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1. INTRODUCTION

A natural single-null divertor configuration, which is obtained as a
simple modification of D-shaped plasma cross sections in NDoublet-IIT,
demonstrated an impurity control capability without a divertor chamber and
with the divertor coils outside the vacuum chamber [1]. The successful
operation of this single-null poloidal divertor demonstrates some new
advantages for a diverted tokamak in addition to the suppression of impurity
influx as demonstrated in DIVA. In diverted discharges, plasma density and
recycling at the divertor region is found to increase non-linearly with the
increase of the main plasma density [2]. This results in a large radiation
power density in the divertor region [3,4], and a large increase in the helium
pressure in the divertor region [5]. The high helium ptessure iun the divertor
facilitates the helium ash exhaust in fusion reactors. The strong radiative
cooling possibly negates the heat removal and erosion problems of the divertor

plate which are the major drawbacks of a diverted tokamak.

In Section 2, experimental results on remote radiative cooling [3,4]
are summarized. A 1-D heat conduction simulation of the radiative divertor
plasma elucidates the effect of radiative cooling in the formation of the
dense and cold divertor plasma, The feasibility of a femote radiative cooling
scheme in INTOR is discussed in Section 3 employing a volume integration
technique of the radiation power along the scrape~off field line., The

conclusions are summarized in Section 4,
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2, REMOTE RADIATIVE COOLING IN b-ILI

2.1 Experimental Results on Remote Radiative Cooling

At the last [AFA meeting in Brussels, we reported that the divertor
den—-sity, E;DIV’ increased non-linearly with the main plasma density [2] (Fig.
1). The maximum line—averaggd divertor density obtained is ~ 2 x 1013 cm“3 (g
= §7 cm). Taking into account the fact that the separatrix surface is ~ 10 cm
away from the wall, which is in good agreement with the location of the peak
Hy line emission, the effective interferometer divertor plasma path-length is
only ~ 20 -30 cm. Therefore, the electron density in the divertor is ~ 5 X
1013 ¢m-3. Moreover, since beam refraction problems have occurred for-ﬁéDIV
higher than 2 X 1013 en™3 (2 = 67 cm), the eiectron density of the divertor is

locally higher than 5 x 1013 cw3,

At the same time, the emission of the H, line is strongly localized at
the divertor, and increases non-linearly with respect to the line average
density of the main plasma (Fig. 1). The particle confinement time in the
divertor region, deduced from H, line intensity and ionization rates [6], is ~
1 msec. This value is in reasonable agreement with the iifetime éf protous
lost to the diveftor wall with the flow velocity alcong the scrape—off field
lines of 0.3 Cs [7] (Cs is the ion écoustic speed). The strong recycling and
accumulation of particles in the divertor region during high density operation
is consistent with radiative cooling of the divertor plasma, which wili he
discussed in the next section, and a reduction of the attenuation length of

neutral hydrogen particles produced at the wall with the increase of
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plasma demsity in the divertor region: A~ 10 cm at ne 1 x 1013 cp™3 and A
<3 ecm at n, ¥ 5 x 1013 cm™3 with Te ™~ gseveral evV. This phenomenon observed
in Doublet III, which is a relatively large device (a ~ 40 cm), is

significantly different from that observed in a small device, such as DIVA (a

~ 10 cm), where a linear relation between.E; and neDIV was observed.

Measurements by a 2l-channel bolometer array indicate that the radiation
power in the divertor volume increases significantly with increasing bulk
plasma density and accounts for as much as 50% of the joule input power in
high density discharges (Fig. 2}, However, the radiation power in the main
plasma increases only from 20t030% of the joule input power as the plasma
density is increased from 1.5 to 5 x 1013 cm 3. As a result, the heat load to
the divertor plate is significantly reduced in high density operation. 1In
Fig. 3, the peak heat load to the divertor plate (measured by IR camera) is
observed to decrease as the radlatioun power i{n the divertor increased., The
electron temperature in the divertor plasma is estimated to be ~ 7 eV from the

two-dimensional TV observation of the 011 line enission.

The source of this radiation power in the divertor is experimentally
inferred to be the combination of the line radiation of hydrogen neutrals and
oxygen. The Lyman series radiation power density estimated from the absolute
intensity measurement of the H, line is ~ 0.3 W/em3, and is in good agreement
with the bolometer measurement. From a simple non-coronal equilibrium
calculation of oxygen radiation (see Appendix), 0.3 W/cmd may be explainable
by 1% oxygen in a plasma of mng = 5 x 1013 cn™3 and Tg = 5 eV. Since Zggs of
the main plasma is ~ 1.1 -1.5, an oxygen concentration of ~ 1% in the divertor

volume is reasonable,
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2.2 Physical Model of Radiative Divertor Plasma

This process of radiative cooling in the divertor plays an important
role in the formation of a dense and cold (ng, > 5 x 1013 cm—3, Te < 10 eV)
divertor plasma. A one—dimensional heat flow equation along the sérape—off

field line with radiative cooling, PrDIV’ is solved and the result shows a

sufficient cooling of the divertor plasma [5]. The equations are (8]
vy Ky ¥y Tg) = Frppy
7y (ngTe) = 0.

Here, we only include the radiation power of oxygen (see Appendix) in PrDIV'
The boundary conditions for heat flow are:
-Bp/Bp® S Ky V) Ty = Pgy ~P, at the main plasma,

-Ky Vy To = ¥IT, at the divertor plate,

e
where X 1s the parallel electron heat conduction coefficient,
S is the cross sectional area of the divertor scrape-off,

Y is the heat transmission coefficient {= 7.8)

and the particle flux T = 0.3 Cs n, [9].

Figure 4 is a typical computational result showing the T,, Ry, and PrDIV
profiles along the field line for 1% oxygen level and Pgy -P, = 300 kW. For
an electron density at the separatrix of the main plasma of Oey = 1.2 x 1013
em™3 (E; ~ 5 x 1013 cm”3), the average Frpyy attains ~ 0.3 W/em3, The

divertor plasma is cocled from 27 eV near the main plasma down to 1 eV at the
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divertor plate, while the density near the divertor plate exceeds 5 x 1013
cm~ 3. The total remote radiation power is = 80% of Pop ~Pr- This is compared
with a lower plasma density case, Tep = 0.4 X 1013 cn3 (Eé ~ 2% 1013 cn~3),
in which ng, and T, are approximately constant along the field line. This

simple calculation clearly shows the effectiveness of radiative cooling in the

formation of a dense and cold divertor plasma.
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3. FEASIBILITY OF REMOTE RADIATIVE COOLING IN INTOR

A method of integrating the radiation power aloag the field line is
presented in this chapter and is utilized to estimate the impurity concen-
tration in the divertor necessary to dissipate the power which flows
from the main plasma into the divertor for typical INTOR parameters,

Here, we use MKS units and eV for temperature. The heat conduction

equation along the field line is

- -x 4T 1
Q= Py (2)

where Q is the heat flux density,
T is the electron temperature,

x is the coordinate along the field line.

From equations (1), (2), we get

Ta
2 2 '
Qa_ - B . Ky Frpry dT
Z 2 Tb

where the subscripts a, b represent the main plasma edge, and the divertor

plate, respectively.
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Here,

5
Ky = K, T2 (Ko = 1.25 x 103 W/m / (ev)?/2)
and
Propy = 00, L(T)
= n?fL(T)
- P2 £ L(T)
Evl

where n is the electron density,
n, 1s the impurity density,
L(T) 1is the radiative cooling rate,
f is n,/n,

p is the electron pressure,

we make the following two assumptions:
1) p is coustant along the field line

2) f is counstant along the field line
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then we obtain

0]
|

Qa® ~ Qb p?f (g(Ta) — g(Ty))

where

T
g(T) = 2%, L{(T) YT dT

L{T) can be calculated once nt (Tt is the recycling time) is specified

(see Appendix).

Figures 5 and 6 show the values of g{(T) for oxygen and argon,

(3}

these figures it is seen that for T, > 40 eV, and Ty < 10 eV, g(T,) >> g(Ty).

Therefore, if T, > 40 eV, Q, > Qp, and Q.2 ~ p2f g(Ty), Ty

becomes low (< 10 eV), and ny becomes high,

Let us define f, ;

Qa?
£ B et
© P g(Ta)

From eq. (4), we can calculate the impurity concentration £,

(4)

that 1s necessary to radiate ~ 100% of the power from the main plasma Q,, and

to make a dense and cold divertor plasma.
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We shall take the following as typical parameters for the INTOR divertor

plasma:

A
o]
I

2 =

£ is

5m (major radius)

P, ~ P, = 80 MW (power from the hot core)

a
1 m (length of the divertor)

0.15 m {thickness of the scrape-off layer)
Bp/Bt = 0,05 (pitch of the field line)

5 x 1019 w3 (electron density at the divertor entrance)

P
= 1.7 x 108 w/m?

4TRSEO

d
T = 20 m

the distance from the main plasma edge to the divertor plate

along the field line.

is approximately given by [10]

a
2
7 %Y
Ta *\7 ¥ 2 = 100 eV
p = n,T, = 5% 1021 p=3 ey,
1f we choose nt to be 1017 o3 - g,
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2
Qa
f, = ——= = 3.3% for oxygen, l1.6% for argon.
p? g(Ta)

Next, the parameter dependence of f, on ny, ut, and § are studied, because

these quantities are difficult to predict with good accuracy.

Figures 7 and 8 show the dependence of f, on n,, and nrt. The

dependence on ng 1s

The recycling time T is short for the intensive recycling condition.
smaller nt, the ionization stage is lower, which enhances L(T}. The

dependence of f, on ntT is approximately « (n1)0.3,

For a

The f, values scale like « §~l.%4 as shown in Fig. 9 (oxygen) and Fig. 10

(argon). The scaling is explained as follows

2 2
T, = & 7 since Q, = &1, and T, = Q,/
Qa”
£ x — g(Ta)—l
T4
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Accordingly,

L
£ o« 52« §7 = 571007

as g(T) is almost constant for 40 < Ty < 100 eV.

The calculational results on INTOR are summarized as follows:
1f we allow 3% oxygen into the divertor, it is possible to radiate ~ 100% of
the power flow into the divertor by oxygen line radiation under a condition of
at < 10 o3 - s , ng > 4 X 1019 m_3, § > 15 cm. If we allow the argon
impurity concentration to be ~ 3% in the divertor, argon will radiate ~ 100%

of the power flow into the divertor under a condition of nt1 < 1018 =3 -

~

S

ng > 4% 1019 m—3, § > 5 cm.
It is necessary to note that our model is preliminary in the seunse that

we do not include hydrogen neutral recycling and radiation. The inclusion of

this effect will cut down the f, values obtained in this report.
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4. CONCLUSIONS

The summary 1is given as follows:

1) In the Doublet III single-null poloidal divertor experiments, the
radiation power from the hydrogen and oxygen becomes stroung in
the divertor for increasing electron density and accounts for as

much as ~ 50% of the joule input power into the main plasma in high

density operation.

2) As a result, the heat load to the divertor plates is reduced and a
high density (ng > 5 % 1013 cm_B), low temperature (Tg X 10 ev)

divertor plasma is formed,

3) A 1-D heat conduction calculation with oxygen line radiation shows

good agreement with experimental results.

4) A simple calculation on the INIOR divertor shows that remote

radiative cooling is possible with oxygen or argon.

Acknowledgement
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APPENDIX

Calculation of Non-coronal Radiative Cooling Rate of Oxygen

The radiative cooling rate by oxygen is calculated as follows. The
rate equations are:

3

- neanj + nenj—lsj—l - nenjcj + nenj+1“j+1 - —;* = 0

( j=1I, ITL ... VIII )

: n
nelyr7rSYITi - TelIxtIx T —2- = O
T
X
n L 0N
3 0X
J =
where subscript j : ionization stage (j = II means + 1 ion),

ng i electron density,

: oxygen particle density in the ionization stage i,

5. : ionization rate from j ion to {(j+l1) ion,

aj recombination rate from j ion to (j-1) ion (sum of radiative
recombination and dielectronic recombination),

T : recycling time (assumed to be the same for all ions),

:+ total oxygen density.

—13—
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With Te, Me, T given, the fraction of each ionization stage fj ( =

nj/nox) is calculated, and the total radiative cooling rate L is given by:

IX

where Lj is the radiative pooling rate for ions in the ionizaiton stage j (sum
of excitation loss, ionization loss, and recombination loss), P is the total
radiative power of oxygea. The ionization, recombination, and radiative
cooling rates are calculated by a multi~ion species code [11]. The

calculated L is shown in Fig. 1l. L is calcuiated for ng = 1 x 1014 cm_3,

2eV < Ty < 1 kev, 7 =20.1 ms, 1 ms, = (coronal equilibrium), The coronal

equilibrium calculation by Tarter [12] is alse shown in the figure.
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Fig.l Vertical average density Ty, electron density at the divertor
region (£ = 67 cm), and Hy line intensity along the central chord, and a chord
through the divertor, vs. ﬁé. Non—-linear increase appears in‘ﬁéDIv and

HQDIV and not 1in E;v‘
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Pop ~Pr=300kW, rigx/ne=1%, Bp/BT=0.03,8=15¢cm
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Fig.4 A simple calculation of one-dimensional heat flow along the
scrapé—off field line with remote radiation shows a sufficient cooling of the

divertor plasma in high-n, discharge.
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Fig.ll Non-coronal radiative cooling rate of oxygen.



