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Analyses of edge plasma characteristics in HL-2A
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The edge plasma characteristics are studied by both a movable array of Mach/Reynolds stress/Langmuir 10-probes

in the boundary region and the fixed flush probe arrays on the 4 divertor neutralization plates at the same toroidal cross-

section in the HL-2A tokamak. The dependence of the Reynolds stress on poloidal flow in the edge plasma is analysed.

The result indicates that the sheared poloidal flow in tokamak plasma can be induced by the radial gradient of Reynolds

stress. In the divertor experiments of HL-2A, the profiles of the electron temperature, density and floating potential on

divertor plates are measured by the flush probe arrays. The edge electron temperature in divertor configuration is higher

than that in limiter configuration. The temperature asymmetry between outer and inner target plates is observed. The

result of magnetic surface reconstructed from 18 Mirnov coils signals is presented. Both the particle recycling and the

impurity flux in the bulk plasma during divertor discharges are discussed. Neutral gas pressure in divertor chamber,

measured by fast ionization gauge during divertor discharge, is given.
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1. Introduction

HL-2A tokamak is a fusion research device with
double-null divertors. It provides better experimental
conditions to investigate edge plasma features, such
as confinement performance, particle and impurity
behaviours, power deposition and material erosion.
Particularly, impurity product and transport due to
plasma surface interaction may be effectively con-
trolled by the divertor. The charge state and energy
of the ion flux incident upon limiter or divertor plate
surface are the most important sources to produce the
impurities by physical and chemical sputterings. The
latter also depends on the surface material and tem-
perature. The impurity transport depends strongly
on scrape-off layer (SOL) plasma parameters, such as
temperature, density, transport coefficients and flow
velocity. A basic goal for the control of particle and
impurity is to remove the products of the fusion re-
action and to avoid excessive contamination of core

plasma.

Ton collision can lead to an increase in impu-

rity sputtering from narrow divertor entry compo-
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nents. Compared with the impurity from the neu-
tralization plate, the impurities from the divertor en-
try can greatly contaminate the core plasma. Con-
sequently, one of main objectives for the divertor ex-
periments is to pump the particles and impurities pro-
duced from the divertor entry components and its tar-

get plate.—4

The profiles of the boundary tempera-
ture and the density in HL-2A are measured by both a
movable probe array located in the midplane and the
flush probe arrays in the divertor chamber. They pro-
vide parameters important to analysing edge plasma

characteristics.
2.Measurement principle of

Langmuir electrostatic probes

The edge plasma parameters along the HL-
2A midplane are measured by a Mach/Reynolds
stress/Langmuir probe array with 10 pins assembly
mounted on the same graphite probe seat, as shown
in Fig.1. Pins 1-2 act as a Mach probe to collect
ion saturation current in the poloidal direction. Pins

3-6 consist of the Reynolds stress probe.l”] They are
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used to measure floating potential and then calcu-
late the radial and poloidal electric field fluctuations.
The

probe array assembly is mounted on a long shaft,

Pins 7-10 consist of the four Langmuir probes.

which can be moved radially and rotated through
360° around the shaft axis.

sure edge plasma temperature, density, poloidal elec-

These probes can mea-

tric field, radial electric field, Reynolds stress, poloidal
rotation velocity and their profiles obtained by chang-
ing the radial position of the probe array in different
discharges. Measured results can provide the infor-
mation on plasma confinement, turbulent fluctuations

and their correlation.

toroidal direction, B

ceramic isolation

ceramic isolation

graphitic step

graphitic probe

111

graphitic socket

Fig.1. The arrangement of the Mach/Reynolds
stress/Langmuir 10-probe array in HL-2A.

Four arrays of Langmuir probes are installed onto
the inner and outer neutralization plates of both up-
per and lower divertor on the HL-2A tokamak, sepa-
rately. Each neutralization plate is perpendicular to
the midplane. Each array is composed of seven groups
of probes with 3 flush pins, each with a thickness of
10mm, located at the same toroidal angle, as shown in
Fig.2. The magnetic field is incident upon the probe

surfaces at an angle of about 2°. Flush probe has

very long lifetime due to very low heat flux incident
at small angle. Each pin top surface with 5mm in di-
ameter and 6mm in height is parallel to the probe seat
surface, and is referred to as flush probe.l%! Its spatial
resolution is 10mm in vertical direction and 15mm in
toroidal direction. The vertical positions of the flush
probes in lower divertor are listed in Table 1. Figure
3 shows the orientation of flush probe array on tar-
get plate. The flush probes on neutralization plates
can measure the profiles of the electron temperature,
density and float potential. The profiles of energy or
particle flow and their decay lengths can be estimated
by the target temperature and density. They are very

useful for investigating divertor physics.

D D 70
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€ probe lead wire

probe seat

ceramic isolation

flush probe

A

Fig.2. The arrangement of flush probe array.

flush probe
array

divertor
target plate

Fig.3. Orientation of flush probe array on target plate.

Table 1. The positions of flush probes on outer and inner neutralization plates in HL-2A.

Name Router = 163.5cm Rinner = 139.5cm
Probe | Toar Teaz Teds Teda Teds Tede Tear | Teds Teds Tedio Ted1r Tediz  Ted1s  Tedia
Z/cm —87 —86 -85 —84 —83 —82 —81 —86 -85 -84 —83 —82 —81 —-80
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The measurement circuit of electrostatic 4 probes
is shown in Fig.4. If biased voltage between probe 1
and 2 satisfies Vg > kT, the edge electron temper-
ature T.,, density N.., space potential V;, poloidal
electric field £, or their profiles can be derived from
ion saturation current I; and respective potential dif-

ferences as follows:

Nea = IS/(0.5A6 V kTe/mi)7 (1)

Tea = 0.5 % (P(VE’) +Vy— 2‘/})/1112) (2)
V; = QOV} + aTeaa (3)
E, = ¢(Vs = Vy)/dsa, (4)

k Me T 2
a—gln[%rmi <Z+i>(1_5)}’ (5)

where ¢ is the secondary electron emission yield of a
probe, ds4 is the poloidal distance between Probe 3
and 4, A is the effective collection area of the probe,
and ¢ is the ratio of sampling resistance. The other
parameters have usual physical meanings. For exam-
ple H, when T} = T, and § = 0, we obtain o = 2.49.

The poloidal velocity Vo1 is estimated by!6—8
Vpol = Jpol/ene- (6)

Here V1 is the poloidal flow velocity driven by the
E x B, Jyo and n. are poloidal current density and

electron density, respectively.

1 2 3 4
E =
R
—— J
V. U B
Viod v }—o
I
A |I|
®
vacuum chamber
Fig.4. The measurement circuit of electrostatic 4
probes.

It has been known that the Reynolds stress can
drive the poloidal rotation. When the contribution of
magnetic fluctuation is neglected, the Reynolds stress
R, is determined by R, = <‘~/T‘79>,[9,11] in which the

(V,.Vp) term is related to the E x B drift velocity and
defined as

(V,V) = —(EvEqy)/B?, (7)
where f/} and Vg are the radial and poloidal fluctua-
tion flow velocities in edge plasma respectively, B is
the toroidal magnetic field. The brackets (...) refer to
time average.

For a Mach/Reynolds stress probe array, the ra-
dial and poloidal electric field fluctuations ET and Eg

can be determined by,[*1:12]
E, = (¢3 — ¢s) /7, (8)

Eg = (b3 — d1a) /9, 9)

where qgf is the moment value of the float potential
for the probe, r and 6 are the radial and poloidal dis-
tances between 2 probes, respectively. All the data are
sampled at 1 MHz with 12 bit resolutions by multi-

channel digitizer.
3.Results of edge plasma analy-

ses
The design parameters in HL-2A are as fol-

lows: major radius R=1.64m, minor radius a=0.45m,
plasma current I;,=480kA, magnetic field B;=2.8T. In
the first physics experiments, the achieved maximum
parameters are I,=168kA, B;=14T, line-averaged
density through central chord n,(0)=1.7x10¥"m3,
electron temperature T,0=0.4keV, discharge duration
tpmax=920ms with a flattop time of about 500ms. The
discharges with limiter configuration are first carried
out. The limiter position can be scanned from 30cm
to 45cm. The typical separatrix radii are 37cm—40cm
for lower divertor discharges.

The edge parameters in the main plasma are mea-
sured by the movable probe array with 10 pins. Fig-
ure 5 shows the radial profiles of Reynolds stress and
poloidal rotation velocity. The change of rotation ve-
This
result supports that the radial gradient of Reynolds

locity corresponds to that of Reynolds stress.

stress induced by edge plasma turbulence can drive
poloidal flows. The radial profiles of edge electron
temperature and density in limiter or divertor dis-
charges are compared in Fig.6. The T, expresses the
electron temperature in limiter discharge and Ty, de-
notes the electron temperature in divertor discharge
in Fig.6. In the discharges to analyse edge plasma
feature, typical plasma parameters are I,=80-90kA,

B;=1.2T, line-averaged density n.(0)=0.8x10%m 3,
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electron temperature T,0=0.38keV, and discharge du-
ration ¢,=320ms with a flattop time of about 180ms,
in the case of the movable limiter fixed at a=40cm.
The edge electron temperatures in divertor discharges
are 35% higher than those in limiter discharges, while
corresponding electron densities in the divertor dis-
charges are about 45% higher than those in the lim-
iter discharges. These results confirm the fact that
divertor discharge can improve plasma confinement.
The temperature asymmetry between outer and inner
target plates is analysed.

1.0
05k ¢ Vpol
g O —=— R,
K
o~
£ 0.0 >
=)
el
=
& -05f
T
@
5 -1.0
<
H
~ -1.5F
-2.0 L |
35 37 39 41
r/cm

Fig.5. The radial profiles of poloidal rotation velocity

Vpol and electrostatic Reynolds stress Rs during ohmic

discharges.
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Fig.6. Radial profiles of edge electron temperatures
and densities. The edge temperature Tea and density
Nea with the movable limiter fixed at a radius of 40cm,
the edge temperature Teyn, and density Nem with both
the divertor configuration, and the limiter fixed at a
radius of 45cm.

Figure 7 presents the profiles of the electron tem-

perature and density on divertor target plates during
lower divertor discharges. The symbols of Teq (LI),
Teq (LO), Neq (LI) and Neq (LO) represent the elec-
tron temperatures and densities on inner and outer
target plates, respectively. The peak temperature on
the outer target plate is about 60eV, 30% higher than
that on the inner target plate. The decay length of the
electron temperature is about 2 cm in private region.
It is larger than 4 cm in SOL region. The peak den-
sity on the outer target is about one ninth of the line-
averaged density in the main plasma. It is lower than
that on the inner target. These results are roughly

consistent with the predictions by theoretical models.
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Fig.7. The target profiles of electron temperature and

density. The electron temperature T.q and density

Neq on the outer (LO) and inner (LI) target plates for

lower divertor

Figure 8 shows the time evolutions of the plasma
current (I,), edge electron temperature at mid-plane
radius r=40cm (Tem), the temperatures on outer tar-
get plate (Tea:r — Tedar) and on inner target plate
(Toas — Ted14) for shot 1906. This discharge first starts
by limiter configuration, then divertor configuration is
formed after the multipole field coils are powered. The
divertor plasma is first observed on the outer divertor
target at about 88ms, as shown in the T,q7. It scans a
6cm distance on the neutralization plate within 20ms,
the scan speed of divertor plasma is 3m/s. The SOL
plasma arrives at inner target plate at about 105 ms,
as shown in Toq14. It begins to be detected in the Teqs
after 25 ms. The peak temperature on outer target
plate is higher than that on inner target plate. The
edge temperature of main plasma (T¢y, ) drops dramat-
ically during the divertor discharge.
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Fig.8. The time evolutions for divertor discharge parameters in shot 1906. I, is the plasma current,
Tem is electron temperature at a midplane radius of »=40cm, Toq1 — Teq7 are electron temperatures
on outer target plate, Toqs — Teq14 are electron temperatures on inner one.
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Fig.9. The divertor configuration reconstructed from
the signals of 18 magnetic coils for shot 1906.

The magnetic separatrix and X-point position
have been obtained from an equilibrium reconstruc-
tion code using the signals of 18 Mirnov coils. The
reconstructed magnetic surface at t=200 ms for shot

1906 is shown in Fig.9. It also indicates that the di-

vertor plasma impacts the outer target and inner one.
The plasma minor radius is only 36.7cm, which means
that the midplane temperature T, at r=40cm should
be very low, as shown in Fig.8. The plasma positions
obtained by reconstruction method, such as major or
minor radius and X-point are consistent with the pre-
dictions from MHD simulation code. The duration of
divertor discharge determined by the reconstruction
fully corresponds to that measured by probes on the
neutralization plate (in Fig.8). Meanwhile, these re-
sults are also verified by those from other diagnostics,
for example, vacuum ultraviolet radiation, visible light
emission and neutral-gas pressure measured by a fast

ionization gauge working in strong magnetic field.

Figure 10 presents the parameter evolutions of
shot 1766 for plasma current I, the line-averaged den-
sity ne (0), O VI, C III and H, emissions from main
vacuum chamber, H, 4iv and C III-div emissions from
divertor chamber, electron temperature T.q and den-
sity Noq on the outer target plate, line-averaged den-
sity nmeq measured by an 8-mm microwave interferom-
eter, and neutralization gas pressure P in the divertor
chamber. The intensities of O VI, C III and H,, emis-

sions decrease in bulk plasma while the neutral gas
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Fig.10. Time evolutions of main parameters during divertor
discharge for shot 1766: Plasma current I,(/kA), the line-
averaged density ne (0)(/10°m~3), OVI, C III and H, emis-
sions (/arb.units) from main vacuum chamber, Hy g4iv and C
III-div emissions (/arb.units) from divertor chamber, electron
temperature Toq(/eV) and density Neq(10'7m™2) on the outer
target plate, line-averaged electron density ned(1017m*3)
measured by an 8-mm microwave interferometer and neutral-
ization gas pressure P(10~3Pa) measured with fast ionization

gauge in the outer divertor chamber.

pressure P increases in the divertor chamber during
divertor discharges. The reductions in H,, O VI and
C III intensities for bulk plasma illuminate that the
edge particle recycling and the impurity flux decrease.
The line-averaged density in divertor chamber (nqq)

measured by an 8-mm microwave interferometer is ba-

sically consistent with the density measured by the
probe (Neq).

one order during the divertor discharge.

Neutral gas pressure P increases by
Its forma-
tion time is about 18ms, which is 14 ms later than
that of temperature and density in the divertor cham-
ber. The time constant of dumping the divertor par-
ticles is about 40 ms for the HL-2A vacuum system.
It provides parameter important to investigation of
the removal efficiency of fusion products in the HL-
2A tokamak.

4. Conclusions

The experimental result in HL-2A indicates that
the radial gradient of Reynolds stress induced by edge
plasma turbulence can generate the edge poloidal flow.
The edge electron temperature and density for diver-
tor discharge is about 40% higher than that for lim-
iter discharge. The decay length of electron tempera-
ture on the divertor target plate is larger than 2 cm.
The electron temperature on the outer target plate is
higher than that on the inner target plate. The plasma
scan speed on the divertor plate is about 3 m/s. In the
operation mode of divertor discharge in HL-2A, the
edge plasma recycling and the impurity flux in bulk
plasma decrease. The production time of the neutral-
ization gas pressure in divertor chamber and the time
constant of dumping the divertor particles are about
14ms and 40ms, respectively. They provide parame-
ters important to the investigation of the removal ef-
ficiency of fusion productions in the HL-2A tokamak.
The plasma parameters attained by magnetic surface
reconstruction, such as minor radius and X-point po-
sition, accord with those predictions by MHD equilib-
rium code. The divertor configuration is more effective
than limiter configuration to control discharge density

and to reduce impurities.
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