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Abstract.

Steady state densities of upto 1.6~ 10°m* have been sustained using gas puff fuelling and NBI heating up to 11
MW in the Large Helical Device (LHD). The density limit in LHD is observed to be ~ 1.4 times the Sudo limit.
The density is ultimately limited by radiative collapse which is attributed to the onset of a radiative thermal
instability of the light impurities in the edge region of the plasma based on several observations. First of dl the
onset of the radiative thermal instability is tied to a certain edge temperature threshold. Secondly, the onset of
thermal instability occurs first in oxygen and then carbon as expected from their cooling rate temperature
dependencies. Finaly, radiation profiles show that as the temperature drops and the plasma collapses the
radiating zone broadens and moves inward. In addition, comparison with the total radiated power behaviour
indicates that Carbon is the dominant radiator. Comparison of modelling with images of radiation brightness
from imaging bolometers indicates that the poloidal asymmetry which accompanies the radiative collapse is
toroidally symmetric. Other than the operational density limit where the discharge is terminated by radiative
collapse, a confinement limit has been recognized in LHD. This confinement limit appears at lower density than
the operational density limit, similar to the saturated ohmic confinement observed in tokamaks. To investigate the
physics behind this degradation, the parameter dependence of the thermal diffusivity, c, has been investigated.
While the temperature dependence in 1SS95 is as strong as the gyro-Bohm model of ¢ p T.°, weaker T,
dependence of ¢ p T.>° appears in the high-density regime. Such weak T, dependence results in the weak density

dependence of the global energy confinement as tg 1 ﬁellB .

1. Introduction

Dengty limit is an important issue for future fuson reactors since the fuson reaction rate is a function
of the density squared.  In tokamaks an empirica dengty limit (Greenwad limit) has been observed
which scales with the plasma current dengty. Dendties above the Greenwdd limit have been
achieved primarily in tokamaks usng pellet inection to achieve peaked densty profiles, indicating
that the dengity limiting process is related to the physics of the edge plasmas.  As the dengity limit in
a tokamak is approached the MARFE phenomenon is commonly observed and the discharge is
ultimetely terminated by a current disruption which can cause congderable damage to the device
frominduced currents and runaway dectrons [1].

On the other hand, the operational dengity in stellarators is not limited by current disruption as in
tokamaks, nor is the Greenwad limit directly gpplicable to net-current free plasmas. Studies on
Heliotron-E resulted in an empirica density limit scaling law (Sudo limit) which is proportional to the
sguare root of the product of the input power density and the magnetic fidd [2]. In the W7-AS
sellarator, usng a graphite limiter configuration, the dengty limit was attributed to power imbaance
due to strong radiation from heavy impurities fromthe core of the plasma.  This study aso reveded
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a dengty limit scding law very amilar to the Sudo limit [3].  With the addition of a graphite idand
divertor in W7-AS, at high dengties the radiation profile became hollow with the pumping out of
impurities from the core and much higher steady state densties of up to 3.5 x 10 m® could be
achieved. However, when the higher deposited power was considered the previoudy derived scaing
law was dill obeyed [4].

Initid invedtigations into the dengty limit on LHD [5] have shown that the dengty in LHD is limited
by a radiative therma ingiability which results in the collapse of the plasma at a limit which is 1.4
times the Sudo limit. This collapse is characterized by a poloida asymmetry in the radiation and
density with the high density and high radiation region on the inboard side.  Further investigation of
this phenomenon showed that the poloida asymmetry dso appears in the eectron temperature
profiles (lower temperature on the inboard sde) as the plaama column contracts [6].
Measurements with imaging bolometers indicated that the radiation asymmetry was located on the
inboard side dightly below the midplane [7]. Also, after boronization of the vacuum vessel wal,
indeed, the radiation loss, P, decreases about 20 ~ 50 %, compared at amilar dendty and input
power, P, and the density limit increases 20 ~ 50 % [8]. These results indicate the importance of
Pra ON dengty limit studies. However, the thermad ingability is typicdly triggered even when Py is
less than a hdf of P These observations cdl for an invedtigation of the role of Py and the
exploration of the mechanismwhich triggers or enhances the thermad ingtability.

Confinement properties in the high-density region are also important as degradation of confinement in
the edge region may be related to the onset of the therma ingability. Other than the operational
dengty limit where the discharge is terminated by radiative collapse, a confinement limit has been
recognized in LHD. The energy confinement times, tg, of the moderate density LHD plasmas are
well reproduced by the internationd stellarator scding 95 (1SS95), which has strong postive density

dependence aste 1 ne® . In the high-density regime, however, the energy confinement is lower
than the prediction of 1SS95. This confinement limit appears at lower density than the operational
dengty limit, amilar to the saturated ohmic confinement observed in tokamaks. To investigate the
physics behind this degradation, the parameter dependence of the thermd diffusvity, c, is

investigated.

In this paper we expand on this research reporting the most recent results of efforts to increase the
density in LHD and invedtigating the dengty limit from various perspectives induding the plasma
behaviour in the divertor region, confinement degradation at high density, etc.

2. Peak density parameters and scaling in LHD

Inthe latest experimenta campaign inthe Large Helical Device (LHD), line-averaged densties of up
to 1.6~ 10°m?* have been sustained for more than 0.7 s by 11 MW neutra beam injection usng
gas puff fudling. An example of one of these high dendty discharges is shown in Figure 1. This
vaue of dengty corresponds to 1.36 times Sudo scding, which is close to what was observed
pevioudy. In addition, usng multiple hydrogen pellets, the density has been increased to over 2 °
10%°m® trangently as shown in Figure 2.

Data fromthe most recent campaign aso shows a limit which exceeds the Sudo limit by a factor of
goproximately 1.4 (see Figure 3) as was seen in previous studies[5,6].
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Fig. 1. Typical waveforms of a high density
discharge using gas puff fuelling (shot
#46289) (a) line-averaged density and gas-
puff timing, (b) deposited NBI power, (c)
spectroscopy signals from OV and CllI, and
(d) total plasma stored energy and total
radiated power.
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Fig. 2. Typical waveforms of a high
density discharge using gas puff and
hydrogen pellet fuelling (shot #47492) (a)
line-averaged density and gas-puff timing,
(b) deposited NBI power, (C) spectroscopy
signals from OV and CIlI, and (d) total
plasma stored energy and total radiated
power.

3. Evolution of parameters leading to radiative collapse at the density limit

3.1 Evolution of bulk parameters

The termind phase of a typicd discharge with
radiative collapse is shown in FHg. 4. During the
steady state portion of the discharge prior to 2 s,
the radiation is proportional to the line-averaged
dengty, n,. This phase ends when the radiative

therma ingtability is triggered as indicated by the
sharp increasses in Py and the light impurities
emisson. After this point the radiation increases
rgpidy and its dependence on the densty
becomes stronger than linear (as seen in Figure 5)
as the plasma coumn sarts to contract. The
critical time (t. = 2.1 sin FHg. 4 and FHg. 5) of the
onset of the thermd indability is defined when P,

is proportiona to ne3 (see FHg. 4(e) and Hg. 5,
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Fig. 3. Density limit scaling for LHD data
taken at the timing of maximum stored
energy plotted versus the Sudo limit. Red
line indicates a factor of 1.4
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where X = (dP,/dt/P.o) / (dT, /dt/ T, ), which we cdll the density exponent given by P = 11.7).
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Fig. 4 Typical waveforms of a discharge
terminated by radiative collapsein LHD.

temperature. The radiation is also enhanced after t.
as the hot plasma column shrinks leaving an
increeangly larger volume of low temperature
plasna in which the light impurities radiate
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Fig. 6 Edge electron temperature
dependence on density for varying input
powers.

At this time the edge (at r = r/a = 0.9)
temperature is consgently observed to
decrease to about 150 eV regardless of the
input power and plasma dendty as is seen in
Hg. 6. This characterigtic edge temperature is
ingngtiveto Pysand N, aslong as the wall
condition is maintained, confirming that the
onset of the thermd ingability is closdy tied
to the edge plasma temperature. After t. the
temperature a r = 1 has dropped below the
measurable limt of 50 eV, which is the
temperature below which the oxygen
radiation grows rgpidly leeding to the onset of
the radiative thermal ingtability as seen in Fg.
4(c) followed ~ 50 ms later by C;; which
becomes undable a a lower electron
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Fig. 5 Radiated power dependence on

density
dgrongly. After t. the edge temperature
decreases fagter thanthat at the core (Fig. 4(d)),
presumably due to radiative cooling in the edge
by light impurities. Comparison of the growth
rate of the Oy radiation in Hg. 4(c) with the
decay rate of the stored energy in Fg. 4(a) aso
indicates that the edge radidive losses are
responsible for the confinement degradation.



3.2 Edge parameters and role of impurities RO - - - —
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Outboard channel

Since the dominant intringc light impurities are
oxygen and carbon they should be responsble
for the strong increase in the radiation from the
edge. Fird¢ we consder the radiation 140¢
brightness from the divertor, core and edge
plasmasin FHg. 7 as the discharge shown in Fg.
4 collapses.  One notes that the onset of the
therma ingability, as defined by the red dashed
line when x = 3 for the total radiation, is
followed by the development of the previoudy "
observed asymmetry in the radiation as the e sl eSS I \
radiation from the inboard channe starts to 5o 180 ao0 210 220
diverge from the channd located near the time(s)

outboard edge of the plasma. At the same F_ig. 7 Tlme evolutiqn of bolometer brightness,
time the radiiation from the divertor leg region is divertor ion saturation currgnt, and the densty
increedng, but not as dramaticdly as the Zﬁ%ogs/néafg s;gsv;?:]a::i;acﬂated power, CIIi
radiation form the inboard side. The ion o

saturation current fromthe divertor probe begins to drop with the onset of the therma ingtability and
the radiation asymmetry as it gpproaches a detached state. Findly, consdering the density exponents
of the light impurities 9gnds, ClIl and OV, and the radiated power, one notes that the therma
ingability begins in the OV, but that the CIll sgnd most closely matches the total radiated power
indicating that the carbon is the dominant impurity.  This temporal progression makes sense in that
the oxygen should radiate at a higher temperature, and therefore the therma ingtability should begin
earlier inthe oxygen as the edge temperature drops.  Also, the above suggestion, that carbon is the
dominant impurity, is condstent with observations before and after boronization, that while the
reduction of OV radiation is stronger than that seen in the reduction of CIlI, the reduction in CllII
more closaly matches the reduction in the total radiated power [8].
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3.3 Evalution of radiation profiles during collapse

In Fg. 8 the evolution of the radiated power dendty profile from the bolometer array at the
horizontdly elongated cross-section [9] is shown.  In the steady state portion of the discharge the
profile ishollow.  After the onset of the thermd indability the strongly radiating zone broadens and
movesinward minor radidly. Also one notes some indication of growth in the core radiation. At the
edge of the plaama one notes the radiation reaches a maximum then decreases, then increases agan.
This is aso seen in the inboard channd of the bolometer in Fg. 8 and may be related to the two
peaks observed in the cooling rate of the impurities as a function of electron temperature. One should
take care in the quantitative evauation of the radiation profile during the collapsng phase as the
asymmetry in the radiation 9gnad may lead to errors in the tomographic inverson. These errors
should be mitigated in this case by the orientation of the array which fans out verticaly while the
asymmetry has an inboard- outboard nature.



6 EX/6-2

3.4 Radiation asymmetry at collapse

As was seen in Hg. 8 and as was
reported previoudy [5,6,7] a MARFE-
like asymmetry is observed during the
radiative collapse in various diagnogtics
induding two resdive bolometer
arrays, Thomson scattering and the FIR
interferometer, each located a a
different toroidal angle spread through
one hdf of the torus. All of these
diagnogtics indicate that the low
temperature, high dendty, high radiation T m L9
region is located on the inboard side,
uggesting  that  this  poloiddly
aymmeric feature is toroiddly
symmetric. In Hg. 9 we show the
results of two imeging bolometers[9] at
two different times, compared with images calculated from models of the radiation. The left hand
set of images come from the steady state period of the discharge which has a poloiddly and
toroidaly symmetric hollow prafile whichis confirmed by the imeages caculated from a toroiddly and
poloiddly symmetric hollow radiation profile. In the left hand set of images, the data from the
imaging bolometers taken from later in the same discharge during the radiative collapse are
compared with images ca culated from the same hollow profile multiplied by a poloidaly asymmetric
(yet toroiddly symmetric) term givenas

S(r.q)=S(r){1+F@)] ad F(q)=(@+cosg +150))/2)®.

210 2.2

e
Fig. 8 Evolution of radiated power density profile
during radiative collapse of shot43383. Red
dashed line indicates the onset of the radiative
instability (x = 3).

The comparison of this model with the data taken together with the results for the other diagnostics
mentioned above indicates that that this phenomenon is toroidaly symmetric, which is another aspect
whichit has in commonwitha MARFE.

outboard

Fig. 9 IRVB radiation brightnessimage (d) data from (u) upper and (t) tangential ports during the
(s) steady state and (a) asymmetric phases of the discharge compared with reconstructions from
(m) model profiles.



4. Confinement in the high-density regime

Energy confinement time compared with
ISS95 scding declines in high-dengty and
high- collisondity regime as shown in FHg. 10.
This degradation mainly results from the loss
of a strong, pogtive density dependence as in
SS95. Although the shdlow penetration of
the heating beams in the high-dengity regime is
adso a posshle causg, it is not sufficdent to
explain the degradation from | SS95.

In the gyro-Bohm modd, the thermd
diffudvity is predicted to increase with T¢->.
The dimengonless form of 1SS95 has a gyro-
Bohm like parameter dependence and this is
reflected In the drong podtive dengty
dependence. The €ectron temperature
dependence of the effective thermd diffugvity,
ce is shown in Fig. 11. In the high
caligondity (low-temperature) regime, a
weak temperature dependence of ¢ 1 T
appears. As the temperature increases, a
dronger  temperature  dependence  as
predicted by the gyro-Bohm modd (¢ p
T®) and/or neo-classical theory (& g Te*%)
appears. These temperature dependences are
observed independent of r. The weak
temperature dependence of ¢ p TS leads
to the weak dendity dependence of the energy
corfinement time of te u ne™'>. Therefore,
the degradation from ISS95 in the high
density regime can be attributed to the change
in the temperature dependence of the thermd
diffugvity.

5. Discussion
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Fig. 10 Degradation from1S95 in the
high-collisionality regime.
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Fig. 11 Electron temperature
dependence of the effective thermal
diffusivity.

That LHD plasmas can achieve high dengity steady state discharges at levels which are 1.4 times the
Sudo limit has been confirmed with the most recent data taken at NBI powers of up to 11 MW.
The assumption thet the collapse of the plasma at the dengty limit is caused by a radiative thermd
indability is supported by severd observations. (1) There is a rdationship between of the power
dependence of the radiation on the dendty and the edge eectron temperature.  (2) As the plasma
collapses, radiation from oxygenincreasesfird (Snceit radiates at a higher temperature) followed by
carbon (radidting at a lower temperature) which is the dominantly radiaing intringc impurity.  (3)
Radiation profiles show that as the temperature drops and the plasma collapses, the radiaing zone
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broadens and moves inward.  Additiond evidence that the poloidaly asymmetric feature observed
during the collapse is toroidally symmetric indicates that this phenomenon is a toroidal effect and not
related to the geometry of the magnetic fidd nor of the vacuum vessdl both of which are highly three-
dimensond inLHD.  Fndly, studies show that confinement in the high dendity regime is degraded
compared to 1SS95 scding.  This degradation of confinement as dendity increases leads to an even
more rapid drop in the temperature thereby more rgpidly reaching the edge threshold temperature
where the onset of the radiative thermad ingtability is triggered.

It isinteresting that while LHD does not have any considerable plasma current which can disrupt and
terminate the discharge at high density as in a tokamak, there are severa common features of the
dengity limiting phenomena in both types of devices. One is a role played by the edge plaama and
the other is the MARFE-like asymmetries observed. Severa quedions reman unanswered
regarding the collgpse of the plaama in LHD. While we have evidence that the radiation from
carbon is playing a key role in the radiive collapse, it is not clear if the rgpid increase in radiation
can be 0ldly attributed to the dropping edge temperature leading to an increase in the cooling rate,
or if the impurity density might be increasing due to some enhanced transport or recyding.  Recent
measurements of radid dectric fidd during the collapse indicate that trangtion of the edge dectric
fidd from postive to negative due to increase of the density may be contributing to the inward flux of
impurities [10].  Further darification of these issues will require detalled transport modding of
spectroscopic data from during the plasma collapse.
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