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A new set of actively cooled toroidal double-ring graphite limiters have been developed on the HT-7 tokamk
for long pulse operation. In this paper, a Multifaceted asymmetric radiation from the edge (MARFE) phenomena
and improved particle confinement induced by a MARFE, characterized by Hy, line emissions drops and the line-
averaged density increase have been studied in the HT-7 ohmic discharges (where the plasma current I,=145
kA, loop voltage V;40p=2-3 V, toroidal field Br=1.7 T, and Z,r£=2-8). It is found that the improved particle
confinement phase exists for about 90 ms and the particle confinement time Tp increased about 1.6 times.
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I. INTRODUCTION

Operating at high density, the MARFE phenomenon usu-
ally develops before reaching the density limit. The term
‘MARFE’ [1, 2] is an acronym for ‘multifaceted asymmetric
radiation from the edge’ and defines a toroidally symmetric
and poloidally asymmetric belt of high density, strongly radi-
ating, cold plasma localized at the high field side of a limiter
tokamak. In some cases, the MARFE can extend all around
the poloidal cross-section, thus detaching the main hot plasma
from the first wall. The phenomenon is of interest both as a
precursor of the density limit and, because of its capability
of radiating power, as a means of reducing localized thermal
loads on the wall of a fusion reactor. MARFE phenomena has
been observed on many tokamaks [1,3].

In the TEXTOR-94 limiter tokamak, the highest critical
density can be obtained up to 130-200% of the Greenwald
density limit ngy[4], (for circular plasmas: ngwy=Ip/ma’,
where ngy is the line-averaged density in units of 102 m3),
by the controlled localized recycling [5]. In the Tore Supra
superconducting tokamak [6], the critical density is only 12—
22% of the Greenwald limit. In the HT-7 superconducting
tokamak, the averaged density of MARFE onset (Z. 7y =3-8
and 15-30% of the Greenwald limit [7-8]) is also observed
to be very low in the discharges of each campaign before the
wall conditioning [9-10]. However, after rf- boronization in
the HT-7 [10], the MARFE onset density is more than 120%
of ngw|[7-8]. With good wall conditioning (e.g., fresh sili-
conization and fresh boronization) in the TEXTOR-94 [11],
the appearance of MARFE’s has been postponed up to 170%
of the Greenwald limit. The critical conditions for the oc-
currence of a MARFE may be correlated to the edge plasma
parameters, because it is a localized instability within the edge
region. It was evidence that the critical value of n.(0.7a)Z, ¢
in the MARFE onset always correlated with the total input
power which has been observed in the FTU [12] and the HT-7
limiter tokamak [7-8], here n,(0.7a) is the line average density,
measured at the outermost interferometer channel at r =20 cm
(r =0.7a, the minor radius a = 27~28 cm). In the TEXTOR-
94, dependence of the edge electron density (r = a+ 1 cm) on

the heating power was also observed [13]. Therefore, it sug-
gests experimentally the importance of impurity radiation and
localized power balance in the MARFE formation.
Experiments in the TFTR tokamak [14-16] illustrate the se-
quence of MARFE formation and evolution to a detached H-
mode-like plasma: a MARFE triggered at some position on
the inner periphery of the minor cross section of the plasma
cools the plasma edge further causing the minor radius to
shrink and the plasma to thus pull away from the walls and
limiters. In the detached state the electron temperature and
density profiles are narrower and ~100% of the input power
is radiated away by impurities in the edge layer. In the TEX-
TOR tokamak the MARFE generally leads to a disruption. In
the FTU tokamak the onset of a MARFE always occurs before
achieving the density limit [12]. The critical density for its
onset is not a constant for the same magnetic field and plasma
current, but depends on the vacuum vessel conditioning pro-
cedure and on the material used for the limiter surface [17].
Many machines were operated for the mixed carbon mater-
ial used for long pulse operation, ultimately steady state. The
graphite based first wall components have been designed and
tested to sustain particle and heat exhausts under steady state
conditions in Tore Supra [18]. A major part of DIII-D [19] pro-
gram is focused upon high performance experiments. HT-7 is
a superconducting tokamak [20] with the limiter configuration
designed to operate with high power and long duration dis-
charge. The last closed flux surface was defined by the main
poloidal limiter in 1999, which receives the highest heat loads
and largest flux of energetic particles bombardment from the
plasma. In past operations with Mo limiter, due to energetic
particles bombardment and overheating problem, the plasma
discharge was usually terminated by the very strong hard X-
ray radiation, hot spot and high-Z impurities. In order to al-
leviate above problems, a new set of actively cooled toroidal
double-ring graphite limiters [21], has been developed in the
Hefei Tokamak-7 (HT-7) superconducting tokamak in 2004.
The doped graphite GBST1308 with the dopant concentra-
tion of 1%B, 2.5%Si , 7.5%Ti, (about 20 % of first wall) was
used as limiter material [21]. Very stable and reproducible
discharges were obtained with significantly increased density
and a large increase in the available pulse length, as com-
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FIG. 1: Progress of long-pulse operation in the HT-7 tokamak.
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FIG. 2: A chord view of the vertical 5-channel HCN interferome-
ter (from low field to high field at: +20 cm, +10 cm, 0 cm, -10 cm,
-20 cm), 20-channel Hy emission (Pd1~20), 33-channel Hy, emis-
sion, 10-channel CIII emission, 7-channel bremsstrahlung emission
(Z1~T7), 16-channel XUV bolometer, one channel OII line emission
chord in the HT-7 tokamak.

pared to Mo limiters. Up to 240 s of long pulse discharge
has been achieved by lower hybrid current drive (LHCD) with
new graphite limiters [22] in the HT-7 in 2004.

In this paper, a Multifaceted asymmetric radiation from
the edge (MARFE) phenomena and improved particle con-
finement induced by a MARFE, characterized by H line
emissions drops and the line-averaged density increase have
been studied in the HT-7 ohmic discharges (where the plasma
current 1,=145 kA, loop voltage V,,,,=2-3 V, toroidal field
Br=1.7T, and Z,yy=2-8). It is found that the improved parti-

cle confinement phase exists for about 90 ms and the particle
confinement time Tp increased about 1.6 times.

II. EXPERIMENTAL SETUP

The Hefei Tokamak-7 (HT-7) is a superconducting toka-
mak [7-8, 21-26], and it was reconstructed from the original
Russian T-7 tokamak in 1994. It has a major radius of R =
1.22 m, minor radius of a = 0.27 m in the circular cross sec-
tion. There are two layers of thick copper shells, and between
them are located 24 superconducting coils which can create
and maintain a toroidal magnetic field (Br) of up to 2.5 T.
Based on the understanding of plasma surface interactions,
several technical improvements have been made recently. The
new GBST1308 doped graphite was used as limiter mater-
ial. All carbon titles were coated with 100 um Silicon Car-
bide (SiC) functional gradient coating [21]. The two poloidal
water-cooling limiters and one toroidal water-cooling belt lim-
iter at high field side were developed in 2002 [21]. A new set
of actively cooled toroidal double-ring graphite limiters [22],
at bottom and top of the vacuum vessel was developed for long
pulse operation, and up to 240 s of long pulse plasma has been
achieved in the HT-7 in 2004 as shown in Fig. 1.

The major research fields on the HT-7 are steady-state op-
eration, high-performance such as advanced tokamak opera-
tion modes, the fuelling study [27] and MARFE phenomena
[28], lower hybrid wave (LHW) current drive [29] and ICRF
heating [30]. For recent experiments on the HT-7, the follow-
ing main diagnostics signals are effectively used in this paper
as shown in Fig. 2: a 16-channel XUV bolometer array to
measure plasma radiation losses, a 7-channel bremsstrahlung
emission (Z1~7) to measure Z.sr, a multichannel Hy, (D)
radiation array for Tp, 10-channels CIII line emission, an im-
purity optical spectrum measurement system and the elec-
tron density profile measured by a vertical 5-channel far-
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FIG. 3: The onset of a MARFE in the HT-7: (a) plasma current, (b) loop voltage, (c) line averaged electron density (vertical chord at r = 0 cm),
(d) CIII emission from channel 4, (¢) CIII emission from channel 10.
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FIG. 4: The H-mode-like plasma: (a) plasma current, (b-e) multichannel Hy, emission (Pd7, Pd8, Pd10, Pd12), (f) CIII emission from channel
4, (g) CIII emission from channel 10.

infrared (FIR) hydrogen cyanide (HCN) laser interferome- III. MARFE PHENOMENA AND IMPROVED PARTICLE

ter [31-32].The laser source used in the interferometer was a CONFINEMENT

continuous-wave (CW) DC glow discharge HCN laser with

3.4 m cavity length and 100 mW power output at 337 ym The MARFE may lead to improved confinement by cooling
wavelength. The system has a temporal resolution of 0.1 ms  the edge at some times. The observed sequence of events for
with 2 10 kHz rotating grating [32]. the formation of the MARFE and subsequent evolution into

a detached plasma is as follows [33]. As radiating impuri-
ties accumulate in the plasma edge, a poloidally uniform band
of radiating impurities is formed; then, as the plasma density
or impurity density is increased, the poloidally uniform band
goes through a transition into a stable, poloidally asymmetric
distribution of radiating impurities-the MARFE, still located
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FIG. 5: Electron density profiles n.(r) by Abel inversion, at t =210 ms
(before the event trigger) and t=306 ms (before the end of improved
confinement mode).
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FIG. 6: The critical conditions for the MARFE activity with different
limiter materials C and Mo in the HT-7 tokamak.
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FIG. 7: MAREFE occurs at values of Z ; f/; fow in the range of 0.9~1.2

on new graphite limiters, where fow = n’;;/ , (Here 7, is the maxi-

mum line average electron density and ngy is the Greenwald den-
sity).
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FIG. 8: Comparison of impurity content with graphite and molybde-
num limiter materials, in the HT-7 tokamak.

in the plasma edge, which ultimately becomes highly local-
ized in tokamaks. Then, as the plasma or impurity density is
further increased, the impurities undergo a further transition
back into a poloidally uniform band. Since the radiative cool-
ing of the edge has been increasing with increasing density, in
this final state the plasma is detached or nearly detached.

Figure 3 shows the typical shot of experimental campaign
2004 (shot No0.66362) on HT-7 with graphite limiters, the
plasma current about 145 kA, the loop voltage V;4op <2 —3
V, the toroidal field Br=1.7 T, Z,;r=2.5, R=1.22 m,a=0.27
m, the electron temperature T,=600 eV and the line-averaged
density about 5.4x10'° m™3. A typical position of the
MAREFE on the HT-7 (shot No0.66362) is identified by visi-
ble CIII (Channels 4 and 10) line emission as shown in Fig. 3.
The MARFE occurs in the plasma column on the inner high
field side. The MARFE onset is characterized by a sudden
modification of visible CIII (Channels 4 and 10) line emission
signal. It is clear that MARFE event occurs from t =215 ms
suddenly as shown in Fig. 3.

It must be mentioned that a radiatively improved confine-
ment mode, on the HT-7 with molybdenum limiter has been
observed [34-35], and the improved confinement mode phase
is maintained for about 40 ms. Fig. 4 shows the plasma cur-
rent I,,, multichannel Hy, emission (Pd7, Pd8, Pd10, Pd12),
CIII emission from channels 4 and 10, in current experiments
with graphite limiters on HT-7. It is found that the improved
particle confinement phase, which is characterized by multi-
channel Hy emission (Pd7, Pd8, Pd10, Pd12) drop and the
line-averaged density increase, is observed clearly from t=225
ms in Fig. 4, exists for about 90 ms and the particle confine-
ment time Tp increased about 1.6 times.

Figure 3 (c) shows the core plasma central electron den-
sity increases during onset of improved particle confinement
phase, and that if the neutral concentration increases, the
MAREE density limit decreases, which were expected from
the theory [36] has not measured by direct diagnostics on the
HT-7 limiter tokamak.

The density profile is studied and shows that the profile be-
come narrow and more peaked. Fig. 5 shows the electron den-
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sity profiles at t=210 ms (before the event trigger) and t=306
ms (before the end of improved particle confinement phase).
The particle confinement is improved and the density profile is
clearly changed from t=210 ms to the improved particle con-
finement phase, t=306 ms.

In the HT-7 superconducting tokamak with molybdenum
limiter [8], the onset of a MARFE usually occurs in the early
ohmic discharges (Z ¢ = 3~8 and 15% ~ 25% of the ngw ) of
each experimental campaign before wall conditioning. In HT-
7 with graphite limiters [22], the critical density of MARFE
onset is observed in the ohmic discharges (Z.rr = 2~8 and
80% ~ 100% of the ngw). The best correlation has been
found between the total input ohmic power and the product
of the line average density, measured at the outermost inter-
ferometer channel at r = 20 cm (r/a =20.7, the minor radius a =
27~28 cm), and Z,sr. Under same injected power, the criti-
cal density with graphite (C) limiters is much higher than Mo
limiter [see Fig. 6].

In the HT-7 tokamak high-Z.s; discharges, it is found

that the MARFE occurs at values of Zi?f few = 0.5 ~ 0.7,
where fgy = n’;‘w , (Here 71, is the maximum line average elec-
tron density and ngw is the Greenwald density), with molyb-
denum limiter [8]. The critical factor of MARFE onset is 0.9
~ 1.2 with graphite limiters (see Fig. 7).

However in the HT-7 tokamak the occurrence of a MARFE
is not only correlated with the density but also with Z.¢r. A
quantitative comparison of impurity reduction via density is
shown in Fig.8 for Mo and C limiter materials. The main im-
purities were reduced in case of graphite limiter. The density
limit appeared to be connected with the impurity content [see
Fig. 8] and the edge parameters, and the best results, signifi-
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cantly increased density and a large increase in the available
pulse length (see Fig.1) were obtained. Moreover, Improved
particle confinement phase induced by a MARFE were ob-
served for about 90 ms [see Fig.4], and the particle confine-
ment time Tp increased about 1.6 times.

IV. CONCLUSIONS

A new set of actively cooled toroidal double-ring graphite
limiter has been developed in the HT-7 superconducting toka-
mak for long pulse operation. A Multifaceted asymmetric
radiation from the edge (MARFE) phenomena and improved
particle confinement induced by a MARFE, characterized by
Hg line emissions drops and the line-averaged density in-
crease have been studied in the HT-7 ohmic discharges (where
the plasma current 1,=145 kA, loop voltage V,,,,=2-3 V,
toroidal field Br=1.7 T, and Z, yy=2-8). It is found that the im-
proved particle confinement phase exists for about 90 ms and
the particle confinement time Tp increased about 1.6 times.
The results are similar to the experiments in TFTR [13], and
are consistent with the theoretical explanation [33] given for
the TFTR results. The MARFE cools the plasma edge, and
the electron density profile is observed to become more nar-
row and peaked. In the HT-7, the occurrence of a MARFE is
strongly correlated with the Z, ¢y and the wall condition but
not with electron density.
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