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A very dense and cold divertor plasma associated with strong remote
radiative-cooling has'been obsefved by a Langmuir probe array insﬁa}led
in the Doublet III divertor plates with beam-heated diverted discharges
(1n3ected power of up to 1.2 MW). The divertor plasma becomes denser’
and colder as the line-averaged electron density of the main plasma ne
is increased. The maximum electron density obtained 1is N4 2.8x 10"
cm—? at the divertor plate when Ee==3.4><1013 cm—>. The electron tem-—
perature at the divertor plate is Ted==3.5 eV at the same condition.

This result indicates that dense and cold plasma obtained in a single-

null poleoidal divertor provides the solution for the wall erosion problem.
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Introduction

Strong remote radiatlive cooling in a single-null poloidal open divertor
was observed in Doublet III and reported elsewhere [l1]. Deunse and cold
divertor plasmas with electron density and temperature of ng > 5z1013 cw3 and
T € 7eV were also observed. These measurements were, however, based on
line-integrated techniques and therefore prone to ambiguity in interpretatiom.
Besides, previous results were obtained with only joule heated discharges. 1t
is important to study the divertor plasma with beam heated discharges.

Similar phenomena were also observed in ASDEX which has divertor throats [2]
but not in a small device such as DIVA [3,4]. Such a deuse and cold divertor

plasma provides the following advantages:

1. due to strong density build-up, 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 plasua,

2. this sort of divertor is feasible for effective particle exhaust [5],

1.e., the exhaust of unused fuel particles, helium ash and other

impurities.

3. due to sufficiently low temperature, the erosion of the divertor plates

caused by ion sputtering becomes negligibly small.

In order to make direct measurements of the profiles of the divertor
plasma parameters, a Langmuir probe array and a thermocouple array were
installed in the divertor plates. 1In this paper, we report on the observation
of dense and cold divertor plasmas with neutral beam Injectlon of Pyp ~ |

L.2MW,
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Experiment

Doublet IIT is a tokamak, which is capable of making D-shape and
single-null poloidal divertor configurations with a Ti-gettered open divertor
“chamber [6]. In this divertor experiment, the deuterium plasma is heated wit

a neutral beam injection of Pyp ~1.2MW, beam duration time Tyg ~ 200ms, at a
torbidal field of By = 2T and a plasma curreat of Ip = 290kA. The central
“electron temperature is Tg(0) = 1.2~0.7keV, the raage of the line-averaged
electron density ‘of the main plasma of Ty = (1.0~3.4)x1013 cu3 at 100 ms

after the start of ithe beam injection (t=700ms).

In this diverfor experimént, the separatrix surface intersects the.
divertor plates on the inner wall of the vacuum vessel.as showﬁ in Fig. 1 (ﬁhe
ratio of the divertor current to plasma current ID/Ip = 0,55). Arrays of 21
chanriels: of Langmuir probes and 28 channels of thermocouples are installed in
the divertor plates in order to measure the vertical profiles of the plasma
parameters (the location is also shown In Fig. 1). A horizontally scannable

Langmuir probe is also installed in the mid-plane (Z=0) port.

The Langmuir probe array projects outward ~0.5mm from the divertor
surface; the thermocouples are lmbedded 5mm in the divertor plates. The
siﬁgle—probe cﬂaracte;isﬁiércurves are obtained by applying ;iﬁusoidal
single-pulse voltages with a time period of.0.77m§. The préiécted areé is
employed as the effective probe area slince the probe size is large enough
compared with.botﬁ ﬁhe ion Larmor radius and the Debye length. The accuracy
of the déhéi;& evaiﬁation is, however, within a factor of two becauée
the i;ﬁ‘coliéction theory i§ affected by the strong magnetic field. Aé tﬁe.
time—resp&ase of the thermacouple isxlong compéred Qith.the diécharge. h
duration, thermocouples provide time-integrated heat deposition during tﬁe

discharge.
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Dependences of the electron density ned, temperature T,q and the heat

flux on the divertor plate on T, are studied.

Results

Well-saturated characteristic curves of the single-probes are obtalned
throughout the denslity range investigated. Vertical profiles of nggq and Tyy4
at the divertorrplates are showﬂ.in Fig. 2 for discharges of low (Eé=l.0x1013
cm”B), med Lum (2.2x1013 cm_3), and high (3.4x10l3 cm_3) average electron
density ('low', 'medium' and 'high' are used here in a relative sensé). Two
peaks of each profile correépond to the upper (electron drifting side) an&
lower (ion drifting side) separatrix. The profiles of n,q become broader as
N is Increased. 1In the high denslity case, the electron temperétute is cooled
down and the peak of Tg4 near the peak of n,4 profile disappears but 1s rather
high in both outslde of the divertor channel, presumably due to the low

density or less radiation.

The electron density ny,q and temperature T,, at the peak of the density
profile on the ion drifting side are shown In Fig. 3 as strong functions of
ﬁ;, or gas puffing., The electron denslty n,4 ilncreases nonlinearly from
6x1012 em~3 up to 2.8x1014 em™3 with Te ilncreasing only by a factor of 3.4,

At the same time, Tgq Ls cooled from 30eV down to 3.5eV. The measurements by
the Langmuir probes at the mid-plane and the divertor plates show that the

temperature gradient along the magnetic field line near the divertor plates is
also found to be very steep (T, = 36eV at Z=0, R=102cm and 8eV at the divertor
plate when ng = 3x1013 cm'3; the connection length between these two points is

380cm). The total particle flux across the mid-plane, which Is deduced from
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the 'ion saturation-current profile, is Fpm.: (3.5fb7)><1021 particles/sec
(the flow velocity is assumed to be vf==(0.3’U0.6)CS {4] where CS is the
ion sound velocity) and the one onto the divertor plates is deﬁjl.6><1022

particles/sec when ﬁe==3=K1013 cem™ 3.

'Figurerh shows the profiles of the heat flux onto the divertor plates
meausred with the thermocouples and the product of the ion saturation currents

and electron temperature, JS.Ted which is responsible for the heat flux [7],

for the hiéh deﬁsity case. The heat flux during the neutral beam injection
ié’deduééd‘by dividing the increment due to the beam by the beam dufétion time
and.é&dé& to the value of other wise similar discharges with no beam. Both
pfofllés c01nc1de with each other and have broad half-width d in the high

den51ty case (d =15 cm) in comparison with the low density case (d =5 cm).

SffOng'femoté radiative cooling is observed with a bolometer array.

Total radiative and charge exchange loss powers increase with increasing

négihPfﬂcxfp0345ﬁMW in the main plasma region (less than 107 of total input

power, 1s radiated in the bulk plasma) and Prr CX“uO.AS MW in the divertor .

b ]

region in-the.high density case; P v0.45 MW and P v0.2 MW in the
: T,CcX TT,CX S :

» ]
medium density case. The collimator of the bolometer array is located at

(Z2=288,cm, .R=196 em) and has radial lines of sight. In the upper_divertor

channel, P__. _.is found to be localized near the divertor plate.

3
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Discussion and Conclusions

Strong buidup of the electron density with cold plasma near the divertor

plates is observed. This result can be explained by the following factors:

1)

2)

3)

4)

a large amount of particle source from the open divertor chamber
[8]; this experiment reveals that the electron temperature is still
high enough (Te==36 eV), and has a broad enough profile (FWHM™ 9 cm)

to ionize on the mid-plane (the ionization mean-free-path Ri0n<ilcm).

strong enhancement of particle recycling near the divertor plates

{9,10]; the particle gain between the mid-plane and the divertor

plates is found to be Fp==de-—Tpm ~ (0,97 1.3) x10%? particles/sec

when Ee= 3x101%m? and P at the upper separatrix is localized

near the peak of the particle flux at the divertor plate.

strong remote radiative cooling [1); (Prr CX“:O.&S MW for the total

3

input power of P_._=1.5 MW).

IN

broadening of the thickness of the divertor channel; the thickness

increases up to FWHM™ 11 cm.

The situation of a large amount of partlcle flux together with maintaining a

rather high temperature at the midway of the divertor channel presumably

occurs only in a large-sized device, Analytical studies of these processes

are under investigation.

The heat flux density q can be deduced from q= jS Ted [7,11], whree

vy is the heat transmission rate across the sheath (a function of Ted) and

is estimated here to be 7 in the high density case [11, 12].
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By integrating q over the entire divertor plates, the conduction-—
convection loss power P.. is evaluated to be ~0.5MW in the high denslity case.
A rough estimation by the measurement of the heat flux with the thermocouple
qT/C also gives P,, ~ 0.5MW, The heat transmission rate is found to be
enhanced by a factor of 2.5 In low density discharges by comparing Ap/c with
is fe, which may be ascribed to a coantribution of non-Maxwellian electrons

[11}.

If the divertor plasma in a fusion reactor can be made dense and cold as
1n the divertor plasma investigated here, the erosion of the divertor plate
due to ioﬂ sputtering would be negligibly small because of sufficiently low
Toq and thus low sheéth potential. The threshold energy for ion sputtering is
approximately several tens eV for matertals such as titanium, Iirom, nickel,

carbon, etc. [13].
The conclusions are summarized as follows:

1) A dense and cold divertor plasma (ned=2.8x1016cm'3 and Tag=3.5eV) is
observed in a beamheated throatless divertor plasma with Langmuir

probe measurements at the divertor plate.

2) The electron temperature measured at the mid-plane is still high
enough to lonlze the incoming neutral paftlcles (Tg = 36eV) and thus

a large amount of Lonizatlon in the divertor region can be expected.

3) The particle gain between the mid-plane and the divertor plate Is.

found to be very large (Tp = (0.9~1.3)x1022 particles/sec).
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4)  Global power balance is roughly obtained as: PIN ® Pr cx™Prr extFec

where Pry ~ L.SMW, Py oy ~ 0.45MW, Prp oo ~ 0.45MW and Poo ~ 0.5MW

at N = 3.4x1013em™3,

Because of its simplicity, these results with a simple open divertor are
very encouraging for the design of a divertor 1n future tokamaks. Further
iavestigations with a wide parameter range, i.e., higher in both'E; and Pyy,

are necessary and are now under investigation.
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DOUBLET ili
BT = 27
Ip = 0.29 MA
PSZ-FPDJB = 1.5 hﬂVVV
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FIG. 1 Cross—sectional view of Doublet-IIT with magnetic flux surfaces
obtained by an MHD equilibrium calculation at high density case.

Operation parameters are also shown.
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FIG. 2 Measured electron density agy4 and temperature Toq Prefiles on

divertor plates when the average electron density of the main plasma Tg

l.OxlOlacm_3, 2.2x1013cn™3 and 3.4x1013co™3 at ¢ = 700ms. "UPPER" and ."LOWER"

in thls figure correspond to the upper and lower séparatrlx. ‘
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FIG. 3 Electron density ngg (--e--) and temperature T4 {-o-) at the

peaks of density profile on the divertor plates as a function of the average

electron density of the main plasma Ti.
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