

P T 1) .,— . ;a . . _
= -V, 55 B (®2) + P (x:2) + 8, (x,2)
: an_(x,2) 3T, (x,2)
s R T iUGe) + 3 P i o
yoord s "'s‘axl v[{U(x:,z.) + 2 T-i.(x,z)} Dy ™ + Ki_[_ —_ - 1, (3-3)

48 §=fz(x,z) Te(x,z) + qe(x,z)]

QU
N i @
L

9 Ty
2 52 Pe(x,z) - Pei(x,z) + Pr(x,z) + SEe(x,z)

n Bne(x,z) BTe(x,z)

0_3_ ] v —_—
e 5 To(%:2) D) S + K, . 1 (3-4)

i

where, for simplicity, the ratio of the poloidal to toroidal magnetic
fiéld is assumed to be constant along the field liue. sz(x,z) denotes
the ion flux parallel to the z direction for D, T and & particles and
fz(x,z) the total ion flux. U(x,z) is' expressed in terms of the average
ion mass m.p and the ion flow velocity along the field line Y/(x,z) as
follows;

U(x,z) = %_- m, V;(x,z) i (3-5)

In eqs. (3-3) and (3-4), q and q, are the conduction heat fluxes in the
z direction for the ions and electrons, where the heat conductivities
along the field line are assumed to be the classical ones.

The first terms on the right-hand side of eqs. (3~3) and (3-4)
represent energies provided by the ambipolar electric field produced
by the gradient of the electron pressure Pe(x,z). The second terms
express the collisional energy transfer between the electrons and ions.
In eq. (3-4), Pr denotes the radiation loss power from the recycling
hydrogen neutral and oxygen.impurities. As for the hydrogen line radia-
tion, only the first excitation level is taken into account using the
excitation rate coefficient given by Johnson [20]. The power density of

the oxygen radiation is calculated using a numerical fit to the non-coronal
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calculation by Shimada [21]. :The particle, mgyentum anﬁ\energy»sdurces
due to ionization and charge exchange of the neutral particles are denoted
by Sk(x,z) (k=D,T,He) Sp(x,z), SEi(x;z) and SEe(x,z).

A part of the boundary conditicunis are given at-thevdivertor throat
entrance; the incoming ion fluxes sz(x,o), (k=D,T, ), the incoming total
heat flux QTOT(x,o) and the ratio of the ion to electron temperature.

More restrictive conditions characterizing the scrape-off plasma come
from the existence of the electrostatic sheath formed in front of the
divertor plate. The firstrcondition is the heat flux limitation [22]

imposed by the sheath electric field given by

QTOT(X’L) = YTOT Te(x’L) fz(XSL) 2 (3-6)

where YroT is the total heat transmission coefficient. The second one

is the sound speed condition. [23] in the following:
1
U(x,L) = E{ sze(x,L) + Ti(x,L) } . (3-7)

In addition, the following continuity condition for the ion heat flux by

conduction is included,

0q.

% ler = O | (3-8)
4, Evaluation of FER divertor characteristics [24]

The scrape-off plasmas in the outboard-side divertor chambers of
FER are estimated numerically using the simplified model configuration
illustrated in fig. 2(a).

The ion flux reaching the divertor plate increases due to reioniza-
tions of the recycling neutral particles. The dependence of the scrape-
off plasma variables on the incoming ion flux is analyzed with use of
the divertor chamber with the short length of 50 cm and relatively large

width of 30 cm, and with the high pumping speed of 2.5x10° &/s.
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The calculated results of the peak electron density and temperature
at the divertor plate are shown in fig. 2 as a function of the incoming
ion flux I under FER baseline condition of the heat flux of 20 MW to the
outboard-side of each divertor. The heat and particle flux are assumed
to have exponential distributions whose e-folding distances are 7 cm.
The ratio of the poloidal to toroidal magnetic field is set to BP/BT==O.1.

In fig. 2(b), case (A) and (B) show the case without and with the
line radiations from the recycling hydrogen neutrals and the 1% oxygen
impurities, respectively, »The corresponding radiated power amounts to
40% of tie total power for the hydrogen and 25% for the 1% oxygen
impurities as shown in Fig. 2(c). The effect of the radiation cooling
is to reduce the electron density with little variation of the electron
temperature, as shown in fig. 2(b). The further study will, however,
be needed concerning the more elaborate estimation of the radiation lbss
power in the very high dens;ty and low temperature region [25].

The two~dimensional plots of the electron temperature and density
obtained with the radiation losses are shown in figs. 3(a) and (b) for
the incoming ion flux I=2.5x%20%%?/s. The electron temperature on the
separatrix line is about 40 eV at the divertor throat entrance and rapidly
decreases to about 3 eV in front of the divertor plate. The electron
density varies from about 3x10%%/cm3® at the throat entrance up to about
2% 10**/cm® along the separatrix line.

In fig. 4, the electron density near the plate is shown for various
heat flux as a function of incoming ion flux.

In order to evaluate the pumping requirement for the helium ash
exhaust, we obtain the relation between the effective conductance of the
exhaust system and the backflow fraction of the neutrals, fbf' The
backflow fraction is defined as the ratio of the neutral flux retuining

to the main plasma to the incoming ion flux. Since the required pumping
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speed is expected to be higher for the lower incoming ionfﬁlux, we:
investigate it for the low incoming ion flux ofi33<L022/s. The results
are shown in fig. 5. FER standard condition. gives the backflow fraction,
fo =086 for 2I=6X 102'2'/5 and helium accumulation of 5%.. Figure 5
shows that the effective pumping speed must be larger than 2.0X 10" /s
to keep the helium concentration lower than 57. The required puming
speed is reduced by a factor of 10, due to the density enhancement in
scrape-off layer, from the previous estimation ~2x 10° /s [5], where

the scrape-off plasma densjty (~2x10'?/cm®) and temperature (250 eV)

are assumed based on the simple sheath theory.

5. Numerical simulation of DII divertor

The high density (~10**/cm3) and low temperature (3~ 10 eV) élasmas
in front of the divertor plate have been measured on DII experiments under
1.0 MW bea@ heated condition [2]. We simulate these experiments by the
numerical code developed.

The configuration used for the simulation is shown in the insert of
fig. 6. The experiments indicate that the heat flux into the divertor
throat is about 0.5 MW and the e-folding distances of the heat flux and
particle flux are 1.8 cm and 3 cm, respectively, Figure 6 shows the
results obtained under these flux conditions. The results without and
with the radiation loss from the neutral hydrogen and 17 oxygen impurities
are denoted by case (A) and (B), respectively. The calculated values of
the density and the incoming ion flux are roughly consistent with the
observed ranges (ned'”lol“/cms, I=2~4x10%2Y/s) [2].

Another important feature of DII experiment is the nonlinear depend-

ence of the density at the divertor plate n . on the main plasma density

ed

. =3 .
which is roughly given by N4 "nain [1,2,26]. This feature can

n .
malin m

well be understood by our numerical model. By using the momentum

— 40—



conservation equation (3-2) and by neglecting the momentum source term,
the following scaling can be easily derived in the high density and low

temperature region:
-2 3
ned:.mQ(L) neth ] . . (5‘1)

where Q(L) is the total heat flux to the divertor plate and neth is

the eléétion density at the throat entrance. The scaling (5-1) is also
satisfied by the numerical results shown in fig. 7. It fairly well explains
thé observed nonlinear dependence provided that the demsity at the throat

n can be assumed to be éfoportional to the main plasma density n

eth main’
It should also be remarked that the radiation cooling introduces a more
rapid variation of the density at the plate Mg with the density at the

hroa ntrance n .
throat entra eth

6. Concluding remarks

The self-consistent numerical evaluation for the transport of the
scrape-off plasmas and the neutral particles was carried out to elucidate
the_performance of the divertor in FER. The analyses for FER baseline
condition indicated the possibility of the high-density and low-temperature
plasma in front of the divertor plate even in the case of the low incoming
ion flux. The numerical calculations for FER divertor also suggest the
intense radiative cooling (about 407 to 65% of total incoming heat flux
is Fadiated in the divertor chamber) and the low required pumping speed
for helium ash exhaust (about 2.0 x 10" %/s).

The numerical calculation for DI under 1.0 MW beam heated condition
yielded_the electron density and temperature roughly consistent with the

experiments.

Reference
(1] M. Shimada, et al., Phys. Rev. Lett. 47, 796 (1981).

[2] S. Sengoku, et al., to be published in Nucl. Fusion.

—4]1 -



(3]

(41

[6]

(71

(8l

[91]

(10]

[11]
[12]
[13]
[14]
[15]

[16]

[17]
(18]

[19]
[20]

[21]

Y. Shimomura, M. Keilhacker, K. Lackner, H. Murmann and G. Siller,
IPP TII/80 (1982).

R.J. Fonk, et al., J. Nucl. Mater. 111 & 112, 343 (1982).

Y. Seki, Y. Shimomura, K. Maki, M. Azumi, and T. Takizuka, Nucl.
Fusion 21, 1213 (1986).

D. Heifetz, D. Post, M. Petravic. J. Weisheit, and G. Bateman,

J. Comput. Phys. 46, 309 (1982).

M. Petravic, D. Post, D. Heifetz, and J. Schmidt, Phys. Rev. Lett.
48, 326 (1982).

M. Petravic, D. Heifetz, D. Post, W. Langer and C. Singer, Proc.
Ninth Int. Conf. on Plasma Physics and Controlled Nuclear Fusion
Research, Baltimore, 1982, IAEA-CN-41/D-3-2.

M.F.A. Harrison, P.J. Harbour, and E.S. Hotston, Nucl. Technol./
Fusion 3, 432 (1982).

S. Saito, M. Sugihara, N. Fujisawa, T. Abe and K. Ueda, Nucl.
Technol. /Fusion 4, 498 (1983).

R.L. Freeman and E.M. Jones, CLM-R 137, Culham Laboratory (1974).
W. Lotz, Z. Phys. 216, 241 (1968).

A.C. Riviere, Nucl. Fusion 11, 363 (1971).

G.M. McCracken and P.E. Stott, Nucl. Fusion 19, 889 (1979).

0.S. One and M.T. Robinson, J. Nucl. Mater. 76 & 77, 370 (1978),
D.E. Post, D.B. Heifetz and M, Petravic, J. Nucl. Mater, 111/112,
393 (1982).

M.H. Hughes and D.E. Post, J. Comput. Phys. 28, 43 (1973).

S.I. Braginskii, Reviews of Plasma Physics, Vol. 1, Consultants
Bureau, New York, 1965.

C.E. Singer and W.D. Langer, PPPL~1920 (1982).

L.C. Johnson, Astrophys. J. 174, 227 (1972)

M. Shimada, et al., JAERI-M 9862 (1981).

—42 -



[22]

[23]

[24]

[25]

G.D. Hobbs and J.A. Wesson, Plasma Physics 9, 85 (1967).

D. Bohm, Characteristics of eléctrical Discharges in Mangetic

Fields P.77 (A. Guthrie and R.K. Wakerling, Eds.)i McGraw-Hill.

S. Saito, M. Sugihara and N. Fujisawa, to be published J. Nucl. Mater.

J. Weisheit, J. Phys. B8, 2556 (1975).

[26] M.A. Mahdavi, et al., J. Nucl. Mater. 111 & 112, 355 (1982).

Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Schematic drawing of divertor chamber.

Characteristics of the scrape-off plasmas in FER divertor chamber:

(a) Model divertor chamber for FER.

(b) Peak electron densities and temperatures at the divertor
plate as a function of the incoming ion flux. Case (A) and
(B) show the results calculated without and with the radiation
loss from the neutral hydrogen and 17 oxygen impurities.

(¢) Corresponding radiation loss power as a function of the
incoming ion flux.

Two-dimensional plots: (a) electron temperatu: e distribution,

(b) electron density distribution in the FER divertor chamber.

Peak electron densities at the divertor plate as a function of

the incoming ion flux for various heat flux.

Relation between the backflow fraction and the effective pumping

speed for the FER divertor. (I=2.5X10%2/s)

Peak electron densities and temperatures at the divertor plate

as a function of the incoming ion flux. (DIL) Case (A) and

(B) show the reults calculated without and with the line

radiation loss from the neutral hydrogen and 17% oxygen impurities.

Relation between the peak electron density at the divertor plate

and the peak electron density at the throat entrance. (DII)
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ERGODIC MAGNETIC LAYER*
N. Ohyabu, J. deGrassie and N. Brooks

GA Technologies Inc., P.O. Box 85608, San Diego, CA 92138

The primary function of an ergodic magnetic layer (EML) is to create a cold,
dense plasma boundary in which the radial heat flux from the plasma core is con-
verted into radiated power by impurities. Such a radiating mantle is the safest
design for removing the high heat load generated in a tokamak reactor. An ergodic
magnetic structure is obtained by overlapping the primary and secondary island
mdoes crerted by an external helical perturbation field. The required field strength
is small - typically Isrmz /By ~ 1073 - and thus the required coil current is
minimal. The addition in the ergodic layer of higher parallel heat transport to
the ever-present cross field transport will suppress the temperature in the ergodic
layer below 100 eV. Since radiative power loss from low-Z impurities is highest for
temperatures below 100 eV, a large volume of radiating plasma can be generated
in the ergodic magnetic layer. ‘For INTOR parameters, 70 MW of power can be
radiated away by an ergodic layer with a thickness of ~10 cm, an electron density
of 7 x 103¢m~2 and a neon impurity concentration of 1%. If most of the heat
flux is radiated away, the temperature at the limiter may be reduced below the
sputtering threshold. With heat flux and particle recycling spatially decoupled, a
small limiter can be used to localize recycling near a pumping port for effective

pumping of helium ash.

The objective of the EML experiment on the TEXT tokamak is to examine

whether an ergodic magnetic structure can exist without inducing deleterious MHD

*Work Supported by U. S. DOE Contract DE-AT03-84ER51044.
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effects such as plasma dlsruptxons and whether such a structure alters the heat
transport in the edge. In the TEXT experiment (R = 100 cm, = 27 cm, By =
1.5-2.8 T, I, = 150 - 400 kA,2 < 7 <8x 10" cm~3), the helical perturbation
field with mode number m/n = 7/2 or 7/3 is generated by eight modular coils.
For moderate helicai perturbation fields, a stationary ergodic magnetic structure is
produced at the plasma boundary. No deleterious effects on the core plasma have
been observed. For sufficiently high helical perturbation field, however, the plasma

disrupts.

Various diagnostic measurements have demonstrated that heat flux transport
through the boundary layer is modified significantly by the ergodic magnetic struc-
ture. The pattern of heat flux deposition on the single poloidal hoop limiter is
measured with an infrared camera. When the EML coils are powered, the‘surface
temperature distribution on the limiter changes from a uniform pattern to a local-
ized one. If-the q value at the limiter is varied dliring an EML pulse, the localized
pattern changes in time revealing a complex three dimensional path through the

ergodic boundary of the heat flux.

Another striking feature is the appearance of luminous “stripes” in high density
operation with the m/n = 7/2 mode. Tangential TV observations through an Hy,
filter reveal the presence of many stationary stripes in the boundary region. Data
from Langmuir probes show a spatial modulation in the electron density outside
the limiter radius, suggesting that density ripples cause this nonuniform excitation

of the neutral hydrogen recycling flux from the limiter surface.

A. drop of ~ 20% in the boundary temperature due to EML has also been -
observed. Such a drop is most evident at low density (e < 4 x 10'® ¢m™3) and

high helical field.
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The conditions for the temperature drop and the magnitude of the drop are
consistent with the theoretically estimated electron thermal conductivity in the
ergodic magnetic structure. Further evidence of a drop in the edge temperature
are obtained by spectroscopic measurements. Line emission profiles of low charged
states such as ClII at CIV (radiating around 40 and 50 eV, respectively) broaden
during EML, indicating a broadening of the low temperature region. Reduction of
Titanium signals (TiXI and TiXXI) during EML also suggsts a reduction of the
temperature at the (TiC-coated) limiter. These observations clearly demonstrate
the existence of a stable ergodic magnetic layer, in which the heat transport is

enhanced and modified.
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Particle Simulation of Divertor Plasma

T. Takizuka, K. Tani, and M. Azumi °

Japan Atomic Energy Research Institute

Tokai, Naka, Ibaraki, Japan

Abstract® Characteristics of divertor plasma are studied by using a one-
dimensional electrostatic particle simulation code with a binary cellision
model. Dependence of plasma parameters, such as temperature, flow speed,
pre—-sheath potential, etc., on the collisionality is investigated in detail.
The pre-sheath potential is formed by the collisional relaxation of the

velocity distribution as well as by the particle source.

1. Introduction

A poloidal divertor is considered to be the most reliable concept for a
tokamak fusion reactor from the points of impurity and neutral particle
control and heat flux density reduction. Charactéristics of the scrape-off
layer plasma in a divertor tokamak have been studied experimentally and
theoretically. The fluid model has been usually applied for analyses of
divertor plasmas. It is doubtful, however, whether the usual fluid equations
carry the validity to describe the scrape-off layer plasma; the plasma is
bounded by divertor plates, the flow speed is almost the sound speed, and
the velocity distribution functions of electrons and ions are much distorted
from the Maxwellian.

In order to study the divertor plasma consistently, we have developed a
one-dimensional electrostatic particle simulation code with a binary colli-
sion model. In the next section, we explain about this code. Simulation
runs are performed in the wide range of the ratio of collision frequency
to bounce frequency of electron. Results of simulations are shown in

section 3. Discussion on the fluid model is made in the last section.

2. Simulation model

In a scrape-off layer plasma bounded by divertor plates, the self-consist-
ent electrostatic field, i.e., sheath and pre-sheath field, plays the most
important role. Distribution functions of electrons and ions are much
distorted from the Maxwellian. Therefore, the electrostatic particle model

is suitable to study divertor plasmas. Two-dimensional simulation was
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performed by Takizuka et al.[l], where the cross field diffusion of particles
is simulated by using a Monte Carlo Eechnique. Stationary state is realized
by the balance between the particle flux from the main plasma to the scrape-
off layer due to the diffusion and the flow into the divertor plate. The
pre-sheath in the scrape-off layer is formed by the particle source near the
central region and by the particle diffusion in the divertor region. Effects
of collisions are neglected in this simulation, and only the cross field
diffusion supplies electrons with large velocity parallel to the magnetic
field, which can pass through the sheath potential barrier at the divertor
plate. Coulomb collisions, however, play a very important role to supply
electrons with large velocity, as well as the cross field diffusion.

We aim, in this paper, to study the importance of collisions in a divertor
plasma, and we have developed a one-dimensional electrostatic particle
simulation code with a binary collision model. Motions of particles with
finite size of the order of Debye radius are followed in the x direction
parallel to the magnetic field. The collisionless motioun of each particle

is described as

dv, . _5i3% dx _
-dt m ax ’ dt nwoo

where ey and my are the charge and the mass of a particle of j species,

respecively. The electrostatic potential ¢ is considered to be changed

only with respect to the x direction and is determined by Poisson's equation,

32 1
-5;%=‘€—0' (einj -.emne) ,

where €y is the permittivity of vacuum, nj the ion density, and ng the
electron density. The divertor plasma is bounded by divertor plates located
at x=L and x=-L. The electrostatic potential is symmetric, ¢(-x)=¢(x), and
we calculate above equations in the region, 0 $Sx<L. Boundary conditions

for the potential are given by
$=0 at x=L , 09¢/ox=0 at x=0 .

We can treat the position, x=0, as a reflecting wall for particles because
there exist a pair of particles; one at x=x, has a velocity v, and the other
at x=-x, has a velocity -v,o. A particle is considered to be neutralized
and absorbed at the plate, x=L. The reflection or desorption of neutral
particles and se=condary electrons at the plate are neglected in the present
simulation, but these can be easily introduced in the particle simulation.

Particles are supplied in the central region, 0SxSLg, they are distributed
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according to a Maxwellian distribution with temperature Ti0- Electrons with
large Iv"], which can pass through the sheath potential barrier, are supplied
a little by the source but mainly by the collisional diffusion in the velocity
space. In order to simulate the effects of Coulomb collisions, we apply a
binary collision model proposed by Takizuka and Abe[2]. The major pronedufes
of the model are that (1) a particle suffers binary collisions in the time
interval At with an fon and an electron which are chosen randomly in a
spacial c;ll, and that (2) the change in the relative velocity results from

a Coulomb interaction. The absolute value and pitch-angle of the velocity
$==(v", vf ) of a particle is changed by a binary collision, while both
total momentum and total emergy are conserved. The model describes a colli-
sion integral of the Landau form when the time interval is sufficiently

small compared with the relaxation time. All the simulation procedures are
as follows:

(i) Supply particles in the region 0Sx S Lg, as < v,,2> =< v_,_2>/2 = 'I‘j,',)/mj
where < > denotes the average in the velocity space.

(ii) Calculate the density nj and potential ¢.

(iii) ©Push particles without collisions in a time interval At by using the
leap-frog method; v, aud x are changed.

(iv) Change velocities $==(v" ,vf ) by adding effects of collisions.

(v) Absorb particles at the plate, x=1L.

Time is advanced by repeating these procedures untill the system becomes
stationary. The required time steps, K, to obtain the steady state solution

is estimated as
R > 2L/CgAt = 2Vmi/mg (wpAt) ™' (L/Ap)

where Cg is the sound speed, uy the electron plasma frequency, and Ap the
Debye radius. The required particle number, N, for the reliable simulation

results is about

N

"

(10 ~ 100) (Ap/dx) (L/Ap) ,

where Ax is the mesh size ( and/or particle size ). Both values of K and N
are proportional to L/XD. In the real situation, L/Ap is about 10° and it
is imposible to perform a simulation. Fortunately, characteristiecs of
divertor plasma is almost unchanged by changing the value of L/Ap except
the sheath reagion near the divertor plate; the size of the sheath region
is smaller than 10Ap. We can choose the value of L/Ap as 102~10° ( k=
10* ~ 105 and N=10%®~10"% ), and we can obtain realistic solutions for

divertor plasmas by the particle simulatfon. . - P
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3. Results
We perform simulation runs in the wide range of the ratio of collision

frequency to bounce frequency of electrons,
= 10~2 ~
Vieo ‘/ Viao = 10 10 ,

where V is the frequency of 90° pitch~dangle scattering by ions of an

de0
electron with energy of mev€20/2==Teo/2, and Vpe( =V, oq/L is the bounce

frequency. The ratio, vdeo/wp, is artificially increased. The value of
Vde0/Vbeg in a divertor plasma is approximately described by using plasma

3

paramwters ( the demsity n in m™°, electron temperature Te in eV, and the

length along a field line L in m ) as
Vge / Vpe * 107 ¢ xnL/TZ .

This value, in the JT-60 tokamak with L *100m, is less than unity for the
low density of the scrape-off layer plasma; n=x10'®w™% and T, 2100eV, and
- becomes larger than unity for the high density; n=10'°m~? and To $100eV.
The simulation parameters are wpoAt=O.25 and Ax/Apg=0.5, where the electron
plasma frequency pr
Debye radius lDO::vteOImpo' The system length, L, is 100 ADO and the length

is defined by the spacially averaged density and the

of the source region, Ls’ is 0.3L. Numbers of ions and electrons in the
system are about 2500, respectively. The ion temperature of the source,

TiO’ is usually equal to the source electron temperature, Te The mass

0’
ratio, mi/me’ is chosen as 400 standardly. The dependence of simulation
results on the temperature ratio and the mass ratio is also studied.

The steady state solution for the case of v

deO/vbeO=
Spacial profiles of (a) the electrostatic potential e¢/Teo, (b) particle

1 is shown in Fig.l.

number in a cell Ncell’ (c) flow speed V"/vteo’ and (d)(e) (f) mean random
energies of ioms and electrons are obtained by averaging these quantities

in time ( 2<Cgt/L<4 ). From Fig.l(a), we observe the sheath potential ¢S
near the plate; ¢s::¢(0.95L), and the pre-sheath potential A¢ due to colli-
sions; A¢==¢(LS)—-¢S. The dependence of these values on the. collisionality
are shown in Fig.2. It is clearly seen that the pre-sheath is formed by
collisions as well as by the particle source in the region Ositslb. The
flow speed, V,,, is increased by this pre-sheath potential. Figure 3 shows
the collision dependence of the flow energy, miVJZ, at the divertor entrance
x=LS ( open circle ) and before the sheath region x =0.95L ( black circle ).
The broken line represents the flow energy normalized by the parallel random
energy. We define the sound speed Cj as mic;!= me<§ﬁ>e-+mi<ﬁﬁ>i. The flow

speed is much greater than the sound speed before the sheath regionm, .and the
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Bohm condition for the sheath formation; V,/C 21, is satisfied.

The parallel random energy, <§ﬁ>,-and the perpendicular random energy,
<§i>, have different values each other. This is mainly caused by the differ-
ent forms of the energy convection; the convection of parallel energy is
3mjV"<§ﬁ?j, and that of perpendicular energy is mjV"<vi>j; The difference
of electron energies becomes small as collisions is iucreased since:. almost
electrons are trapped in the system by the sheath potential and the colli-
sional relaxation is-effective, while the relaxation of ion-energy difference
is small ;ven for vqj ~Vpj- These relaxations are shown in Fig.4. Figure 5
shows the velocity distribution of electrons and ions in the region 0.5 <x/L
£0.6 for the cases of (a) Vgeq/Vpeo =1 and (b) Vge/Vyeo=10"%. The distri-
bution function of electrons is almost a truncated Maxwellian rather than a
shifted Maxwellian. The truncation velocity is about. v,,=‘=—(2@.!(}‘:5/111,_:1)‘/2 for
the electron distribution near the divertor plate. The parallel temperature
and perpendicular temperature of electrons are much different for the rare-
collisional case as is mentioned abeve. The ion distribution is much dis-
torted from a Maxwellian even in the collisional plasma.

Next we study the dependencies of the solutions on the temperature ratio,
T;0/Te0s @nd on the mass ratio, mi/mg. Figure 6 shows the flow energy before
be = 1/3. The

energy depends on TiO/TeO because the sound speed is canged by the value of

the sheath région ( open circle ) for the case thatlvdeo/v

TiO/Teo' The parallel random energies of electrons and ions are also shown
in Fig.6 by black circles. The ion random enefgy, mi<5ﬁ>i, has a finite
value even for Ii0==0, because ions supplied at various positions in the
source region gain various energies from the potential. By replotting the
flow energy with regard to the energy of the sound speed, miész =me<§i,2,>e+
mi<Vﬁ>i, we have the linear relation as shown by the broken line. The mass
ratio dependences of the sheath potential and the pre-sheath potential are

shown in Fig.7 for the case that v =3. If we assume the electron

a0’ Vbe0
distribution function as a truncated Maxwellian near the divertor plate, we

obtain an equation for the sheath potential,

ed,
Te

m; Te
Ly
2Tmg mj V3

>

= L
= 3 1

where T, is equal to me<35>e. The large-velocity part of the distribution

function, v"=’(2e¢s/me)1/2, however, has a small value compared with a
Maxwellian with the temperature T,. Therefore, the valueof the sheath
potential is smaller than the predicted value and the mass ratio dependence

is a little changed. We find from Fig.7 that the pre-—sheath potential, A¢,



depends weakly on the mass ratio.

4. Sﬁmﬁar& and discussion

Werhave studied the divertor plasmas by a one-dimensional electrostatic
particle code with a binary collision model. The collision dependence of
charécteristics of scrape-off layer plasmas is clarified. Coulomb collisions
pldy a very important role to supply electrons with large velocities. The
pre-sheath is formed by the collisional relaxation of velocity distribution
as well as by the particle source.

Now we comment on the fluid equations for the analyses of divertor plasmas,
on the basis of the results of the particle simulation. It is necessary for
fluid equations that the parallel temperature, T, , and the perpendicular
temperature, T,, must be treated separately. The sound speed defined by
the parallel temperature, Cs==[(T"é+T"i)/mi]l/2, is found not to be a
monotonically decreasing function, and the Mach number, M=V, /Cg, can exceed
unity as is shown in Fig.8(a) for VdeO/vbe0’=l' The point of M=1 is the

local maximum point of Cg in the source-less region;
Cg(1-M2)(dM/dx) = M (1+M*)(dCg/dx) .

The energy flow consists of V"(BT"+2TL)j, mj<§"62>j, and myV3, which are
shown in Fig.8(b) for vdeo/vbe0:=1‘ The energy flow of <¥,v2> is usually

replaced by the parallel conduction as
m<Y, 2> ~ =(v¢/Veo11) (dT/dx)

This relation is derived from the equation of the third moment, by consid-
ering the above two terms are dominant in the equation. Another terms in
the third moment equation is important, however, for the analyses of the
scrape-off layer plasmas. Fluid equations from zeroth to third may be

necessary, while the boundary conditions are not found at presence.
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Fig.l

Fig.2

Fig.3

Fig.4

Fig.5

Fig.6

Fig.7

Fig.8
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Spacial profiles of (a) electrostatic potential ¢, (b) particle number
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in a cell Nie17p» (c) flow speed V,, (d) mean random energleé m

> iqns (thick line) and electrons (thin 11ne), (e) mean perpendlcular

J<v2> and (f) mean parallel random energies mJ<vﬁ>
in a scrape-off layer plasma. The electron collision frequency V4eOo
is equal to the electron bounce frequency Vb 0==L/vt 0 The source
region is 0<x/L<0.3, and the source temperature of ions T, 10 is :qual

to that of electrons T .=mn Vv The mass ratio m /m is 400.
el e teO e

Collision dependence of potential for TiOITe0==l~and mi/me=iéﬁp. The
sheath potential ¢4 and the pre-sheath potential due to collisions Ad
are normalized by the parallel random energy of electrons me<v2>

(broken line).

Collision dependence of flow energy for TiO/TeO==1 and mi/me==400.

The flow is accellerated by the pre-sheath potential from the divertor
enirance x/L=0.3 (open circle) to the front of the plare x/L=0.95
(black circle). The energy is normalized by the energy of sound speed

me<§ﬁ>e-bmi<§ﬁ>i (broken line).

Collision dependence of mean random energies of (2) electrons and (b)
3 < = ] = 3 Y ’ A

ions for TiO/TeO 1 and m, fm_ 400. Open circles (parallel random
energy) and open triamgles (perpendicular random energy) represeut
values at the divertor entrance x/L==0;3, and black circles and black

triangles represent values before the plate x/L=0.95.

Velocity distribution of electrons and ions for the cases of (a)

-2
deO'vbeO 1 and (b) vdeof bel =10

Dependerice of flow energy on temperature ratio for vdeo/vbeo=f1/3.
The flow energy is proportional to the energy of sound speed me<§ﬁ>

-+mi<§ﬁ>i as seen from the broken line.

Dependence of potential on mass ratio for vdeolvbeo==3. The sheath

potential ¢g is proportional to 1n(m./m ).
Spacial profiles of (a) flow speed and (b) energy flow for v
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I. Neutral Effects at the Plasma Edge and the Ideal Numerical Model

! ne~Transport: ‘of. ‘mass, momentum, and energy by neutral particles is an
important effect at the edge of the plasma in a tokamak, where . plasma
neutralization at limjiters or in divertors occurs. Phenomena affected by this
transport include the overall power balance of the discharge, the pumping
sperformance ‘of pump and getter systems, the particle and energy fluxes onto
~the, device walls, the erosion of the device walls due to impact sputtering,
-and - the overall plasma confinement quality. Similar effects occur in the
functioning: of other magnetic confinement systems such as mirror machines.
_ Knowledge of the  neutral population is also important in the design and
‘analysis of experimént diagnostics such as neutral particle emission

analysers, ‘H‘a' emission detectors, and pressure gauges.

The ideal, complete neutral transport model should include:

(1) All important neutral-plasma reactions for all hydrogenic
atomic 'and moleculaf species, including excitation/radiation
- effects, over a temperature range of from 1 to a few 'IO4 ev,

(2) The transport of light neutral impurities such as Heo, Neo,

and Aro,

(3) Neutral-neutral elastic 'scattering, which becomes import when
. . . 14 -3

the ambient neutral density is above 10 cm T,

(4) Realistic wall reflection and impact sputtering models for
incident energies from 1 to 104' ev,
{5)  Realistic models for the desorption of particles from walls,

including wall saturation effects, and

(6) -An.easily imrdified,- three-dimensional, description of device
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geometries..

The numerical solution should also be small and fast enough so-that it can be

included "in plasma fluid or transport codes.

II. The DEGAS code

Modeling neutral particle transport in a plasma is ;very similar to the
..calculation of neutron transport [Gr] for which there is a large -literature 'on
both analytic and Monte Carlo methods of solutions. Analytic -methods
typically include physical models' which are simplyldescribed, in geometries
with symmetries [Au et al, Bur, Gil et al, Tam] while Monte Carlo solutions,
though computationally much slower and perhaps less illuminating, can- be used
to treat physical processes with very detailed models in arbi trary geometries
[P M, Cup et al, Ho, Bu P, R N, Seki et all]. Since our original intention was
to study the effects of various physical processes on neutral transport, we

ignored computational elegance and chose the Monte Carlo approach.

We describe here, then, our recent work in mcdeling neutral- transport
using the three-dimensional Monte Carlo code DEGAS. The DEGAS code at:present

includes ‘the following parts of the ideal model:

(1) The set of neutral-plasma  Teactions listed in Table I for
hydrogenic atoms and molecules. Neutral-ion reactions are
computed as functions of ion temperature and neutral energy.
Electron impact ionization of hydrogen includes the . effects of
multi-step’ joriization, hence. is a function of  both electron
density and temperature.. Reaction rates for these reactions . are

were taken from the data and formula in [P J, J, Wel]. Since thése
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vilnkts. TABLE I »
PRI Neutral-Blasma reactions in DEGAS.

Charge exchange:

BC + H+ - H+ + B°
boo Lze o, Cos
H: + H; > H + H;

] +(+ +(+ o
He +He()+He()+He

+*
2

He® + HY > met + ©°

o

o |+ + -0
H H > H
o+ , + H

Ion—-impact ionization:

o thats B° + B » 20t 4 e
e He® + HY > Bet + HY + &7
e Hg + ® +_H; +H +e”
2+ met ) 5oty mett) 4 e
Be® + met(*) 5> pet 4 metM) 4 e
e oar H; + He+(+) > H; + He+(+) + e
Eleétrqn-imgact ionization:
(i v e” + H° » B 4+ 227
va er) ‘e- + He® » et 4+ 27
T , e + H;'+ H; + 2e
Electron-dissociation:
3 eqal e + H; +20° + e~
IR ) e + Hg > Ho + H+ + 2
(8~ ic e + H; > 28°
e + H; s+ B 4 e

- + + -
e +H,+2H + 2e
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references are now somewhat outdated,r and even parcially
incorrect, we plan to include the results of a more recent survey
of reactions {Jan et al] in the near future. This survey includes '

L4

addi tional data on molecular vibrational excitation rates, and

d

neutral-plasma elastic scattering precesses.
(2) Transport of He® (cf. Table I). Inclusion of Ne® and Ar° is

expected soon.

(3) No neutral-neutral elastic scattering processes. Including
these would require a change 3in the program architecture,
computing the neutral density iteratively, and we do not plan to

do this in the near future.

(4) Reflection models using both experimental data and results of
numerical simulation from: (a) the TRIM code for normal particle

incidence and incident energy, E, greater than 100 ev [B v}, (b)

in’
empirical f'its for normal inéidence and Ein > 1 keV from [Ta et
all, (c) theoretical fits for Ein < 100 ev from [Sim et al, BRas],
and (d) the MARLOWE code [Rob et al], for H, D, T, and He + Fe,
for aibitrary incident angles and Ein frem 50 to 1000 evV. Impact
sputtering is computed as a ‘funétion of target species, incident

particle species, energy, aad pdlar angle using the empirical

fi tting routine DSPUT [Sm et all,

{5) A simplified wall cdesorption model, where atoms and molecules

which stick to the wall are assumed to desorb immediately as
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molecules (hydrogen species), ‘or atoms (all other species) at the

wall temperature,
(6) Fully three-dimensional geometries (Fig. 1).

The numerical methods used in DEGAS have been described elsewhere in
gréat detail [He et al 1, H P], and will not be discussed here. DEGAS has been
successfully combined and run iteratively on a production basis with a m?mber
of plasma codes, including the 1-D fluid model of D. Post described elsewhere
in this worksheop, the SOLID 1-D, two fluid model [S L1, tre PLANET 2-D, two-
fluid code [Pet et al 1], and the BALDUR 1-D radial transport code [Sil et

all.

In the past y2ar we have given emphasis to supporting the use of these
codes to model existing experiments (Table I1I), and to using this modeling
experience in the design of a number of proposed experiments (Table II). We
describe next two of these modeling projects: neutral transport in the PDX
divertor, and calculation of the pumping performance of the proposed ALT-II

pump-limiter experiment.

III. Application 1: Neutral Transport in the PDX Divertor

Recent studies of the existence of H-mode discharges in PDX, ASDEX, and
D=IITI [Wa et al, Ka et al, Oh et al] have raised gquestions about particle
refueling through divertors. Two of the more important questions concern the
degree of multiple recycli;'ag of particles in the divertor, that is,
determining the divertor particle confinement time, and, the related question

of the conductance of the plasma filled channels in the closed divertors.
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TABLE II .

Recent Modeling of Divertor Experiments

ASDEX -~ Computing divertor recycling in H-Mode discharges [Sch et all; Ar®

transport, through the plasma~plugged divertor throat (X-G. Rauh, IPP-
Garching); and analysis of charge-exchange emission spectra (F. Wagner, IPP-
Garching).

PDX ~ Computing overall neutral particle recycling [Dyl et al, He et al 2, Pe
et al 2] -

DITE - Computing recycling and the power balance in the bundle divertor [Fie
et al].

D-III - Computing recycling in the various magnetic configurations [Pet et al
3] (S.Ko Wong, GA)o

Recent Modeling of Limiter Experiments

PDX - BAnalysis of pumping by Zr-Al getters [H C]; analysis of the scoop-
limi ter experiment [Bud et all.

PLT - 2Analysis of LENS (Low Energy Neutral Spectral analyzer) results (D,
Ruzic, PPPL).

TFTR - Computation of D and T wall inventories [Bas et all; analysis of the
Zxr—-Al getter system (D. Heifetz, PPPL).

ISX - Modeling of the pumping performance of the pump limiters [Bv et all.

Recent Experiment Design Work

ALT-~I (TEXTOR) - Aiding in the design of diagnostics [Bol et al]l.

ALT-II (TEXTOR) - Prediction of the pumping performance of various proposed
pump-limiter designs [Con et al].

ASDEX UPGRADE — Computation of global neutral transport [Wun et all.

TFCX/INTOR - Analysis of proposed divertor and limiter designs [Pet et al 4,
Bell.

MARS - Modeling of neutral transport in the halo (W. Barr and W. Kumai, LNLL),
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Modeling of thé H-mode has been done using fluid treatments of varying
sophistication [M H, Pet et al 2, S L, Shi et al, Po et al, Sai et al, G PJ.
I will describe here calculations of neutral transport in the PDX divertor
(Fig. 2), where the plasma was described from experimental data, and assumed
to remain constant during the calculation. This approach was designed to
focus on issues involving the neutral transport alone, such as'atomic physics,

wall reflection, and wall desorption physics.

We began by constructing a consistent picture of thé gas pressure, H,
radiation, and 1line average density measured in the divertor dome, for a
series of ohmically heated discharges with varying main chamber line average
.densities [Dyl et al]. In particular we hoped to explain the variation of

dome pressure (Fig. 3a), which increased exponentially as the mid-plane line-

13 3

averaged density, ﬁe(m), increased from 1 to 3 X 10 cem -, and then saturated

for ;e(m) above 3 X 1013 cm—s.

fhe key unknown from the viewpoint of modeling the neutral transport was
the dome electron temperature, Te' because there existed in the data only one
Langmuir probe measurement for T, in the relevent parameter range. We
estimated Te as follows. In the electron density and temperature ranges
expected in the divertor, the Ha light emission, TI', varies approximately (Fig.

3b) as
r = xneno('re)“, @ = 5.3 for Te < 5 eV, and 1.0 for 5 < Te < 60 eV,
where ng is the density of atomic hydrogen and K is a constant. Assuming n,

is proportional to the neutral pressure (Fig. 3a), we can then determine the

variation of - dome T since we know that of the dome line-averaged density,
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ng(d), and the dome H, light emission.

The resulting plot for Te' scaled at one point with the data from a
Langmuir probe, is shown in Fig. 3c. Note that T, falls below 10 eV

for n_(m) above 3 X 1013 en3.

Using this daté for ﬁe(d) and Te, neutral transport was computed. The
calculated dome neutral pressures and Ha emission rates are shown in Figs. 3a
and 3c. ‘The calculated Ha emission rates agreed qualitatively with that
measured, and the computed and measured neutral pressures agreed quantitively
when a flow velocity Mach number of 0,11 was used. (No attempt was made for a

quanti tative comparison of absolute H, emission intensities,)

We thus felt that we had a self-consistent picture of the neutral-plasma
behaviour in the divertor, as well as insight into low temperature plasma
recycling beha:viour. An indirect measurement of T, comes from noting that OII
(4415a) emission cuts off as Te drpps below 10 eV, and one experimental
measurement did see a cutoff of OII emission at ﬁe(m) = 4 X 1013 cm'-3 +« Now
the cooling of Te to under 10 eV reduces the ionization probability of atoms,
making the plasma more transparent to the neutrals. This reduces the ability
of the divertor to maintain neutral pressure, and explains the saturation of
the pressure as shown in Fig. 3a. An extreme example of this may have
occurred in the collapse of the pressure seen during high flow gas fueling in
the dome, as the plasma loses its ability to ionize, and the divertor channel

becomes completely transparent.

Encouraged by our model's achievements, we applied the same methodology
to the three phases of PDX discharges exhibiting H-mode behavior: the ohmic

(OH), the pre-transition (PT), and the H-mode phases (H) [He et al 2].. We now-
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had extensive data on the plasma parameters [0 et al). Using this information
we computed two-dimensional distributions of neutral temperatures, densities,

and pressures such as the one shown in Fig. 4.

The one variable we focused on was again the measured dome pressure
(Tabte 1III), which rose monotonically during the discharge. Our initial
calculations resulted in pressures 1.5 - 2 times those measured (Table 1II),
and even worse, showed a peak pressure during the PT phase. We then
guestioned the assumption that all device walls were saturated, and did no net
pumping during the discharge; that is, that all absorbed particles desorb
immediately as molecules., We introduced a pumping fraction, Yy, defined as
that fraction of sticking atoms which do not desorb during the neutral
profile. In particular, the higher the saturation of the wall, the smaller

the value for y.

Results when y = 0.1 are listed in Table IIXI. The calculated pressures
decreased from the y=0 cases, agreeing with the measured values during both
the OH and PT phases. However they still peaked in the PT phase. Re-
adjusting y further, we ac};ieved agreement when y = 0.09 in the PT phase, and
Y = 0.04 in the H phase, and convinced ourselves that y should decrease during
the discharge as the walls became more saturated. This wall pumping model
resulted in a pumping rate by the walls roughly equal to the rate of dome
fueling, 20 Torr-%/s, applied during a typical discharge. We also note,
however, that we cannot explain the good agreement our modeling of the ohmic
discharges achieved described above, where y=0 was used.

Table IV gives the overall divertor-main discharge refueling balance.
Particle plugging, the fraction of neutrals reionized in the divertor,

increased from 0.60 to 0.73 from the OH to the PT phases, but then dropped to
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Table III .

PDX Dome Pressure During an H-Mode Discharge

-4

(10 Torx)

Phase " Measured Y=0.0 y=0.1
OH | 1.8 2.4 1.8
PT 2,3 4.9 2.2
H 2.9 4.3 2.1

Y is the fraction of non-reflected atoms assumed to be retained in the
wall during the discharge. Agreement with measured pressures was obtained
when Yy = 0.09 in the PT phase, and y = 0.04 in the H phase.

Table IV

Particle Recycling During a PDX H-Mode Discharge

Phase Fraction Fraction Fraction
Re-ionized Absorbed by Re turned to
in Divertor Walls Main Discharge

OH 0.60 0.22 0,18

PT ' 0.73 0.12 0.15

H 0.70 0.14 0.16
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0.70 during the H phase. In all cases the fraction of particles returned to
the main discharge was between 15-18 per-cent. These results are significant
1n t};at‘:'many; scerxaric,;s of H-mode functioning are based on the change in the
*n‘a{tu:re of particle refueling during the discharge, and it is not clear from

our results how much of a change occurs. Perhaps the energy of the neutrals

transmi tted thrcugh the divertor throat also effects the recycling.

- v

We finish by noting that recent two-dimensional meésuremenizs of H, light
{n ‘the m::-zi.n chamber and divertor dome [Grek et al] showed a peak in J’nﬁensi ty
at a ’péﬁr’xt in the main chamber below the coil casing beneath the PDX
;eutralizer plates. Our results predicted that the peak occurred in front of
the plates:.r Thus there are a number of pieces of the picture which presently
éoi n<.:>t fit together.
IV. Appiication 2: Performance of the ALT-II Pump Limiter

The pumping performance of the proposed ALT-II experiment on TEXTOR [Con
et al] depends on the neutral pressure at the pump duct openings. This
pressure is created as plasma strikes the neutralizer plates. We have made a
self-consistent calculation of parallél plasma transport and neutral transport
using the one-dimensional fluid model of D. Post, described in this workshop,
coupled with DEGAS.

The proposed design, which features 12 neutralizer plates positioned

1 v

above pum;p duct openings, is shown in Fig. 5 along with the model geometry.

2y €.

Neutral transport was calculated in a fully three-dimensional geometry, while

Cheme
the plasma was modeled by dividing the plasma into four strips at the four

P

minor radii 51.75, 52.75, 53.75, and 54.75 cm. At a point far away from the

neutralizer plate the plasma densities at these radii were 5.0, 3.6, 2,5, and
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1.6 x 102 cm—3, and the plasma temperatures were 34, 30, 23, 16 eV,

Results for the electron densities and temperatures near the plate are
shown in. Fig. 6. The densities near the plate have risen by factors of 2-3
over the values far from the plate, and the temperatures have dropped by more

than a factor of 2. Of the plate current 6.9% was pumped.

A quartity related to pumping is the enhancement of particle flux at the
plate. Defining R as the ratio of particle flux at the plate te the flux 10
cm from the plate, we calculated that R = 4.9, 4.3, 3.1, and 2.0 at the minor
radii of 51.75, 52.75, 53.75, and 54.75 respectivelf. (These values were much
higher than observed on the PDX scoop [Bud et all, for example, and the model
has not been verified as yet with any other experiment.) If we do fac.or R
into our pumping calculation, and assume that 30% of the total plasma efflux
enters beneath the blade, the net result is that about 8.4% of the total

plasma efflux would be removed.

“t may be possible to raise R still further by puffing gas at a point
beneath the limiter blade directly in front of the plate. To see the effect
of such fueling, a source of 10 Torr-R2/s of 300°K molecules was added to the
model calculation. The resulting plasma densities and temperatures are shown
in Fig. 6. The densities were more highly peaked at the plate than when
puffing was absent. The temperature dropped further within the first 20 cm
fr;:m the plate by a factor of more than 2 to under 7 eV across the ecntire
plate. The value of R increased to 6.4 at the top of the plate. Thus the
introduction of 10 Torr-%/s of puffed gas transformed a plasma with relatively
flat n axd T profiles along field lines near the plate to a plasma with

significant gradients in n, and Te over a relatively short distance.
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The higher Ngr lower 'I‘e plasnma also seemed to enhance pumping of ions
recycling at the plate. The fraction of the flux at the plate that was pumped
increased to 9.2% from the 6.9% for the pure recycling case. This net
increase might have been due to the lower To in the puffing case, because the
reaction rate for electron impact ionization of H in the non-puffing case is
3.7 times higher than in the puffing case. Thus the neutral particle

attenuation from the plate to the duct opening is less in the low T, case.

V. Fature Development of DEGAS

The physical models in DEGAS are continually being modified as
experimental data are made available and new theoretical models are
developed. A parallel effort is also being made to include anomalous
phenomena in order to match results from tokamak experiments.

N

DEGAS at present is a big and slow computer code since, as we mentioned,
it was written to test the effects of different physical processes on the
neutral transport, with little attention being paid to speed optimization or
code size. We alsc wrote the code so as to be able to treat a wide range of
problems, and this approach added to its complexity. The program size is
determined mainly by the lengths of its many storage arrays, and their sizes
caﬁ be adjusted to the needs of a particular problem by using FORTRAN
PARAM.'TER statements. Speeding up a Monte Carlo code by making use of the
present generation of vector computers is typically done by writing the
algorithm to follow batches of test flights at a time. At the present,
however, this would require; a great deal of re-writing of DEGAS, which is

beyond our present resources.
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Hydrogen Recycling at Wall Surfaces

K. Sone
Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken 319-11

In the previous paper [l], the effect of hydrogen trapping
action of the wall on hydrogen recycliné rate in a limiter
configuration of the JT-60 tokamak has been discussed for three
wall materials Inconel, Mo and TiC for the case of 20 MW neutral
beam injection used. All wall and limiter surfaces of JT-60
will be coated with TiC of 20 uym in thickness, and so the
discussion on TiC is particularly important. 1In this abstract
is described the effect of chemical sputtering and titanium
oxide formation, both of which are especially important in the
casce of TiC coating.

A modelling of hydrogen particle balance and recycling at
the wall was described in detail in ref.[l]. Various particle
fluxes are defined as shown in fig.l. The steady state recycling
coefficient R at the wall alone is given by

NBI

b(l-a)+a T

R=1 -

where o is the fraction of the total neutral influx which leave
the plasma as charge exchange neutrals, b the fraction of the
total influx of impinging ions to the wall. The total flux of
ions leaving the plasma can be derived from the particle

confinement characteristics as P+ = nV/Tp , where n is the
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average particle density in the plasma, V the plasma volume and
Tp the particle confinement time, Using eqg.(l), we obtain a
criterion for keeping a constant particle density n when high

energy neutrals of flux rNBI

are injected during a discharge.

When the recycling coefficient is less than R, the pumping rate
by the wall is predominant. In such a case, we need to feed a
suitable amount of hydrogen gas from outside the plasma to keep

n value constant. On the contrary, when the recycling coefficient
is greater than R, we need to pump an excess amount of hydrogen
gas.

To treat the hydrogen recycling quantitatively, it is assumed
here that the following three phenomena, backscattering, diffusion
from the bulk and saturation overflow, are responsible for the
re-emission of the particles incident onto the wall. A one-
dimensional diffusion equation for the particles penetrating into

the bulk is given as

2
Belx,t) - p2C 4o , (2)

ot ax2
where D is the diffusion coefficient of hydrogen in the wall,
c(x,t) the concentration of hydrogen atoms at depth x and time
t, and G(x) the source term of hydrogen atoms at depth x. The
source term G(x) for random incidence is given by

n/2 o
G (x) =,f dGJ( dE sin26 - £(E).-p, (x,E,0), (3)
0 0

Po(x,E,0) =j:- 2 ! exp |- 2 5 . (4)
T ARp[l+erf(e°)] 2ARP“
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where e, = Rbcose/JEﬂRp, 6 is the angle of incidence with

respect to the surface normal, J, the incident flux dénsity of
hydrogen atoms per unit area, Rp(E) the projected range of
hydrogen atom of energy E, ARP(E) the range straggling of hydroégen
atom of energy E, and B(E,6) the backscattering coefficient of
hydrogen atom‘incidené with energy E and angle 6. Gaussian

range distribution of implanted particles is assumed here, eq.(4),
in the case of random incidence. The range parameters Rp(E) and
ARp(E) are calculated from the LSS theory [2,3].

Note that the factor 1-B(E,6) is multiplied with the nor-
malization constant in the right hand side of eq. (4) to give the
actual number of implanted particles by excluding the backscat-
tered fraction. The following empirical formula for B(E,9) is

used in the calculations:
B(E,5) = Bo(E) + [1-B, (E)} (1-cos8)?, (5)

where B, (E) is the backscattering coefficient for perpendicular
incidence. This formula gives a good apprcximation, which we
have confirmed by comparing it with a result from TRIM code
calculation [4].

Surface compositional changes of the TiC wall is expected
to occur by the bombardment with energetic charge exchange
neutrals. One of them is carbon atom depletion from the TiC
wall surface, which is mainly due to by chemical sputtering to
form CH, and preferential sputtering of C atoms, lighter element
of TiC. It finally makes the TiC wall surface a Ti-rich one at
a high fluence of hydfogen, ~lx1019H/cm2 [5]. The Ti-rich
surface reacts with residual oxygen gas, but oxygen molecules

reacts more easily with high flux hydrogen atoms, so that the
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oxidation of Ti will not ocour, theoretically. In practical
tokamak machines, however, the Ti-rich surface will eventually
get into oxidation from the following reasons: 1) sources of
oxygen can not be eliminated; 2) oxidation goes on during
interruption between discharge shots, 3) oxide once formed can
not be reduced by atomic hydrogens within discharge duration.
This has been observed so far in the decrease of gettering action
of Ti flashed wall surfaces with increasing discharge shots in a
number of conventional tokamaks. Therefore, we consider here
hydrogen recycling at Ti and TiO2 walls as well as TiC.

The calculated results from an empirical formula for B, (E)
by Tabata et al.[6] in Ti are used in the calculations. For TiC,
average data of B, (E) compiled by Eckstein and Verbeek [4] are
used in low energy region ( <1 keV ), and experimental data by
Schneider and Verbeek [7] are used in higher energy region ( 22.5
keV ). For Tioz, the same data as for TiC are used here.

The boundary conditions of the diffusion equation (2) are

given as follows: for TiC and TiO,,

c(0,t) = c(d,t) = 0,

for Ti,

D 3c/8x‘x=0 Krc(o,t)2 at inner surface,

-D 8c/8x‘x=d K]':c(d,t)2 at outer surface,

where K. and K; are the recombination coefficients of hydrogen
atom at inner and outer surfaces, respectively. The values of
the recombination coefficients are estimated from the formula

by Baskes [8].
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Concerning the diffusion coefficients D, the following

. . 2 . .
values in units of cm” /s are used in the calculations:

2

© D(T) = 0.018 exp(-1.25x10%[cal/mol]/RT), for Ti (91,
D(T) = 1.31x10" %% exp(-3.05x10°[cal/mol]/RT), for TiC [10],
D(T) = 1.80x10"° exp(-1.36x10%[cal/moli/RT), for Tio, [11],

where T is the wall temperature ( in K ), and R the gas constant.
In the case of Tio2 the normal diffusion coefficient in unbombarded

materials is divided by 102

for the present re-emission calculation.
Hydrogen is re-emitted from the bulk of the wall when the
hydrogen concentration c(x,t) derived from the diffusion equation

(2) exceeds the satﬁration concentration N The measured data

SAT"®
. . 3 B 23 .
of NSAT ( in units of H/cm~ ) are used: NSAT = 1.27x10 for Ti
[12] and 2.5x1022 for TiC [13]. The same value of Ngpp £Or TiO,

is assumed here as for TiC.

Since we have no computed results of the energy distribution
function f£(E) for charge exchange neutrals in JT-60, it is assumed
here to be Maxwellian. Although this is an approximation, it is
not a bad one judging from other computed results [14,15]. A
computer programme using the Crank-Nicolson equations have been
made to solve eq.(2) under the boundary conditions and calculate
numerically the hydrogen re-~emission rate as a function of time
and wall temperature.

It is reasonable to give zero to the value of b in eq. (1),
since almost all ions leaving thé plasma hit the limiter. We
assume here that o = 0.3, which is not an optimistic value
judging from a model calculation which yields 0.25<da £0.45 [15].

As for the injected flux of neutrals, rNBL 2.54x1021 H/s is
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expected in JT-60. Thus we,obtain R = 1-5.92x1021/r+, where
- 60n/Tp, since V = 60 m3 in JT-60. We have calculated here
two cases when the incident fluxes of charge exchange neutrals

r0 2 22
W

to the flux densities J, of 1x1l0

are 1x10 2 H/s and 3x..0 H/s, respectively. These correspond

1 16 H/cmzs,

6 H/cmzs and 3x10
respectively, since the projected area of the wail and limiter is
nearly 100 m2 in JT-60. These also correspond to the cases when

the values of n/Tp are 3.9x1020 H/mBS and l.l7x1021

H/m3s,
respectively. The former case is for low density ( or high Tp )
and the latter one for high density ( or low Tp ). The corre-
ponding values of R are 0.75 and 0.92, respectively.

Figures 2-4 show the calculated results of R as a function
of time when the energy distribution is assumed to be 400 eV
Maxwellian. In the case of Ti, the thickness of the Ti layers
is assumed to be 100 ﬁ. Each re-emission curve corresponds to
the wall temperature listed in the figure in order from the
bottom to the top. Note that the FLUX in these figures means
the flux density J,. In table 1 are listed the calculated

results of wall temperature regions for 10 s discharge, where

the recycling coefficient is suppressed below the R values

1 16

estimated above for two cases of J, of 1x10 6 H/cmzs and 3x10

H/cmz. It is found in the table that the recycling coefficients
in Ti for both cases are less than the R values at any temper-
ature. But it should be noted that saturation overflow becomes

very important in TiC and TiO2 and often increases the recycling

coefficient abruptly. The most realistic is the case for TiO2

after a number of discharge shots. The results for 'I‘iO2 show a
better recycling behaviour than for TiC, because the suitable

wall temperature region in TiO2 shifts to lower temperatures
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which are more realizable than in TiC. 'Therefore, the surface

compositional change of TiC into Ti or TiO, will make no unde-

2
sirable effects on the recycling rate control in JT-60. But
it should be noted that hydrogens once trapped in these
materials -t low temperatures should be desorbed during the

discharge off period by using thermal desorption which is

available in JT-60 up to 500 °C.

Table 1
Wall temperature regions which satisfy the following

conditions for 10 s discharge and 400 eV Maxwellian energy

distribution: R<0.75 for J, = lxlo16 H/cmzs or R<0.92 for
Je = 3x1016 H/cmzs.
Material Je = lxlO16 H/cmzs Jo = 3x1016 H/cmzs
TiC 150 - 220 °C 300°C
Ti optional optional
Ti0, | 60 - 80 °C 80 - 130 °C
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Figure Captions .

Fig. 1 Schematic representation of the flow of the recycled

Fig.

Fig.

Fig.

N

particles.

PNBI: flux of injected high energy neutrals,

PW : tofal flux of neutrals re-emitted from the wall,
which consists of the fluxes due to backscattering,
diffusion and saturation overflow,

P% : total flux of charge exchange neutrals impinging
on the wall,

PL : flux of neutrals re-emitted from the limiter,

TE flux of ions impinging on the limiter,

F; : flux of ions impinging on the-wall,

r* . total flux of ions leaving the plasma.

Calculated recycling coefficients as a function of time
and wall temperature in TiC for a Maxwellian energy

distribution of 400 eV.

Calculated recycling coefficients as a function of time
and wall temperature in Ti for a Maxwellian energy

16

distribution of 400 eV. a) J, = 1x10 H/cmzs and b)

Jo = 3xlO16 H/cmzs.

Calculated recycling coefficients as a function of time
and wall temperature in TiO2 for a Maxwellian energy

distribution of 400 eV.
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IMPURITY TRANSPORT EXPERIMENT BY SURFACE DEPOSITION PROBE IN JIPP T-IIU

M. Mohri and T. Yamashina
Depéftment of Nuclear Engineering, Hokkaido University,

Sapporo 060, Japan

INTRODUCTION

Reduction of metallic impurities in plasma has been 1ealized to be
very important in the present Qay torus devices. There are a number
of impurity generation processés such as sputtering, blistering,
flaking and evaporation from a view point of first wall surfaces,
and arcing, disruption and runaway electron from a view noint of
plasma. One of the most important objectives in the study of plasma
surface interactions is to understand and to control the
production of impurities. Ti gettering has beer often applied in €§
many torus devices as a standard technique to reduce gaseous
impurities.

In the present work we reported the effects of Ti gettering
on the generation process of metallic impurities during plasma

discharges in JIPP T-ITIU,
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EXPERIMENTAL

The JIPP T-IIU tokamak device is a modified system of the JIPP T-II
stellarator/tokamak device and has been operated since May 1983.
The major radius and minor radius are 91 cm and 23 cm, respectively.
A schematic representation of the system is shown in Figure 1.
The vacuum chamber is constructed with 304SS. The two fixed ring
limiters and a pair of rail limiters are also made of 304SS and
are located at the distance of 25 cm and 23 cm, respectively from
the center line of plasma as shown in the figure. Four ring-shaped bellows
protectors made of Mo are located at the distance of 25 cm from
the center line of plasma. The positions of three Ti evaporation
sources for gettering and ICRH antennas are also shown in the figure.
The surface deposition probe with a box structure made of 304SS
as shown in Figure 2 was inserted in the scrape-off plasma region
through the P6 port. Five sides of the probe were mounted with
304SS foils coated with amorpous silicon with a thickness of | yum
and they are designated as shown in Figure 2, Three identical
surface deposition probes were prepared and each one of them
was exposed to only one plasma discharge with ICRH heating.
In order to observe the effect of Ti gettering the first surface
depcsition probe (SDP-1) was exposed to the plasma without any
Ti flashings. The second probe (SDP-2) was exposed to the plasma
just after the first Ti flashing from a P14 Ti evaporation source
in the history of JIPP T-IIU device. Ther the third probe (SDP-3)
was exposed to the plasma after a number of Ti flashings from

p5, pl4 and P15 Ti evaporation sources.
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RESULTS AND DISCUSSION

PIXE(Particle Induced X-ray Emission) and RBS (Rutherford Back-
’ scattering) measurements showed that Fe, Cr and Ni were najor metallic

impurities deposited onto the prgbe. Mo was also observed and
-its amount was almost one order of magnitude smaller than that

of Fe. Figure 3 shows that the depth concentraiion profiles for
impurity elements observed on the P side of the three probes
measured by a sputter AES(Auger Electron Spectroscopy) method.
Plasma discharge parameters are also included in the figures.
Three plasmas can be regarded as almost identical.

Before Ti flashings, about 4 7 of the surface of P-side

was covered by Fe atoms. As shown in figure 1 the Ti flashing
frop the P14 evaporation source can cover two third of the whole
area of the inner vacuum vessel. After the flashing, the amount
of Fe impurity deposited on the probe decreased and its surface
concentration fell down to less than 1 %. However, no Ti signal
was observed on the SDP-2 probe by AES analysis.

Afte Ti flashings from the three Ti evaporation sources, the
amount of Fe impurity remarkably decreaséd and almost the

same anount of Ti impuruty was observed as shown in Figure 3c.
The surface concentration of C and O did not show any significant
differences before and after Ti flashings. This may be due to the
fact that the probe surface was exposed to the air after the

plasma exposure so that the top surface could be contaminated with
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hydrocarbons and water vapors: However, if the depth concentration
profiles of C and O are compared carefully, one may be able to
find that the thickness of oxygen layer in the surface region
decreasd slihtly while that of C slightly increased.

Light impurities such as Ca, K and S decreased remarkably

after the Ti flashings.

Figures 4a and 4b show VUV spectra of O V and C IV in the main plasma
during discharges, respectively. They revealed that the relative amount of
O V impurity existing in the main plasma during discharges decreased
significantly while that of C IV impurity did not change significantly.
A large increése was observed in the signal intensity of Ti VIII as Ti
flashings were carried out while a slight decrease in the Fe VIII signal
intensity was observed in the VUV spectra of Ti VIII and Fe VIII.

The Ti flashings were found to retard the production and the
deposition of Fe impurity. This result is quite reasonable since the
surface of the inner wall of vacuum chamber was coated with
Ti atoms, However, the increase of Ti deposition was not very large
in comparison to thehsharp decrease of Fe after Ti flashings.

The fact that the amount of O impurity in the
main plasma decreased remarkably after the Ti flashings suggest that
the deposition of Fe and Ti onto the probe is caused bx/the sputtering

of the wall or limiter surfaces by O impurity from the plasma.
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SUMMARY

Fe was the major metallic impurity observed on the surface probe
by AES analysis. While its amount decreased remarkably after Ti
flashings. This could be interpreted by the reduction of oxygen

impurity in plasma which generated Fe impurity from the wall surface

through the sputtering process.
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STUDY ON ALPHA-PARTICLE DIAGNOSTICS
IN MAGNETICALLY CONFINED PLASMAS

K.N. Sato and M. Sasao
Institute of Plasma Physics, Nagoya University

Chikusa, Nagoya 464, JAPAN

Reacting plasma experiments in a medium-sized tokamak have
been planned at IPP-Nagoya, Japan. One of the main subjects of
the "R-Project” is to study the detzils of reacting plasma
physics related to the fast alpha-particles produced through D-T
reactions.(Table-I) For this purpose the possibility of confined
alpha-particle diagnostics has been investigated quantitatively.

Several approaches for this diagncstics have.been studied in
detail; for example, beam probe method,l) nuclear reaction method
and laser scattering method etc,(Table-II) Among them the beam
probe method seems to be the most probable one for this purpose.

The alpha-particle diagnostics by charge exchange method has
been planned to be applied on the R-tokamak. The beam Qe]ocity
of about O.8V& is appropriate in order to obtain a wide spectral
range of the velocity distribution of alpha particles and to
reduce the beam acceleration power. (Where, V; is the initial
velocity of alpha bartic]esvproduced by D-T reactions.)

Although a Li beam is one possible candidate as a probing
beam, a 3He beam is more advantageous from the viewpoints of
larger charge exchange cross sections and lower acceleration

voltage needed. As is well known, the He® beam neutralized
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through a conventional gas cell has a problem of large fraction
of metastable atoms,. %high w{l] not penetrate into the center of
the plasma. A new method is‘proposedz) to utilize the auto-
detachment process of He™ ions in order to have a large fraction
of ground state Hg?rgtoms. Since He”™ ions have two components of
life fime, j.e., about 345 us and 11 us (50% each), one can obtain
a 24 % ground state neutral atoms with the flight distance of 30
m at the beam velocity of 0.8V;. The beam divergence including
space charge effect seems to be not so serious in the flight.
Several paths of the beam probing method are shown in Fig.l.

The yield estimation of alpha particles neutralized by
double charge exchange processes shows that a 10 mA 3He™ or Li-
beam at the velocity of 0.8V§ will enable us to measure the
alpha-particle velocity distributions with reasonable spatial and
temporal resolutions. (Fig. 2)

In this connection the electron capture c¢ross sections in
He?t + Li collisions have been obtained experimentally in the
energy range of about 0.8 - 2.0 MeV3).(Fig.3) A preliminary
study on the negativeiion source has been started.

Fundamental researches on high speed pellet injection
technique has also been carried out in order to have another

approach of this diagnostics.
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Table and Figure Captions

Table-I “"Research subjects and its diagnostics on
reacting/burning plasma physics.
Table-II Several methods of the alpha-particle diagnostics being

studied at IPP-Nagoya.

Fig. 1 Several paths of the beam probing method.

Fig. 2 Schematic diagram and possible parameters of alpha-
particle diagnostics by the beam probing method in the
R-tokamak.

Fig. 3 Measurgd electron capture cross sections as a function

of relative velocity in He2* + Li collisions.
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TJable-I. Rescarch Subjects and Its Diagnostics on Reacting/Burning Plasma Physics

. Ty Dlagnostlcs um, .
Subject Method Ttems Limit  DOD* Expected Gain
IN . .
(1] Q-value Neutron N » Papr Q-0.03 B Confirmation of
. ] . IN .reacting '(and
o Qm, PNBI ] | D burning) Plasma
IN ' '
Y NY R PNBI D
~[2] Fundamental
o Pronerties : - .
(1) Slowing down Confined-a £ (v,t) QR D#+C i) Basic knowledge
of ag-particles £, v,x,t) 0931 D=»¢C for seli-nheating
ii) Conditions for :
collective -
behaviors _ @}F
{2) loss Mechanism Neptron N Q-~0.03 B i) Criteria for :
of c-particles ' Lost-a NZ D "field ripple
ii)’ Knowledge for
control of
Thermonuclear
‘instabilities,
thermal instability
"and ash removal
(3) Wave excitation FIR 14 - ﬁe -2 Basic information as
by a-particles ttaser n ~10 ] to control method for
and its effect scattering € e these instabilities
(Thermonuclear =
D
instability) \Beam Probe B
4) Excitati g -10/® ¢
(4) Excitation .of Beam Prope ¥ - Basic informations
r?dlal ele?trlc Doppler v B as to control method
field and its shift ] for E éﬁ
effect Pololdal ” r
v B
6 )
{3] G—pa;ticle Ti C Knowledge for the
Heating (and Te 0~3 B design of fusion
ener
gy balance) wall Pwall C reactor
{4] Thermal eutron Nn(r,t) B Knowledge for the
instability Ti c design of fusion
reactor

* DOD = Degree of Difficulty: A = easy (or established), B = not so difficult,

C = essentially possible, but need R&D to some extent, D = need R&D to
considerable extent.
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Several methods of the alph t d
Taé% E pha-particle diagnostics being
stud1ed at IPP- Nagoya '
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<< Confined O-~Farticle Diagnostics >> -
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Schematic diagram of alpha - particle diagnostic system
by the charge exchange method in the ” R - tokamak “.
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Ignition simulation by the interaction of NBI with ICRF
Y. Hamada. Y. Oqawa, T. Amano and T. Watari
Institute of Plasma Physics, Nagoya University, Nagoya, Japan
Abstract

Efficient production of high energy ion tail by the NBI accelerated
by ICRF at the higher harmonics of ion cyclotron wave, is discussed. The
linear damping across the resonance layer may be small for single
transit. The quasi-linear damping however is sufficiently large to give
the velocity distribution similar to that of alpha particles in ignited
plasma. The quasi-steady state velocity distribution funtion can be
obtained by the reduced acceleration near the null point of Bessel
function., suppressing ion runaway in cyclotron harmonics acceleration.

The scaling formula of the energy confinement time in high
temperature plasma is one of the most urgent target of the experimental
research. The ambiguity of the scaling near ignition plasma impells the
design of the ignited plasma to have a large margin corresponding to
that ambiguity, resulting in the expensive machine.

The ignited plasma may be characterized by high temperature plasma
heated by the alpha particles produced by the DT reaction. Recently D.
Post suggested that D-*He ICRF heating may produce the alpha
particle-like velocity distribution of 3He and may heat the plasma
through its high energy minority ions. In this paper the new method for
the poduction of alpha particle-like distribution of ions through the
coupling of injected ions of NB with the ion cycloton harmonics waves,
is presented.

The damping of the ICRF wave at ion cyclotron harmonics is first
analysed by the linear theory. In Fig. 1 the dispersion of fast wave at
the 3rd harmonics near the resonance and the power flux across the
resonance layer are shown under the assumption of two component plasma
of the NBI heated plasma. The linear damping about 10% can be obtained
across the resonance layer.

The behaviour of the ion tail distribution is analysed by the
quasilinear Fokker Planck equation derived by T. Stix. The absorption
due to the generated high energy tail is found to be strong even to the
3rd and 4th harmonics of the ion cyclotron frequency. It is possible to
generate high energy tails in the higher electron density. under lower
toroidal magnetic field strength. and in case of lower electron
temperature compared with the use of D-3He. The development of the high
energy tail is impeded when kp, approaches the null point of Bessel
function and steady state velocity distribution similar to that of the
alpha particle in high Q and ignited plasma can be obtained by the
appropriate choice of plasma density and toroidal field strength as
shown in Fig. 2.
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TOKAMAK IMPURITY CONTROL WITH MOMENTUM SOURCES
THEORY AND APPLICATION

D. J. Sigmar, Oak Ridge National Laboratory
and

W. M. Stacey, Jr. Georgia Institute of Technology

(An extended version of this work has been submitted for

publication in "Nuclear Fusion" 1984)

ABSTRACT

We have extended our previous collisional-regime theory for rotation
and impurity transport in a tokamak plasma with strong, directed NBI and
strong rotation (v¢ 4y vth) to the mixed collisionality regime. We present
a self-consistent formalism for csalculating ion and impurity rotation
velocities and radial transport flixes, as well as the radial electric field
and the poloidal variation of twe impurity density upon which the former
strongly depend. Calculations for model problems represenéative of ISX-B
and PLT are presented. The predicted impurity transport exhibits features in

agreement with experimental observations.
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INTRODUCTION

There is a long-standing interest in the possibility of using
directed neutral beam injection (NﬁI) to reverse the normal inward diffusion
of impurities in tokamak plasmés. Ohkawa [1] noted that the direct momentum
exchange of injected beam particles and impurities via collisioms would
produce a radial impurity transport flux and predicted that counterinjection
would produce an outward impurity transport flux.

Stacey and Sigmar [2] noted that the injected beam momentum must be
balanced by a radial transfer of momentum, or drag, and that this allowed
a unique determination of the radial electric field. They predicted that
when the effect of the momentum input and drag on the particle flows was
taken into account and when the effect of the radial electric field on
transport was treated self-consistently, then coinjection would produce an
outward impurity flux.

Burrell, Ohkawa and Wong (3] pointed out that the large toroidal rotatiomn
velocities associated with directed NBI could produce poloidal non-uniformity
in the impurity density over the flux surface, which in turn could produce a
radial impurity transport flux. This effect becomes significant when the
impurity rotation velocity becomes comparable with its thermal velocity.

They predicted that coinjection would produce an outward impurity flux due
to this rotation, or inertial, effect. This theory was not self-consistent
with respect to the ambipolar electric field, however.

Recently, Stacey and Sigmar [4] extended their previous formalism [2] to
include this rotation effect in a self-consistent theory for particle flows
in the flux surface, the radial electric fiedd and radial particle transport in
a tokamak plasma in the collisional regime with directed NBI. A more exten-
sive discussion of relevant previous work 1is given in that papar [4].

Experimentally, it has been observed in PLT [5,6] and ISX~B [7,8] that
the central accumulation of edge-introduced impurities is much greater with
ccunter—injection than with co-injection, in qualitative agreement with cthe
more recent theory., Attempts [&,9] to quantitatively interpret some of the
experimental results with earlier, incomplete versions [2,3] of the theory

have been encouraging, although unable to explain all features of both the

co-injected and counterinjected results.
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The purpose of this paper is to extend our previous theory [4] for the col-

lisional regime into the plateau regime. This extension accomodates the impor-

tant case of the main ion species being nearly collisionless and the impurity

species being collisional, which we refer to as the mixed regime. This exten-

sion requires a kinetic theory solution for the parallel viscous force B.V.T

in the presence of large rotation velocities and an incorporation of this

viscous force into the fluid theory. We find in the mixed collisionality regime

that the mechanisms dominating the transport processes are quite different than

in the collisional regime.

The theory described in this paper provides a self-coansistent (anon-linear)

model, based upon particle and momentum conservation and charge neutrality, for

calculating toroidal and poloidal rotation velocities, the radial electric field

and radial particle fluxes in a two-species (ion—impurity) tokamak plasma with

strong directed neutral beam injection, and resulting large rotation velocities.

The theory relies upon neoclassical theory for specification of the parallel

viscous force (including the plateau resonance) but allows for an anomalous

viscous radial transfer of toroidal momentum as indicated by experimental data

[7,10]. Prescriptions are given for determining the anomalous radial momentum

transfer rates from measured rotation velocities for the ions and impurities.

In the fipal section, the formalism is applied to plasmas with the gross

features of ISX-B and PLT to predict certain features that are observed

in the experiments.
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II. FLUID THEORY

Qutline of Derivation

f

The construction of the expressions for the radial electric field,
particle flows within the the flux surface, poloidal variation of the particle
densities over the flux surface and transport fluxes across the flux surfaces
closely parallels that of Ref. [4] treating the collisional regime to which

we refer the reader interested in the details. In this section, we will outline
the derivation and proceed in subsequent sections to present and discuss the new
results for the mixed regime.

The basic equations are the particle continuity equation for species j

Yn.,¥, =0, (19)
i’j

the momentum balance equation for species j

nm, (V..VV, + %, + V.7 = -n.,e,7)
e N A IR i i

+n.e (V.xB) +R, + N, (20)
J 3 3 3 J

and charge neutrality

J

2: n.e. = 0, :

j=1 47 (21)
In Eq. (20), R, is the interspecies frictiom, which we will represent by

-]

R o= -n.m 2o v, (T); L (22)
and

:\T =¥ -a.mv, .7 (23)

] 3 jidij
represents "external” momentum exchange of particles of species j duz to momentum
input from collisions with fast ions from neutral beam injection, ﬁj' and due to
the "radial" transfer of momentum across the flux surface due to anomalous viscous
effects, as suggested by experiment[?, ldl,which is represented by a drag frequency,
ﬁj‘ The neoclassical viscous forces are contained in the termn 7.7_.

In these equations: n, nm, &, and 7 vefer to the particle density, mass,
charze and flow velocity of particle species j; p is the prassure and T is the
anisotropic stress tensor discussed in the previous section; ® is the elactro-
static potential; B is the magnetic field; ij is the collision frequency between

&

particle species j and k.
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Equation (19) and the perpendicular (in the flux surface) component of
Eq. (20) for each species can be solved, to within a constant of integration .
(which 1s proportional to the poloidal flow velocity), for the lowest order (in
the gyroradius) particle flows, which lie in the flux surface. The equation
obtained by summing over species the flux surface averaged toroidal component
of Eq. (20) can then be solved for the "radial” electric field. The coanstants
of integration mentioned previously can be found by solving simultaneously the
flux surface averaged parallel components of Eq. (20) for all species. The
“"poloidal” variation of the particle densities and electrostatic potential can
then be obtained by solving the parallel (to B) compoanents of Eqs. (20), subject
to the counstraint of Eq. (21). Finally, the transport flux of particles across
the flux surface can be obtained by combining the parallel and normal (to the
flux surface) componants of Eq. (20).

At this point, we specialize our results to a plasma coanstituted of a main
ion species (i), impurity species (I) and electrons (e),in which ion-impurity
collisions are dominant over ion—-electron or impurity-electron collisioas in
ig)‘ Actually,

2
zn_z /n.>>
1 i/
i

determining the transport of ions and impurities Gl
I

is only a limit on the regime of validity for the theory for the main

ion species. The theory is valid for the impurity species down to trace imputrity
concentrations (o-=0), For the plasma equilibrium, we make the large-aspect
ratio, c¢ircular-¢, low-beta approximation. We use the subscriptst aad p to
refer to toroidal and poloidal components, and use the superscript © to denote
the component that is uniform over the flux surface., A number of parametars

which arise in the derivation are now defined:

1 ;PO "..qR(\ T
PLz—— v,z v o=
N LA VE! thy m;
iie = Vthj

the normalized drag frequencies are

1 . I \)Ii

from momentum coaservation).

3z di o I

<
-

1

(where nimiviI=nImIin
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The normalized viscosities are

3 .
= £f.h,
A _2 Ve j i j=i,1 ;
,IJj- 3/2 . ’ )
(l+v*j)(l+ € v*j)
whare
i ) m m noz2
- - . I
fisﬁ/oc,fIzcx 2;& ,2:;;%—,&:6
i i n,
h, =1+t ‘a1 \* h, =1+ D) /;¢I )‘
i I+ o \ veps I L+ @) \vml
and
N\
E. T W, + 3
55 7 i’ )
v.za L v e L, j=1i,I. (24)
X3 i bj ]

In the above definitions R° is the major radius, E=r/Ro is the inverse aspect
ratio, T is the temperature, q is the safety factor, V_. is the self collision
frequency, ij is the Fokker-Planck collision'operaCOr, and‘ﬁ‘x is the uait
vector in the x-direction (e.g. parallel, torcidal). Throughout the paper, the

caret notation will signify either a unit vector or the normalization

A, A
N i

A, =
i

Q vO nO
mmVir " V1i

Radial Electric Field

The component of the radial electric field (£ ) which is constant
r ) .
over the flux surface is obrained self-consistently frem the flux surface

averaged toroidal momentum balance equations summed over species.

Q

E

L 17 o oo e RS [ £ G pe

BO [\Jl + UI(I + c,i)[.'i o0l + e +u.(l = "I)JMDI + |1 + [(l+_.)4L[P[

D
f,- 3 - ] A pt -1

- Pl o -.(1+C. ) H.P- N '.‘ % . 1 o [.'l = ‘ 2
"1 i ) "i'i My l.[hi(l ’I)l+ 1 \.i+el(1+,i)= (25)
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Examination of this expression reveals several points. The radial slectric
field scales as Er.fgys—'M/vd,the ratio of the NBI momentum input t- the radial
momentum transport, or “drag", frequency and is celatively insensiti.e to the
parallel neoclassical viscosity coefficients,f?i- Coinjected NBI (M >o0) contri-
butes a positive component to the radial electric field (Er >0), and coaversely
for counter-injection. The normal negative main ion pressure gradient (P;< )]
produces a negative coatribution (AE;iU) to the radial electric field, and
similarly for the impurity pressure gradient, although cthe latter is usually

unimportant becauselP'A: 1 IP;,., <L ,P'i’ .
z

Transport Fluxes

The parallel and normal (radial) componeats of Eq. (20) can be

combined to obtain an expression for particle transport across flux surfaces

2 - -
R°7d.(R, + N.)
TS = S I L

J 3] A
J

Our previous results for the rotation velocities may be used to evaluate this
expression for the large-aspect ratio, low-beta equilibrium. It is important
to retain O (52) terms that were neglected in writing Eqs. (26) and (238).
(These terms are given in Ref [4].) We write the radial impurity flux as a
sum of contributions arising from different effects

Vi) = vy Dpg * apvp e dye +<npv Dy + {opvi 2o

\
oDy + vy, 23 (37)

The first two components correspoad to the Pfirsch-Schluter and neoclassical
fluxes of the usual transport theory, but now modified to acocunt for the radial
transfer of momentum and for the variation of the impurity and ion densities over

the flux surface.
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where
d =g, + ZI(l *5), (40)

For a negative main ion density gzradient (P; <" 0), both of these flux
components will be inward.
The third term in Eq., (37) is the transport f£lux resulting directly from

the interaction of the beam ions with the main ions and impurities.

c c

-1 A0 A 2 i n,

ave Dy = |= L (1+E)) + e"(d-i— 1+d <—I-) - (1+£ (..E
I'Ir M eIB;d T | "1 i (1+d) z (1 —‘i)\E

o]

S0 Ja L2 1 Ty
PRI ((1+ 5(314«51))(?) -

c.

)| -

This contribution to the impurity flux is inward for coinjection and outward

(41)

counter-injection,.

The fourth term in Eq. (37) results from reteution of the inertial teru
(nu(¥.V)V) in the momentum balance equations, which produces 0(€2) contributions
to the expressions for the toroidal ana poloidal rotation velocities which in

2
turn contribute 0(€ ) terms in the transport flux. \\/ﬁ
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I'Ir’1I 7FB(1+E.)) (GO - G, ,
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where

o r fo) 2 ) s s

P B B l n n,

‘GI> =L ¢ 40 w2 + 28w ¢ (<L) +d26 wol —=

2 R \)o Bo Ip 1 J € 2 Z
V11 P (43)

The quantities 51 and 6, involve radial density gradients and are defined ia the
appendix. The expression for <@£> is obtained from Eq. (43) by exchanging i

and I subscripts, including in the definition of w, and exchanging &, and §,.

The quantity 61 is of order a/z and may be neglected in most cases, 1Note that
<ﬁi> depends(directly and indirectly through ni)on the radial electric field,
so that the inertial flux is actually due in large part to the radial electric
field. This inertial effect will produce an outward impurity flux when the
impurity density is shifted down (ni<:0), which occurs for strong co-iajection.
Convarsely, strong counter-injection will produce an inward flux contribution

via this inertial effect.

The fifth term in Eq. (37) is the radial impurity flux driven by the

linear component of the radial electric field.

n?m vo 2 ( 2 C\ nc E

. - I'Ii |A~. i+ 24q ) M . .
\ = om—m— —_— 1

<npviJer o Wy, + € 3. ( 5 + (BI + YI(Z—/_Y = —

Ip q / I B

where
) Bi + BI(l + gi)
YI=

g4 (L +ED .
This term will have the same sign as the radizl electric field. Thus, it will
produce an outward contribution to the impurity flux for strong co-injection
and an inward contribution for counter-injection and weak coinjection (assuming
P; < 0).
The last term in Eq. (37) is the impurity transport flux driven by the

poloidal variation of the potential over the flux surface, or the poloidal
electric field. This term is of oxder o/z and usually may be neglected.
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The main ion transport flux may be obtained by exchanging
i and I subscripts in the above equatioms. In addition, in Eq. (45) 51 and 52
must be exchanged, a/z—=2z/0 , and z —1,
Note that Eqs. (38) and (39) describe diffusive transport fluxes - i,e.
fluxes proportional to a pressure gradient-while Eqs. (41), (42), (44) and
(45) describe convective transport fluxes arising from viscous and inertial

forces and the direct momentum input. The diffusive impurity fluxes are in-
ward for the normal negative main ion density gradient. The rotational and
electri; field contributions to the convective flux are outward for strong
co-injection and inward for counter-injection, and conversely for the direct
momentum input contribution of Eq. (41),

IV. MODEL PROBLEMS

In order to illustrate the nature of the theoretical results that were
developed in the previous two sectioans, we now apply the formalism to two
model problems with deuterium plasmas representative of the interior regions
of the ISX-B and PLT tokamaks. Neutral beam injection at 4JKeV was considered
in both cases. In both of these machines the toroidal rotation velocity
with directed NBI has been measured ([7,10], which allows us partially to extract the
anomalous viscous drag frequencies vy; and y, ; from 2xperimental data. The
procedure we follow is first to calculate the ratio BI/ 8, from Eq. (33)
(with K=1) and then to determine %i from the summed toroidal momentum valance,

which may be rzarraanged to obtain

M
g = 2

n.m,v,. v
1171

1 +3./3.) ,
ot 33 (46)

where?ﬂuis the total toroidal momentum input of the beam and v_ 15 the measured"
rotation velocity. Usually, only one rotation velocity, that of an impurity

species, is measured. For our purposes here, we take that approximately as a

common rotation velocity for all species. If the rotation velocities of both the ions
and impurities are measured, then Eqs. (30) and (31) can be used to deternine V4i

and Y41 separately.

We examined a deuterium plasma with a titanium impurity witha= 0.05 in

13
ISX-B. We chose parameters typical of an ISX plasma at rx=10 cm (n, = 2.8 x 1077/
cmB, T, = Ti = 430 eV, q = 1.2 (%'%%)—l = -8.5cm) aad computed the toroidal monmentum jin-

put of the Ho beam with a beam deposition and Fokker-Planck slowimr down code. For this
ISX plasma, the beam momentum input was mostly to the deuterium ﬁkl>>ryf‘. The
deuterium was in the banana-plateau regime with v15cosity‘?i~\Jﬁﬁr) and the

titanium was in the collisional regime with C& < U(EZ). The anomalous dray

coefficients computed in the manner Jescribed above lad to the ratid 3. o, =

[ Jre

1
0.3&, using the toroidal rotation velocities measured at Ll il co-injection.
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As a second model problem, we choose a deuterium plasma with parameters

3 -
representative of PLT at r = 10-20 cm: n, = 3x10l 3, T. = Te = 1lKeV, q = 1,5,

. i
1 9Py -l -30cm]. We used the previously described procedure and the

ex%%r%genCally deternmined [1"°] rotation velocities to determine the values Vgy =
34/ s, v4r =

impurity of councentrationa= 0.l and injection of a 4QkeV D beam, with the momen-

= 5100/s and &D/B = 1.5. We considered a unifora tungstzn

tum input calculated as described for the first model problem. The deuterium ions
are in the banana—-plateau regime and the tungsten ions are in the collisional

regime (u[-——~0).

OQur results for the PLT model problem are shown in Figs. 3, 4 The qualita=-
tive character of the results is similar to the ISX results, although the quanti-
tative results are quite different between the two cases. We note that the
toroidal rotation velocity is larger in PLT than in ISX, for a given directed
beam power, although the total number of plasma particles is greater in PLT,
implying a strouger radial mowmentum transfer mechanism operating in ISX than in
the much larger PLT,

We note that in the PLT model problem with no injection the inward impdrity
flux due to the radial electric field (the linear contribution of Eq. (44) plus
the nonlinear, inertial contribution of Eq. (42)) is the same size as the iaward
contribution due to the pressure gradient of Eqs. (38) and (30). Thus, the total
inward impurity flux is about twice the neoclassical value, and conversely the
outward deuterium flux is also about twice the neoclassical value, which is
reminiscent of the observation that the measured ion heat conductivity is about
2-4 times the neoclassical value, Possibly, the radial electric field effects
of the present theory can account for this well-known "féctor of 2-4" disparity
between neoclassical predictions and experiment.

The total tungsten fluxes in Fig. 4 are in reasonable agreement wich those
measured in PLT [5]. The experlmental fluxes at 10<r<20 cm were ~6-7x10 /mz—s
inward without NBI, --2-4x10 /mz—s outward with 585 kW coinjection, and ~25-50
xlOlslm2 inward with 430 kW counter-injection. The total calculatgd tungsten
fluxes shown in Fig. 6 are ~9xlOlS/m2—s inward without NBI, ~4xlOlD/m2-s vutward

1 2 o .
with 585 kW coinjection, and ~50x10 5/m -5 inward with 430 kW counterinjection,
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BOUNDARY CONDITIONS FOR H-MODE*
! GA Technologies D-III Groups

Presented by
N. OHYABU

GA Technologies Inc.
P. O. Box 85608, San Diego, CA 92138

Neutral-beam-heated expanded-boundary (XB) divertor discharges (Fig. 1)
have been obtained in Doublet III with high heating efficiency for wide ranges
of plasma parameters (I, : 300 — 800 kA; Br : 8 — 24 kG;f, 2 — 10 X
10'3ecm™23; Poeam < 4.5 MW, B, < 1.6, and B; < 2.8%). The improved heating
efficiency is well correlated with a configurational change from limiter to XB dis-
charges '(Fig. 2). The beam-heated, fully diverted expanded-boundary discharges
with a limiter-separatrix distance greater than 1.5 cm exhibit up to a factor of two
improvement in energy confinement time (Fig. 3). The 7g increases approximately
linearly with I, but is insensitive to variations of a factor of two in fi, and Br.
Over the inner two-thirds of the plasma radius (r/a < 0.7), the shape of the T,
profile for XB discharges is similar to that for limiter discharges (Fig. 4). Hence
the improvement of the global energy confinement is consistent with a reduction of
thermal conductivity over most of the plasma radius. With 2 MW of neutral-beam
injection into a high-current (I, = 750 kA) XB discharge, we have obtained energy
confinement times fi,7g ~ 1 x 1013e¢m=3s~1. At high beam power (P, > 3 MW),

a mild deterioration of the energy confinement time has been observed.

*Work Supported by U. S. DOE Contract DE-AT03-84ER51044.
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SIMULATION OF IMPURITY TRANSPORT IN H-MODE TOKAMAK DISCHARGE
T. HIRAYAMA

Japan Atomic Energy Research Institute, Japan

Abstract

Results of the impurity injection experiments in Doublet III beam heated
plasmas were analysed with a numerical code to determine the transport
properties of trace impurities in L- and H--mode. A numerical code simulating
the impurity transport is utilized to estimate the value of anomalous
diffusion coefficient Dp. The impurity flux density is expressed as the sum
of an Alcator-INTOR type anomalous diffusion { Dp ) and the neoclassical
flux. The Dp of (4—5)x1(ﬂ9/ne(m2/s) can well explain the dependence of the
experimental decay time on electron density. No difference in Dp was found

between L— and H-mode discharges as well as the joule heating phase.
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1. Introduction

The discovery of good confinement discharges by ASDEX (1), where the
divertor equilibrium improves the energy confinement time of be beam heated
plashas by a factor of two, was a highly encouraging result in the research
and development of the tokamak reactor. These good confinement discharges are
referred to as "H-mode” in comparison to the deteriorated confinement
discharges in the so-called "L-mode”. Similar H-mode discharges have also
been obtained in Doublet III (2} and PDX (3) . The experimental data
indicated the importance of particle transport properties as well as the
electron thermal conductivity [4) . However, it is not possible to measure
the particle confinement time directly. And therefore, titanium impurity
injection experiments were performed in Doublet III in order to study the
impurity transport. The decay times of line emissivity of Ti XX (259.3 A) are
measured and show a weak dependence on the electron density throughout the
neutral beam heated discharges. The injected titanium ion line emissions are
simulated with a numerical code using Alcator-INTOR (5] type anomalous
diffusion coefficients and a neoclassical flux in the flux density

expression,

2. Experimental results

In Doublet III, 69-76 kV hydrogen beam with power of up te 4 MW is
injected near-perpendicularly into a deuterium plasma. The discharges are
made with either a divertor configulation or a poloidal limiter
configulation, whose cross—-section shapes are shown in Fig. 1. In the
divertor configulation, high-confinement discharges ( H-mode ) have been

obtained with neutral beam injection heating.

A small amount of titanium is injected into the steady state portion of
the discharge at 0.8 sec from the breakdown, using a laser blow-off technique
{8) . The emission of Ti XX along a horizontal chord is measured at ~8 cm
vertically above the magnetic axis. Decay time are obtained from the e-
folding time of a decaying chordal line radiance of Ti XX in the L-mode and
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H-mode discharges as well as in the joule heating phase. A parameter study of
impurity injections has been performed with various combinations of
parameters: plasma current ( 300 kA < Ip < 750 kA ) , electron density
(2.5x10%m3 < n. < 7.5x10""m™3, where n. means the electron density
averaged along a tangential chord ( CH-B ) at r/a = 0.33 ), and the toroidal
magnetic field (By ~ 2.4T). The time evolution of the Ti XX emission in the
H-mode is shown in Fig. 2-(e). Other plasma parameters are also shown in
figures: (a) neutral beam pulses; (b) electorn density at r/a = 0.33; (c¢)
poloidal beta Bp from the diamagnetic loop measurement; (d) H,/D, line
emissions at the divertor plate and at the middle of the main plasma.

All data of the decay time T4 measured in the experiment are shown in
Fig. 3 versus line-averaged electron density of CH-B. In this figure, the
notation "D" means a dee-shaped discharge with a limiter as shown in Fig.
1-b. The open symbols corresponds to the decay times in the H-mode discharges
and the solid to the L-mode discharges. The squares show the data in the
joule phase. This figure shows a weak dependence of 74 on the electron
density. Figure 4 shows the data points with shot numbers, which are analyzed
in this paper. The heating efficiency which is the increment of Bp divided by
the number of neutral beams ( ~1MW/beam ) is plotted against the inversed
square of the plasma current and also shows the definition of the H-mode and
L-mode used in this paper. The heating efficiency data in Doublet III are
almost uniformly distributed between the two lines H and L. We refer to data
points above the middle dotted line between the L and H lines as H-mode and
to others as L-mode. The notation "AX” in this figure corresponds to the

ASDEX data just for comparison (1] .

3. Simulation Procedure

A one-dimensional time-dependent, multi-species impurity code is used to
treat impurity transport and atomic processes of ionization and recombination
simultaneously. The transport model is discussed in Ref. (7) . here we only
add some comments on a few modifications for simulation of impurity
injection.

The simulation of impurity injection to measure the decay time is
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performed by switching recyling coefficients to zero at the time t = 0.8 sec,
after calculating the density profiles with recyling coefficients of 1.0,
instead of a pulsive external source due to impurity injection. It was
confirmed that this abridgement does not affect the decay times for ions
highetr than fourteenth for titanium impurity simulation. In order to compare
the simulation results with the experimental data, a line integrated value of
the line radiation Ti XX is calculated at 8 cm off the magnetic axis and the
decay time is evaluated from the initial e-folding time of the decaying
chordal radiance. Background plasma parameters are given by timetables of the
experimental data. The background ion is assumed to be deuterium and its
temperature is approximated by the electron temperature. The assumation of a
circular cross section is used throughout this simulation. The effects of
sawtooth oscillation and momentum transfer due to neutral beam injection have
been ignored.

The rate coefficients are calculated from the multi-ion model (8) that
is reformulated from the average ion model (9] . The charge-transfer (CT)
recombination with H/D neutrals is also considered as well as the electron
impact. The CT recombination rates are based on the empirical formulation of
IPPJ (10} . Only the fast neutrals of the injected neutral beam and the halo
neutrals are assumed to have the charge-transfer interaction with impurity
ions except for the thermal neutrals of the background ions. The deposition
profiles of the fast ions are calculated with a simple pencil beam model by

considering the beam energy components.

4, Computational Results and Discussion

With the anomalous diffusion coefficient inversely proportional to the
electron density, we have simulated the decaying radiances of the injected
titanium ions. First, the tendencies of 7, are studied with fixed plasma
profiles. Secondly, the simulation calculation for the experimental data is
made to obtain the value of Dy.

In using the Alcator-INTOR type diffusion coefficient, we have studied

the dependence of 74 on the plasma parameters with the plasma profiles which
are normalized as follows: T, (r)c: (1-(r/a)' )%, T.(a)=0.05T.(0);
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ne (r)ec (1-(r/a)*), n.(a)=0.1n.(0). The parameter studies are made by changing
the central electron temperature from 1.0 keV to 2.5 keV and the volume
averaged electron density from 3x10'Y m™2 to 9x10' w3, Figure 5 shows the
calculated 74 of Ti XX versus the averaged electron density for several
central electron temperatures, with D;=4x10'9/n, (m°/s), the plasma current
of 740 kA and the toroidal field of 2.4 T. 74 increases with the increase of
the electron density, while it decreases with the increase of the central
electron temperature. These are caused by the inverse dependence of Djy on the
electron density and by a movement of the peak position of Ti XX toward the
outer region (11) . This shows that the central electron temperature is one

of the important contributing factors to 4.

For the experimental data shown in Fig. 4, the simulation calculation
has been made to evaluate the decay times. Figure 6 shows the comparison of
calculation results and experimental results of the decay times for line
radiation of Ti XX versus the volume averaged electron density. The results
are classified according to their central electron temperatures: (a)

T. (0)=0.8~1.0keV (Joule plasma); (b) T.(0)=1.5keV; (c) T.(0)=1.9~2.5keV.

D" in the figure denotes dee-shaped discharges with a limiter; the others
are divertor discharges. The experimental 74 are shown in the same symbols as
those in Fig. 3. The symbols of + and x correspond to the calculated results
with observed plasma profiles with D;=4x10"/n, (m%/s) and with Ds=5x10'Y/n,
(m*/s) , respectively. The solid curves in these figures show the dacay times
that are obtained with fixed profiles of plasma parameters with Dy=4x10'9/n,
[mg/s] as shown in Fig. 5. The differences between these lines and the
calcualted points + are caused by the difference in plasma profiles. The
discrepances are less than 20 % for all cases. This suggests that the
neoclassical effects due to gradients in plasma profiles are weak in Doublet
III discharges. Figure 6 shows that a good agreement in 14 is obtained over a
wide range of plasma parameters within experimental and calculational
accuracies. No appreciable difference in Dy was found hetween three kinds of
discharges, as far as using the Alcator—INTOR type anomalous diffusion
coefficient. Dy of (4-5)x10'9/n, can well explain the tendency of the weak
dependence of 7p on electron density. For constant Dy over the radius. we
have not obtained a systematic agreement of the decay times between the

calculation results and the experimental data.
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Figure 7 shows the valuues of Dy=4x10'9/n, for different discharges at t
= 6.8 sec just before zero—recyling. The values of D; at the edge for
dee—shaped discharges are smaller than the ones for diverted discharges by a
factor of 3-4 becaues the dee-shaped discharges have a high electron density
at tHe boundary (4) . .It should be emphasized again that 743 of not only the
diverted discharges but also the dee-shaped limiter discharges agree with the
calculation results obtained with Dy which is inversiely proportional to the
electron density as shown in Fig. 8. This fact might suggest that the decay
time of Ti XX is not determi;ed by Dy at the outer region but by Dy at the
peak position in Ti XX profile. In order to verify that D; at the edge has
little effect on the calculated 74, calculations were made whereby the
anomalous diffusion coefficient was assumed to be half of 4x1(ﬁ9/ne during
the neutral beam injection in two regions: (@) 0.7 <r/a <1 and (b) 0.5
< r/a < 1. Figure 8 shows the impurity ion density profiles at t=0.79 sec for
the H-mode. The calculated decay times are 31.5 ms for the case of (a) and
40.6 ms for the case of (b). The original decay time with Dy=4x10'9/n, is
24.6 ms. It is/obvious that the improved transport at the region father out
from the density profile of Ti XX would have an impact on the decay time only
by a factor of 30 %. On the other hand. the smaller Dy over the region
including the peak position in Ti XX profile, clearly results in the too long
decay time as shown in Fig. 8. Therefore, it is shown that 7y of initial
e—folding time mainly reflects the impurity transport properties near the

peak position in the profiles of the measured line radiation.

5. Conclusion

By using Alcator-INTOR type scaling as D), we have simulated the
injections of titanium over a wide range of plsma parameters, from L-mode to
H-mode as well as the jpule heating phase. Analysis of the decay time of the
injected impurity experiments demonstrated that the impurity transport does
not change with the difference «f the plsama parameters between H- and
L-modes. The anomalous diffusion coefficient obtained is (4—5)x1(ﬂ9/ne

a0
m-.s] .
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If there is a strong relation’ in the particle transport between the bulk
ions and the impurity ions, the two facts that the one, no essential
differences in the decay time are seen for the different discharge mode and
that the second, the contribution of D, at the outer region to the decay time
is small, suggest that an improvement of confinement property in the H-mode
may exist in a limited region cf r/a > 0.7; the particle confinement is
apparently improved in the H-mode relative to that in the L-mode because the
electron density increases or keeps constant value even though the gas
fueling is reduced. Therefore, it is reasonable that no differences in the
impurity transport are seen over the wide parameter range from the L-mode to
the H-mode because the peak position in Ti XX profile is located at the inner
region of r/a < 0.6 through this experiment.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 8

FIGURE CAPTIONS

Plasma cross section studied in the present work, (a) divertor
discharge, (b) limiter discharge.

Typical time evolution of the Ti XX emission and related plasma

parameters in the H-mode discharge with Ip = 740 kA, Py~ 4 MW

and B, = 2.4 T.

(a) neutral beam pulses,

{b) electron density (CHB) at r = 14 cm,

(¢) poloidal beta for the diamagnetic loop measurement,

(d) Hy/Dy line emissions at the divertor plate and in the middle

of the main plasma,

(e) the emission of Ti XX (259.3 A) along a horizontal chord at

~ 8 cm vertically above the magnetic axis.

Experimental decay time 74 vs. line —averaged electron density n, .
The open symbols correspond to 74 in the H-mode discharge and the
solid to the L-mode discharge. The squares show the data in the
joule phase. D means a dee-shaped dischargé with a limiter.

Increment of be;a per number of neutral beams ( ~ IMW/beam ) with
respect to I@Q . Two lines of H and L show the typical data in the
H- and L-mode discharges. Symbols mean the same as those in Fig. 3.
The AX corresponds to the ASDEX data.

Dependence of tau on the plasma parameters with the fixed profiles:
Te (r)ec (1-(r/a)' ), T.(a)=0.05T. (0); ne(r)«=(1-(r/a)*),
ne (2)=0.1n.(0); Dy(r)=4x10'9/n,(r); I,=T40kA, B;=2.4T.

Comparison of experimental T4 and calculated results with observed
plasma profiles: +, Dy=4x10'"/n,; x, D;=65x10'"/n,. The axis of the
abscissa is the volume averaged electron density. The solid lines
show the calculated results for fixed plasma profiles with
Ds=4x10""/n,.
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Fig. 7

Fig. 8

Profiles of.anomalous diffusion coefficient of 4x10'9/n, at t = 0.8
sec. The values at the radii further cut than r = 35 cm are shown

in a different scale.

Titanium ion density profiles and the effect of Dy on 7y for the
H-mode discharge; T.(0)=2.5keV, I,=740kA, Pjy~4MW and B;=2.4T. The
Dy is reduced by a factor of 1/2 after the neutral beam injection
in two regions: (a) 0.5 <r/a< 1.0, (b) 0.7< r/a < 1.0. The
decay times are 40.6 ms for (a) and 31.5 ms for (b), and the
orignal 7y is 24.8 ms with Dy=4x10'9/n,.

~ 152 —



(b)

(a)

1

Fig.

(c)

(d)

)

e

(

0

# 33276

/|

~—(b)

DIVERTOR

MAIN PLASMA

1

|

0.8

TIME (sec)

T; INJECTION
Fig. 2

0.9

0.7

0.6

80

40

I8N

(oW 0IX)°U

dg

o o

(8V)®0/%H (BYV)XX 'L

o
o~

o QO
N -

—153 -



DECAY TIME (ms)

5Bp /M. BEAMS

60

>
O

n
O

04

03

0.2

0.1

o o)
.
**s
° ¢| ©
¢ o h‘%g
:% A D
& D

A A 480 ~530kA
¢ @ 300~360kA
Joule O 480kA
) I

© @ 600~ T750kA
NBI

4 6
Mg (xlO'9 m3)

Fig. 3

x 102 1o (kA)

4
T T
H

A 7439 (D)
éé/m 4./7525 (D)

I | | |

‘02 04 06 08 10
x10~5 |p"2 (&A)

Fig. 4

~ 154




()

(D)

(D)

(W 01 )<?U>

g8 £ 9 6 ¢+ ¢ O

T T T T T _73

AN 0'2=(0)°L

s AMG2Z~61:(0°1

T T T T T _L/T

A4 G’} =(0)°L

d
A G} =(0)°%L

T T I | -t ] N

AN 01 =(0)%L

A0’ ~80=(0)°L

9 "314

0¢

ov

0¢

ov

0¢

oy

(sw) P2

(sw) P2

(sw) P

(cW

9

01x)cau>
S ¢

[ p)

/

/NN0" | =(00°L

1 | 1

u/, 01 ¥ ="a
(,(0/3)- 1) ®(4)%

9
MU B ETOL

0¢

00

09

08

G 914

001

JWIL AVO3d

(sw)

— 155 -



(W) sniavy
G0 v o £0 ¢o

10 00

swge= 1
2/va

swoop=Pr1
2/va

995 6,°0 = INIL 1V

O

Cc¢

oe

(0074

8 ‘814

0'G

(cWg,01%) ALISN3Q

(w) SnIavy

G0 b0 €0 20 10
0 m T T I 1
o\o\\%
/
T
\\O\nlll|||0||l.l|
— \\ \\l\\nl.lonlln
Ve T
N
e
v ! /
w &\
us 0lxp="a
ol 6l
06 (£)6G2 o
ol Zv (01626 o
8'G (H)G0Z o
] ‘N'S

L "3Td

G0

0l

Gl

(s/w) va

- 156 —



IPPJ-AM-1*

IPPJ-AM-2*

IPPJ-AM-3

IPPJ-AM-4
IPPJ-AM-5*
IPPJ-AM-6*

IPPJ-AM-7*

IPPJ-AM-8

IPPJ-AM-9

IPPJ-AM-10

IPPJ-AM-11

IPPJ-AM-12%*

IPPJ-AM-13

IPPJ-AM-14

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 Ionized Iron 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 Ions: 1940
Through 1977

K. Takayanagi and T. Iwai (1978)

“Semi-Empirical Cross Sections and Rate Coefficients for Excitation and
Ionization by Electron Coslision 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 L. Incidence of He, Li, Be, B and Their Ions”
Kazuhiko Okuno (1978)

“Charge Changing Cross Sections for Heavy-Particle Collisions in the Energy
Range from 0.1 eV to 10 MeV I1. Incidence of C, N, O and Their lons”
Kazuhiko Okuno (1978)

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

“Electron Impact Excitation of Positive Ions 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, 1979”

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

“Energy Dependence of Sputtering Yields of Monatomic Solids”

N. Matsunami, Y. Yamamura, Y. Itikawa, N. Itoh, Y. Kazumata,

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

- 157 -



IPPJ-AM-15

IPPJ-AM-16

IPPJ-AM-17

IPPJ-AM-18

IPPJ-AM-19

IPPJ-AM-20

IPPJ-AM-21

IPPJ-AM-22

IPPJ-AM-23

IPPJ-AM-24

IPPJ-AM-25

IPPJ-AM-26

IPPJ-AM-27

IPPJ-AM-28

“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 (1980)

“Empirical Formulas for Ionization Cross Section of Atomic Ions 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. Itikawa, N. Itoh and K. Morita (1981)

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

“Electron Capture and Loss Cross Sections for Collisions between Heavy
Ions and Hydrogen Molecules” :

Y. Kaneko, Y. Itikawa, 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. Itoh and E.W. Thomas (1982)

“Desorption and Related Phenomena Relevant to Fusion Devices”

Ed. by A. Koma (1982) ’

“Dielectronic Recombination of Hydrogenic Ions™

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 Ionization and Charge Transfer Processes in Ion-Ion
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.S. Pindzola and D.H. Crandall
(1983) :

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

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

— 158 -



IPPJ-AM-29

IPPJ-AM-30

IPPJ-AM-31

IPPJ-AM-32

IPPJ-AM-33

IPPJ-AM-34

IPPJ-AM-35

IPPJ-AM-36

IPPJ-AM-37

IPPJ-AM-38

IPPJ-AM-39

“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 Ions in Hydrogen
Atoms (Up-dated version of IPPJ-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 Ion-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)

“Dependence of the Backscattering Coefficients of Light Ions upon Angle of
Incidence”
T. Tabata, R. Ito, Y. Itikawa, N. Itoh, K. Morita and H. Tawara (1984)

“Proceedings of Workshop on Synergistic Effects in Surface Phenomena
Related to Plasma-Wall Interactions, May 21 — 23, 1984”
Ed. by N. Itoh, K. Kamada and H. Tawara (1984)

“Equilibrium Charge State Distributions of Ions (Z, 2 4) after Passage
through Foils — Compilation of Data after 1972”
K. Shima, T. Mikumo and H. Tawara (1985)

“Jonization Cross Sections of Atoms and Ions by Electron Impact”’

H. Tawara, T. Kato and M. Ohnishi (1985)

“Rate Coefficients for the Electron-Impact Excitations of C-like Ions”

Y. Itikawa (1985)

“Proceedings of the Japan-U.S. Workshop on Impurity and Particle Control,

Theory and Modeling, Mar. 12 — 16, 1984”
Ed. by T. Kawamura (1985)

Available upon request to Research Information Center, Institute of Plasma Physics, Nagoya
University, Nagoya 464, Japan, except for the reports noted with*.

— 159 —



