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A survey of the studies on particle control, for both impurity and
fuel particles, on DIVA and Doublet IIT tokamaks is presented. Relation
between plasma-wall interactions and confinement characteristics of a
tokamak plasma with respect to both impurity and fuel particle controls is
discussed. 1t is shown as examples of particle control that energy
confinement time is improved by impurity control with carbonization in

DIVA and by fuel particle control with Dy pellet injection in Double ITI.

Keywords: Particle Control, Impurity, Fuel, Energy Confinement,
Carbonization, DIVA, Pellet Injection, Doublet III,

Tokamak Plasma



JAERI-M 86-036

[N AR [ s I g3 e ol K |

B AR5 /) 72 B B F 55 A % A 5 F SR D
i &R

(19864 1 H31BZHE)

DIVARU Doublet Il M =2 iH i 2 AR UHEBR FHEICHET 2MRAEL LD
foo T3 X« BHEMARALAASBEOMBENICOWT, ML FHEOHS
Sl RTHMEMOBEL T, DIVARLKSUZRFHELLIZALAMYWEIILD, X
Doublet MiK BT A2ERE~NL » PARICLIBERFHEIC I DAL 2T —FAD
i iEsns &2ml .

HRETRRF AT © SR A BB BT RS E) L



1.
2.

3.

JAERI-M 86-036

Contents

BOUNDARY AND DIVERTOR PLASMAS mm—m————— o mmm e
IMPROVEMENT OF ENERGY CONFINEMENT CHARACTERISTICS BY
IMPURITY CONTROL = mmmmm e e e e e e e e e
IMPROVEMENT OF ENERGY CONFINEMENT CHARACTERISTICS BY
FUEL PARTICLE CONTROL =m=mmmm e e e e e

4. DISCUSSION AND CONCLUSION —- —— -
ACKNOWLEDGEMENT ==-—==-=~ e
REFERENCES === mmm e e e e '

H 7

L. R TE A A 25— 5 5 Z 2 eevremreeeaeenmeean et e e e aa ittt

2. FEHEEIC LD T3 — A PR D I E e

3. BB THEIK LT 2 — B ADBEE DI E e

F 1 g =~
E%j #"g .............................................................................................
K @\ .............................................................................................



JAERI-M 86-036

A survey of the studies on particle control, for both impurity and
fuel particles, on DIVA and Doublet ITI tokamaks is presented.

Relation between plasma-wall interactions and confinement character-
istics ofa tokamak plasma with respect to both impurity and fuel parcticl
controls is discussed.

Following results are obtained from impurity conmtrol studies:

(1)Physical models of boundary/divertor plasma and of divertor func-
tions about impurity countrol are empilically obtained. By a
coemputer simulation basad on above model with respect to divertor
functions for JT-60 tokamak, it is found that the allowable
electron temperature of the divertor plasma is not restricted by
a condition that the impurity release due to ion sputtering does
not increase continuously. In this case, it is necessary to con-
sider how to cope with handling heat load and erosion of a divertor
place.

(2)Dense and cold divertor plasma accompanied with strong remote
radiative cooling was diagnosed along the magnetic field lime in
the simple poloidal divertor of Doublet III tokamak. Strong
particle recycling region is found to be localized near the divertor
plate. In such a system, the heat load and the erosion by ion
sputtering of the divertor plate arz decreased.

(3)By applying carbon coating om entire first wall of DIVA tokamak,
dominant radiative region is concentratad more in boundary plasma
resulting a hot peripheral plasma with cold boundary plasma.

Energy confinement time of such a plasma is improved by a factor
of two due to increasing of the effactive radius of the core plasma
by applying a carbou wall;
and from particle contzol studies:
(1}The INTOR scaling om energy coufinement time is applicable tc high

density region when a core plasma is fueled directly by sclid deu-
terium pellet injection in Doublet III tokamak.

(2)As remarkably demcnstrated by direct fueling with pellet injectionm,
energy confinement characteristics can be improved at high density
range by decreasing particle deposition at peripheral plasma in
order to reduce plasma-wall interaction.

(3)If the particle deposition at boundary layer is necessarily reduced,
the electron temperature at the boundary or divertor region in-
creasas due to decrease of the particle recycling and the electron
density there. At that situation, the enhancement of impurity
releasa can be the seriocus problem and thuys some kind of "localized"
control of particle or impurity at the boundary or nesr the divertor
plate should be applied. '

The controls of not only impurities but also fuel particles are im-
portant as shown abova. Improvement of energy confinement time is demon-
strated to be possible by controlling both impurity and fuel particles.

Required atomic data base for studying above scheme is presented at
the last section.
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1.RBROUNDARY AND DIVERTOR PLASMAS
1.1 Characteristics [1,2,3,4,5]

In order to recognize the "impurity control", the following closed,
cyclic processes are important (Fig.l): {(1)the role of the boundary plasma
on the production of impurities; (2)impurity transport in the boundary plasma
and impurity flow into the main plasma; and "(3)influences of accumulated
impurities on the main and the boundary plasma. All of these processes and
impurity control are deeply connected to the "boundary plasmas”. Therefore,
it is very important to understand the boundary plasma. The possible
controls on those processes are alsc shown in the figure with Important para-
meters in boundary plasma: temperature and density of the boundary plasma
(Ty and ny), particle flow velocity,ve, and electric field, Ey, parallel to
the magnetic field lines and the parpendicular particle diffusion coefficient
> Die

The plasma interacts with the surrounding first walls, including
limiter/divertor-neutralizer-plates, in variocus ways, e.g. sputtering by lons
and charge-exchange neutrals and arcing. These processes strongly depend on
the boundary plasma, i.e. limiter or divertor scrape-off plasmas. In this
section we summarize the characteristics of the boundary plasmas.

Boundary plasma parameters are related to the main plasma through
energy and particle balance. The energy balance in the statiomary phase
of a tokamak discharge is as follows. Total input power, PIN, is balanced
with these loss processes such as radiation and charge-exchange, PR and PCX’
to the entire wall, and conduction-convection loss, Ppe, mainly onto the
limiter/divertor neutralizer plate. Therefore, it can be expressed as,

Ps=Pin — Pu = Pox = Poo )
Here the power loss onto the surface, Pg, is the integral of local heat flux,
q, as Pg= fqds. Then, the problem is how to evaluate q.
From a normal sheath theory the heat flux is given by the following
equation(6]:
q - i’ fp Te s (2}
where fp is the particle flux density onto the material surface and Y is the

heat transmission rate across the sheath including the effects of the sheath
potential, aTe, secondary electron emission coeffcient, ¢, and the correction

to the distribution function, F and F'. That is:
f:{2(llﬁ+1)+“}F, (3)
a:-]n%—]—\d—o‘p,’ (4)

where £ is the ratic of the electron to ilom satuyration currents, and m and M
are the electron and ion masses, respectively. The value F exceeds 10 in a
runaway discharge, but is around unity in a normal discharge. F' is also
around unity in a normal discharge. The maximum value of § is given by
space charge limit[6] as Spa.=1-8.3/m/M and is 0.81 for hydrogen and 0.86
for deuterium plasmas. Corresponding to this, Y varies between 6.7-13.5(H)
and 7.0-17.0(D), respectively, in a normal discharge.

As long as the sheath is formed on the material surface, the total
power loss onto the material surface is then deduced as:

Py = /qds =F, 1 Th (5)
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where F ENPITP is the total particle outflux, %p the overall particle con-
finemenE time, and Ty, the average boundary temperature. Then, the power
balance, eq.(l), can be rewritten as

N, =
T?p Te =Py —Pr — Pox
P

3 N =
=5 = (Ti+T) ~ Pr~ Pox
(3

where Ti and Te are the average ion and electron temperatures in the main
plasma. From this, we can obtain the relation between the boundary tem-
perature and the core temperature as

= 3T PR+Pox = . - = ~

Ty =— - ( 1—————————EL——)'F.(T‘::T} + Te) 6)

I TE Pix

Other important parameters are the width of the scrape-off layer, d,
average boundary density, np, and particle flux density, fp, as

d=vD, L. v:, (7).
_ 1 L a ne
nbi—éw vid T, ®)

fp=ve 0o, (9)

and the electric field, E.. a is the plasma radius, Dy the perpendicular
diffusion coefficient and L and vg are the path length of the charged
particles and parallel flow velocity along the field line in the scrape-off
layer. Among thése parameters, the essential parameters are Y, v¢, Dy, and
E. These are reasonably obtained in DIVA tokamak: y=7, v =0.3Cg, D1=0.1Dyg
and E=Tg/L where C; is ion sound velocity, Dg the Bohm diffusion coefficient.

1.2 Model Calculations(1, 7, 8]

In order to understand impurity transport, computer simulations based
on the physical model obtained above were perfomed. In the background
scrape-off plasma, characterized by T,, T;, 0o, V¢ and E, a number of test
particles (impurities) are traced under the follewing processes by the Monte-
Carlo method: (l)free motion of sputtered impurity atoms, (2)ionization in the
background plasma, (3)Coulomb scattering, (4)charge exchange, and (5)per-
pendicular diffusion of ioms.

The results of the simulation with the observed boundary plasma para-
meters give reascnable values on average ionic charge and the mean energy
of the carbon ioms in the burial chamber, as shown in Fig.2. Moreover, the
temporal impurity behaviour of each charge state through CII to CV is shown
to be well simulated by this calculation, as shown in the figure.

From these results the calculation can be applied to a large device.
The boundary plasma condition was investigated for JT-60. For the main
plasma the parameters are given. Ion sputtering on the limiter/divertor-
neutralizer-plate is added to the aforementioned Monte-Carle calculation.

The formulae for the sputtering vields were given by Sigmunt[9]. These
values are, however, several times higher than the experimental data for
other heavy ions{10,11]; we have, therefore, divided Sigmund's sputtering

yield by two for this calculation, Sg. The energy and the angular dis-
tributions of sputtered impurity atoms have been obtained experimentally[l2,
13]. We formalize those distributions as[8]:
S £ 1
S(E)= E'exp (—BE/Uo) ——— {0
TV P T e
S(ﬁ,w):rﬁlcosﬁ (11
T

where Up is the surface binding energy, sublimation emergy, B is the fitting
constant, I'(n) is the Gamma function and 8 is the angle from the normal
directicn of the sputtered material's surface. Integrals of eqs. () and (11

- 3 -
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over E and § are normalized to Sp, respectively{8]. For simplicity, £ is
taken to be unity. _

Assumed typical parameters are as follows, T,=Tg=0.7s, Tgo=Tig=7keV,
Neg=njg=7x1013/cm3 and By=4T. The limiter/neutralizer plates are assumed to
be made of molybdenum. Sputtered molybdenum is the only assumed impurity
source.

The results are as follows. The average ionic charge of the molybdenum
ions <Z1> near the material surface is arcund 5 in the case with the divertor,
and becomes up to 10 without the divertor. These tend to saturate because
the sputtered molybdenum ions are forced to return in a shorter time as the
temperatures increase (Fig.3(a)).The average energy of the impinging molybde-
num ions, {Ep), is reduced by a factor of 2 by employing the divertor cor-
responding to the decrease of ionic <harge, as (EI)=GLZf)Tb+TI, where Ty 1is
the temperature of the molybdenum ioms (Fig.3(b)). The stagnation on ¢Er)
ig due to the effect of secondary electron emission. If we neglect this ef-
fect, the result becomes much different. Impurity growth rates are shown in
Fig.3(e). The growth rate is defined by a ratio Np{t+At)/Ng(t), where At is
the impurity recycling characteristic time. Molybdenum impurities continue
to increase when the boundary temperature is above 160 eV without the divertor.
Owing to radiation cooling, the boundary temperature is in equilibrium at 80-
160eV.

In the case without the divertor, we must lose a large portion of the
input power, e.g. 80-90%, by radiation and charge-exchange losses (Fig.3(d)).
In opposition to this, the molybdenum impurities continue to decrease if the
divertor is employed and thus the boundary temperature iz not determined by
ion sputtering. The boundary temperature increases up to a few hundred eV
when radiation and charge-exchange losses are greatly reduced.

1.3 Dense and Cold Divertor Plasma[l4]

Dense and cold divertor plasmas with electron density and temperatures
of ne 2 5%1013cm-3 and To 4 7eV have been observed previously in Joule-heated
Doublet III discharges{15]. Such a dense and cold divertor plasma provides
the following advantages:

(a)Because of strong density buildup, the divertor plasma can radiate
considerably high power, which leads to a reduction of the heat load onto the
divertor plate without deleterious effects to the main plasma.

(b)This sort of divertor is capable of effective particle exhaust, i.e.
the exhaust of unused fuel particles, helium ash and other impurities.

(c)Because of a sufficiently low temperature, the erosion of the
divertor plates caused by ion sputtering becomes negligibly small.

In this divertor experiment, deuterium plasma is heated for 200ms with
a neutral beam injection power of Pyg=l.ZMW, The toroidal field is Bp=2T
and the plasma current is Ip=290kA. The range of the line-averaged electron
density of the main plasma is ﬁe=(l.0-3.4)x1013cm—3 and the central electron
temperature is T,(0)=1.2-0.7keV, at 100ms after the start of beam injection
(t=700ms) when most of the measurements were taken.

The separatrix surface intersects the inconel divertor plate on the in-
ner wall of the vacuum vessel. An array of 21 Langmuir probes and 28 thermo-
couples are installed in the divertor plate in order to measure the vertical
profiles of the plasma parameters.

The electron density neq and temperature Toq at the peak of the density
profile on the lower divertor chamnnel are shown in Fig.4 as stroung functions
of ng or gas puffinﬁ(nedm ﬁe3). The electron density ned increases non-
linearly from 6x101Zcm=-3 to 2.8x10l4cm-3, with ne increasing only by a factor
of 3.4. At the same time, To4 has cooled down from 30 eV to 3.5eV.  The two
points profile measurements by the Langmuir probes near the divertor plate
show that the temperature gradient along the magnetic field line is found to
be very steep (To,=36eV in front of divertor plate and Te=8eV at the divertor
plate). The connection length between these two points is 380cm(poleidal

— 4 —
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projection length = léem). This result (shown with error bars) is well
simulated by self consistent fluid model[l6] as shown in Fig.5. The total
particle flux across the first point of “the profile measurement, which is
deduced from the ion saturation-current profile, is I'M=(3.5-7)x1021 particles/
s (the flow velocity is assumed to be Vf=(0.3-0.6)Cs). The total particle
flux onto the divertor plate is Fg=l.6x1022 particles/s at ﬁe=3x101 cm=3,

If the divertor plasma in a fusion reactor can be made dense and cold,
analogous to the divertor plasma investigated here, the erosion of the
divertor plate due to ion sputtering would be negligibly small because of
sufficiently low T,; and thus low sheath potential. The threshold energy
for ion sputtering is approximately several tens of electron volts for
materials such as titanium, iron, nickel, carbon[10].

2. IMPROVEMENT OF ENERGY CONFINEMENT CHARACTERISTICS BY IMPURITY CONTROL[17]

Low-Z materials are attractive for the first wall in a reactor because
of the following reasons.

(a)Radiation loss from low-2 impurities is rather small in a high
temperature plasma.

{b)The thermal properties of some low-Z material, e.g. carbon, are as
good as those of copper or molybdenum.

(c)The self-sputtering yield, which is most closely related to the
impurity origin, is smaller than that of the high~Z materials -such as Mo.
Therefore, the wall erosion is rather low.

Here we show an example of improvement of energy confinement-time with
controlling impurity by means of applying carbon wall.

Figure 6 shows the profiles of electron temperature and density for (a)
carbon wall and (b)Ti-flushed wall. For carbon wall case, Pp+Pcyx that domi-
nated by carbon line radiation is shown to be increased and concentrated more
in plasma periphery compared with Ti wall case. Consequently, the boundary
electron temperature is cooled down due to increase of PptPry obeying eq.(6).
As the result, the effective radius of plasma pressure profile increases and
thus the energy confinement time is improved by a factor of 2 by employing
carbon wall with divertor as shown in Fig.7. The effect of the impulity
control by a divertor on improvement of energy confinement time is also shown
in the figure.

Chemical sputtering is shown to be easily suppressed by prebombardment
of hydrogen ions at the substratum temperature above 500°C.

3.IMPROVEMENT OF ENERGY CONFINEMENT CHARACTERISTICS BY FUEL PARTICLE CONTROL

The good confinement discharge with divertor beam-heated plasma, so
called H-mode, can be criated by optimaized gas fueling in Doublet III[18] as
shown in Fig.8. Increasing edge recycling (HgLIM) leads to degradation of
confinement characteristics. This implys that the control of fuel particle
is responsible to the improvement of confinement properties,

Pellet injection is shown to be effective to reduce edge fueling and
be able to improve confinement characteristics especially in high density
region in both Joule~ and beam-heated discharges{19,20].

In gas~fueled divertor chmic discharges, the: raecycling and the neutral
pressure both at the edge and the divertor region, increase nonlinearly as
the density is raised above 4x10!3cm-3. The energy confinement time
saturates.around 60ms (Fig.9). In contrast to that, the pellet fueled
confinement time continue to improve with increased density. This is proba-
bly due to the fact that in the pellet fueled discharges both the edge pres-
sure and the limiter recycling light are maintained at relatively low levels
(Fig.9) and/or the successful densityrise at the plasma center which has good

— 5 —
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projection length = l6cm). This result (shown with error bars) is well
simulated by self consistent fluid model[l6] as shown in Fig.5. The total
particle flux across the first point of “the profile measurement, which is
deduced from the ion saturation-current profile, is M=(3.5-7)x1021 particles/
s (the flow velocity is assumed to be vf=(0.3—0.6)CS). The total particle
flux onto the divertor plate is Fg=l.6x1022 particles/s at fig=3x1013em~3,

If the divertor plasma in a fusion reactor can be made dense and cold,
analogous to the divertor plasma investigated here, the erosion of the
divertor plate due to ion sputtering would be negligibly small because of
sufficiently low Toq and thus low sheath potential. The threshold energy
for ion sputtering is approximately several tens of electron volts for
materials such as titanium, iron, nickel, carbon[l0].

2. IMPROVEMENT OF ENERGY CONFINEMENT CHARACTERISTICS BY IMPURITY CONTROL{17]

Low-Z materials are attractive for the first wall in a reactor becauyse
of the following reasons.

(a)Radiation loss from low-Z impurities is rather small in a high
temperature plasma.

(b}The thermal properties of some low-Z material, e.g. carbon, are as
good as those of copper or molybdenum.

(c)The self-sputtering yield, which is most closely related to the
impurity origin, is smaller than that of the high-Z materials-such as Mo.
Therefore, the wall erosion is rather low.

Here we show an example of improvement of energy confinement-time with
controlling impurity by means of applying carbon wall.

Figure 6 shows the profiles of electron temperature and density for (a)
carbon wall and (b)Ti-flushed wall. For carbon wall case, Pp+Ppy that domi-
nated by carbon line radiation is shown to be increased and concentrated more
in plasma periphery compared with Ti wall case. Consequently, the boundary
electron temperature is cooled down due to increase of PptPry obeying eq.(6).
As the result, the effective radius of plasma pressure profile increases and
thus the energy confinement time is improved by a factor of 2 by employing
carbon wall with divertor as shown in Fig.7. The effect of the impulity
control by a divertor on improvement of energy confinement time is also shown
in the figure.

Chemical sputtering is shown to be easily suppressed by prebombardment
of hydrogen ions at the substratum temperature above 500°C.

3.IMPROVEMENT OF ENERGY CONFINEMENT CHARACTERISTICS BY FUEL PARTICLE CONTROL

The good confinement discharge with divertor beam-heated plasma, so
called H-mode, can be criated by optimaized gas fueling in Doublet III[18] as
shown in Fig.8§. Increasing edge recycling (HylIM) leads to degradation of
confinement characteristics. This implys that the contrel of fuel particle
is responsible to the improvement of confinement properties.

Pellet injection 1s shown to be effective to reduce edge fueling and
be able to improve confinement characteristics especially in high density
region in both Joule- and beam-heated discharges[19,20].

In gas-fueled divertor ohmic discharges, the:recycling and the neutral
pressure both at the edge and the divertor region, increase nonlinearly as
the density is raised above 4x1013cm-3. The energy confinement time
saturates.around 60ms (Fig.9). In contrast to that, the pellet fueled
confinement time continue to improve with increased density. This is proba-
bly due to the fact that in the pellet fueled discharges both the edge pres-
sure and the limiter recycling light are maintained at relatively low leveis
(Fig.9) and/or the successful densityrise at the plasma center which has good

_5_
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projection length = 16cm). This result (shown with error bars) is well
simulated by self consistent fluid model[l6] as shown in Fig.5. The total
particle flux across the first point of-the profile measurement, which is
deduced from the ion saturation-current profile, is M=(3.5-7)x1021 particles/
s (the flow velocity is assumed to be Vf=(0.3-0.6)05). The total garticle
flux onto the divertor plate is Fg=l.6x1022 particles/s at Ee=3x101 cm—3

If the divertor plasma in a fusion reactor can be made dense and cold,
analogous to the divertor plasma investigated here, the ernsion of the
divertor plate due to ion sputtering would be negligibly small because of
sufficiently low Toq and thus low sheath potential. The threshold energy
for ion sputtering is approximately several tens of electron volts for
materials such as titanium, iron, nickel, carbon[10].

2. IMPROVEMENT OF ENERGY CONFINEMENT CHARACTERISTICS BY IMPURITY CONTROL[17]

Low-Z materials are attractive for the first wall in a reactor because
of the following reasons.,

(a)Radiation loss from low-Z impurities is rather small in a high
temperature plasma.

(b)The thermal properties of some low-Z material, e.g. carbon, are as
good as those of copper or molybdenum.

(c)The self-sputtering yield, which is most closely related to the
impurity origin, is smaller than that of the high-Z materials-such as Mo,
Therefore, the wall erosion is rather low.

Here we show an example of improvement of energy confinement-time with
controlling impurity by means of applying carbon wall.

Figure 6 shows the profiles of electron temperature and density for (a)
carbon wall and (b)Ti-flushed wall. For carbon wall case, Pgp+Pry that domi-
ndted by carbon line radiation is shown to be increased and concentrated more
in plasma periphery compared with Ti wall case. Consequently, the boundary
electron temperature is cooled down due to increase of Pp+Pry obeying eq.(6).
As the result, the effective radius of plasma pressure profile increases and
thus the energy confinement time is improved by a factor of 2 by employing
carbon wall with divertor as shown in Fig.7. The effect of the impulity
control by a divertor on improvement of energy confinement time is also shown
in the figure.

Chemical sputtering is shown to be easily suppressed by prebombardment
of hydrogen ions at the substratum temperature above 500°C.

3.IMPROVEMENT OF ENERGY CONFINEMENT CHARACTERISTICS BY FUEL PARTICLE CONTROL

The good confinement discharge with divertor beam-heated plasma, so
called H-mode, can be criated by optimaized gas fueling in Doublet III[18] as
shown in Fig.8. Increasing edge recycling (Hy1IM) leads to degradation of
confinement characteristiecs., This implys that the control of fuel particle
is responsible to the improvement of confinement properties,

Pellet injection is shown to be effective to reduce edge fueling and
be able to improve confinement characteristics especially in high demsity
region in both Joule- and beam-heated discharges[19,20].

In gas-fueled divertor obhmic discharges, the:recycling and the neutral
pressure both at the edge and the divertor region, increase nonlinearly as
the density is raised above 4x1013cm-3. The energy confinement time
saturates:arcund 60ms (Fig.9). In contrast to that, the pellet fueled
confinement time continue to improve with increased density. This is proba-
bly due to the fact that in the pellet fueled discharges both the edge pres-
sure and the limiter recyeling light are maintained at relatively low levels
(Fig.9) aud/or the successful densityrise at the plasma center which has good

_5_
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confinement properties. Preliminal analysis with 1-D tokamak code shows good
agreement with experimental results, i.e. low edge recycling, peaked density
profile and proportional increase of Tp with fig, with assuming no change in
ion transport characteristics before and after pellet injection{21] which is
in contrast to the result from ALCATOR-C{22].

During continucous neutral beam heating of very high density plasmas,
the confinement times remain near the improved ohmic level for the first
=60ms but then rapidly deteriorate corresponding to the increase of edge
ablation, Figure 10 shows the successful central electron density rise due
to pellet fueling during Joule-heating phase of a limiter discharge. But in
the NB-heating phase, the edge density and the edge recycling start te increase
when the fast ions from neutral beam build up.

A scheme was tested to enhance pellet penetration and reduce pellet ab-
lation at plasma edge by briefly interrupting the neutral beams just before
each pellet was injected. This is based on the relatively fast slowing-down
time of fast ions in the edge plasma which is less than 10ms, and the expected
dependence of the ablation on the fast ion population(23]. The energy con-
finement time and pellet penetration are improved over the continuous beam
case for delay times not less than Bms. Furter delay shows little additional
improvement (Fig,1ll). :

A comparison of pellet ablation profiles for comtinuous vs. inter-
rupted beam (Fig.12) shows that there is no significant difference in pellet
penetration. However, the pellet ablation in the outer 10cm of the plasma
is reduced by interrupting the beam. The reduction in the edge density and
slower central density decay time as measured by the visible bremsstrahlung
array. This reduction of edge ablation may account for the maintained im-
provement of the energy confinement time keeping low edge recycling (Fig.1l1l-
b}).

The combination of the improved confinement and the high densities has
produced a significant extention of the fia, TE diagram (Fig.l3) for Doublet
III. The Lawson product ne(O)-tE is increased by a factor of 3 te 4 in
both limiter and divertor discharges. The neutron productien rate has been
improved by a factor of 10 over limiter beam-heated plasmas of comparable gas
fueléd discharges. These results are very encouraging for large nondivertor
tokamaks that will rely heavily on neutral beam heating to produce energy
breakeven conditions.

4, DISCUSSION AND CONCLUSION

Physical models of divertor/boundary plasmas and the divertor functions
about impurity control are empilically obtained. It is shown that the active
controls of both impurity and fuel particles are highly responsible to improve
the plasma confinement characteristics.

The control flow-chart of plasma-surface interactions is presented in
Fig.l4, It is demonstrated that the control (decreasing) of plasma-surface
interaction can improve energy confinement time. .

For more precise modeling or understanding of such a system, follewing
atomic data base are required:

(1)Cross sections or rate coefficients of following various processes
in the back ground plasmas for the parameter ranges T, =4-200eV and
ne=1012—1014cm‘3:

®ionization

°charge exchange

°radiative cooling rate (especially at several tens eV)
°recycling rate for various materials

°dissociation

(2)Pellet ablation model with high energy ions

The methods of controlling of the recycling rate (e.g. control the wall
temperature etc.) and of optimized impurity radiative cooling should also be

investigated.
_6_
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confinement properties. Preliminal analysis with 1-D tokamak code shows geod
agreement with experimental results, i.e. low edge recycling, peaked density
profile and proportional increase of Tg with fle, with assuming no change in
ion transport characteristics before and after pellet injection{2 1] which is
in contrast to the result from ALCATOR-C[22].

During continuous neutral beam heating of very high density plasmasg,
the confinement times remain near the improved ohmic level for the first
=60ms but then rapidly deteriorate  corresponding to the increase of edge
ablation, Figure 10 shows the successful central electron density rise due
to pellet fueling during Joule-heating phase of a limiter discharge. But in
the NB-heating phase, the edge density and the edge recycling start to increase
when the fast ions from neutral beam build up.

A scheme was tested to enhance pellet penetration and reduce pellet ab-
lation at plasma edge by briefly interrupting the neutral beams just before
each pellet was injected. This is based on the relatively fast slowing-down
time of fast ions in the edge plasma which is less than 1l0ms, and the expected
dependence of the ablation on the fast ion population{23]. The energy con-
finement time and pellet penetration are improved over the continuous beam
case for delay times not less than 8ms. Furter delay shows little additiomal
improvement (Fig.1l).

4 comparison of pellet ablation profiles for continuous vs. inter-
rupted beam (Fig.12) shows that there is no significant difference in pellet
penetration. However, the pellet ablatiom in the outer 1l0cm of the plasma
is reduced by interrupting the beam. The reduction in the edge density and
slower central density decay time as measured by the visible bremsstrahlung
array. This reduction of edge ablation may account for the maintained im-
provement of the energy confinement time keeping low edge recycling (Fig.1l1l-
b)).

The combination of the improved confinement and the high densities has
pfoduced a significant extention of the fie, TE diagram (Fig.l13) for Doublet
III. The Lawson product‘ne(O)-TE is increased by a factor of 3 to 4 in

both limiter and divertor discharges. The neutron production rate has been
improved by a factor of 10 over limiter beam-heated plasmas of comparable gas
fueléd discharges. These results are very encouraging for large nondivertor

tokamaks that will rely heavily on neutral beam heating to produce energy
breakeven conditions.

4. DISCUSSION AND CONCLUSION

Physical models of divertor/boundary plasmas and the divertor functions
about impurity control are empilically obtained. It is shown that the active
coutrols of both impurity and fuel particles are highly responsible to improve
the plasma confinement characteristies.

The control flow-chart of plasma-surface interactions is presented in
Fig.l4. It is demonstrated that the control {(decreasing) of plasma-surface
interaction can improve energy confinement time. .

For more precise modeling or understanding of such a system, following
atomic data base are required:

(1)Cross sections or rate coefficients of following various processes
in the back ground plasmas for the parameter ranges T,=4-200eV and
ne=1012-101%cm-3: '

“ipnization

®charge exchange

°radiative cooling rate (especially at several tens eV)
°recycling rate for various materials

“dissociation :

(2)Pellet ablation medel with high energy ions

The mechods of contrelling of the recycling rate (e.g. control the wall
temperature etc.) and of optimized impurity radiative cooling should also be

investigated.
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