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Investigation of physical processes limiting plasma density
in high confinement mode discharges on Dili-D

R. Maingi,® M.A. Mahdavi, T.C. Jernigan,? R.J. La Haye, A.W. Hyatt,

L.R. Baylor,? D.G. Whyte,© M.R. Wade,? T.W. Petrie, J.W. Cuthbertson,d
A.W. Leonard, M. Murakami,® R.T. Snider, R.D. Stambaugh, J.G. Watkins,®
W.P. West, and R.D. WoodD

General Atomics, P.O. Box 85608, San Diego, California 92186-5608

A series of experiments was conducted on the DIII-D tokamak [J.L. Luxon
and L.G. Davis, Fusion Technol. 8, 441 (1985)] to investigate the physical
processes which limit density in high confinement mode (H~mode) discharges.
The typical H-mode to low confinement mode (L-mode) transition limit at high
density near the empirical Greenwald density limit [M. Greenwald, J.L. Terry,
S.M. Wolfe, S. Ejima, M.G. Bell, S.M. Kaye, and G.H. Neilson, Nucl. Fusion
28, 2199 (1988)] was avoided by divertor pumping, which reduced divertor
neutral pressure and prevented formation of a high density, intense radiation zone
(MAREFE) near the X—point. It was determined that the density decay time after
pellet injection was independent of density relative to the Greenwald limit and
increased non-linearly with the plasma current. Magnetohydrodynamic (MHD)
activity in pellet-fueled plasmas was observed at all power levels, and often
caused unacceptable confinement degradation, except when the neutral beam
injected (NBI) power was <3 MW. Formation of MARFEs on closed field
lines was avoided with low safety factor (g) operation but was observed at high
g, qualitatively consistent with theory. By using pellet fueling and optimizing
discharge parameters to avoid each of these limits, an operational space was
accessed in which density ~ 1.5 x Greenwald limit was achieved for 600 ms,
and good H-mode confinement was maintained for 300 ms of the density flat-
top. More significantly, the density was successfully increased to the limit where
a central radiative collapse was observed, the most fundamental density limit in
tokamaks.
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l. INTRODUCTION

Scaling of experimental data from many tokamaks with gas fueling has indicated the presence
of a maximum electron density above which the frequency of disruptive terminations
increases rapidly. Disruptive termination at the density limit is frequently correlated with
growth of low m,n magnetohydrodynamic (MHD) modes. By examining data both from
ohmically-heated and neutral beam-heated tokamak discharges, Greenwald et al. concluded!
that this disruptive limit was given by 7;"* =«J where K is the elongation and J is
the average plasma current density. For elliptical plasmas, the relation reduces to
g = /na where 7ig " is in 1020 m=3, I is the plasma current in MA, and a is the
minor radlus in meters. Several theories2-5 have reproduced the Ip/a scaling for ohmically-
heated plasmas and these theories suggested that the scaling originates from an edge plasma
power balance limit. The constraint exists because both the heating level and MHD stability
are determined by the current density profile. However, Greenwald's dataset included
auxiliary-heated, low-confinement mode (L-mode) plasmas. Therein lies the conundrum —
if the density limit is an edge power balance limit, then why do not auxiliary-heated
discharges always exhibit a higher density limit? Considering either the central or edge/
scrape-off layer (SOL) power balance (e.g., in Ref. 6), the maximum density [#, (DL)] is
expected to increase with the heating power (Phey), i-e., 7io(DL) o< P, , where
0.5<x <0.7. Data from the ASDEX tokamak with the ‘““DV I’ divertor geometry indicated
a density limit power dependence with & ~ 0.5, but modification of the divertor leading to a
more closed geometry (‘‘DV II'*) weakened this dependence to ¢ ~ 0.25.7-8 A density limit
power dependence with o ~ 0.5 has been reported for low confinement (L-mode) limiter
discharges® from the Joint European Torus (JET),!0 but this dependence was reduced in
diverted discharges with the Mark I configuration.!! Similarly, JT-6012 reported a density
limit power dependence with & ~ 0.5 in L-mode limiter discharges,!3 but a systematic study
to determine the density limit in high confinement (H-mode) diverted discharges on JT-60U
has not been done.14 [Hence a strong power dependence has not been established in all
configurations and confinement modes. Based on discharges from the Alcator-C tokamak,15
Greenwald concluded that the limit was caused by an increase in particle transport at high
density, i.e., not related to an edge power balance directly. With sufficient central fueling
from pellets, the density was transiently increased above 7z, - in Alcator-C discharges, and a
rapid decrease in particle confinement time was observed. Experiments13:16.17 from JT-60,
the Tokamak Fusion Test Reactor (TFTR),18 and ASDEX-Upgradel® have also shown that
pellet fueled discharges can exceed the Greenwald limit. [It is apparent the that commonly-
used term ‘‘Greenwald density limit’’ can be a misnomer; we will use the scaling as a
normalization, i.e., G, =7, / ( Ipﬁw2 ), where G, is the ‘‘Greenwald number.”’]

In gas-fueled, H-mode discharges a different density limit behavior has been observed20 in
DII-D2! and many other tokamaks. Sufficiently high neutral beam injection (NBI) triggers
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an L-H confinement mode transition, at which point the line-average density (7, ) increases.
At the onset of type 1 edge-localized modes (ELMs), the %, clamps at between 0.5 to
0.7*75"**, dependent on wall conditions. Gas puffing results in modest 7, increase
followed closely by partial detachment of the divertor plasma from the target plate, which is
characterized?? by a reduction in particle and power flux and plasma pressure at the separatrix
but not far into the SOL. An increase in the gas puffing rate leads eventually to total detach-
ment at the target plate, which is characterized by a reduction in particle and power flux and
plasma pressure along the entire divertor target. Energy and particle confinement is reduced
during this phase, until L-mode confinement is obtained at 0.8 to 1.0*7;"®*. The H-L mode
‘‘density limit,”’ therefore, is an operational-space limit and not a disruptive limit. As
observed in the L-mode data, there is at most a very weak heating power dependence of the
density limit.20

The density limit has recently become an important design issue?3 for the International
Thermonuclear Experimental Reactor (ITER).24 It is desirable to operate ITER at
e ~1.3X 1020 m—3 (G, =1.5) with H-mode confinement for ignition margin and to ensure
detachment of the divertor plasma. The confinement requirement is defined relative to
ITER93H scaling?5: tpAHRERSH > 0,85,

It is notable that Greenwald scaling does not have a theoretical basis for auxiliary-heated
discharges. To understand the various processes which can limit plasma density while
maintaining H-mode confinement, a series of experiments was conducted on the DIII-D
tokamak. We have studied the limits imposed on density by the following processes:
(1) SOL/divertor thermal collapse; (2) particle confinement/fueling rate; (3) formation of a
MARFE (Multifaceted Axisymmetric Radiation zone From the Edge)26:27 on closed flux
surfaces; and (4) MHD activity onset. We have used our understanding of the afore-
mentioned processes to demonstrate the existence of an operating space with G, >1 and
H-mode confinement. Our eventual goals are to understand quantitatively the mechanisms
behind each limit and to determine an operational path which may be used by ITER to access
this regime.

This paper is organized as follows. Section II describes the experimental approach and main
tools for fueling profile control. Section III discusses the divertor power balance limit.
Section IV examines particle confinement and fueling limits associated with pellet fueling.
Section V details observations of MARFE formation and the relation to the density limit.
Section VI describes MHD activity observations. Section VII shows the proof-of-principle
high density discharges with H-mode confinement, after avoiding each of the other limits. A
summary and conclusions are given in Section VIIIL.
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fl. APPROACH

Our operating premise was that the H-L density ‘‘limit’’ was caused by SOL or divertor
thermal collapse, described, for example, by the Borass density limit.6 We postulated that
this limit could be avoided by density profile control, which is achievable by simultaneous use
of direct core pellet fueling and divertor pumping. Past operational experience has shown that
use of gas puffing to increase 7, also increases the electron density at the magnetic separatrix
in the main chamber. The divertor electron density has been shown?28 to increase non-linearly
with the main chamber separatrix density and the divertor temperature decreases non-linearly;
this dependence can lead to a thermal collapse when the density gets sufficiently high. By
fueling inside the separatrix with pellets and using divertor pumping, we sought to maintain
the edge density below the level at which the thermal collapse would occur. The other benefit
of divertor pumping is to reduce neutral pressure buildup in the divertor, thereby reducing
hydrogenic radiation.

The present pellet injector?? on the DIII-D tokamak is capable of injecting three different
diameter pellets: 1.8, 2.7, and 4.0 mm at maximum, programmable injection frequencies of
10, 10, and 5 Hz, respectively. For the discharges studied in this experiment, the ratio of the
particle content of the pellets to the plasma content was 5% to 15% (1.8 mm), 15% to 45%
(2.7 mm), and 50% to 150% (4.0 mm), depending on the plasma density. The DIII-D
cryopump is a cryogenic condensation pump30 with a pumping speed ~ 30 m3/s at 1 mTorr
plenum pressure. The plenum pressure buildup and the particle exhaust rate (pumping speed
times plenum pressure) can be varied by movement of the outer divertor strike point relative to
the pump plenum entrance.

General Atomics Report GA~A22521 3
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lll. DIVERTOR COLLAPSE/DETACHMENT AND H-MODE CONFINEMENT LIMIT

The phenomenology of H-mode density limit discharges is discussed in detail in this section
(see also Ref. 20). The time dependence of a pellet-fueled density limit discharge is shown
in Fig. 1 (solid curves). The L-H transition occurs prior to t=2 s and is not shown;
2.7 mm pellets are injected every 200 ms starting at t=2.6 s and cause transient 7,
increases [Fig. 1(a)]. The first pellet causes the formation of a high density, high radiation
zone in the divertor plasma. We will refer to this zone as a *‘divertor MARFE’’; migration of
the zone onto closed flux surfaces leads to a MARFE in the classic sense and we will drop the
““divertor’’ adjective in those cases. The sharp increase in the outer divertor D, baseline at
t=2.6 s is one signature of the divertor MARFE [Fig. (1b)]. Note that the outer divertor
target density [measured by a Langmuir probe — Fig. 1(c)] began to roll over after the
second pellet. Between 2.6 and 3.5 s, the divertor MARFE gradually moved from the open
field lines in the scrape-off layer (SOL) to the X—point area, near closed-field lines. This
motion was observed in 2-D reconstructions of the radiation distribution from bolometry.
Concomitant with the density roll over and divertor MARFE migration was a decrease in the
energy confinement time [Fig. 1(d)]. Note that both 7, radiated power, and D, baseline
continued to increase during this phase [Fig. 1(a),(c),(d)]. The divertor plasma completely
detached from the target at ¢=3.5 s [rollover of D, in Fig. 1(c)], and the energy
confinement time dropped back to L-mode levels. At this point, the 7, rolled over and further
increase in 71, could not be achieved.

In contrast, Fig. 1 also shows a discharge (dashed) in which the divertor cryopump was
activated. While the initial 7, and divertor density were lower in the pumped discharge than
the unpumped discharge, the peak values were comparable [Fig. 1(a),(c)]. Note that the
radiated power was reduced by pumping [Fig. 1(d)], which prevented the divertor detach-
ment/collapse phase observed in the unpumped discharge. A divertor MARFE was formed
after each pellet in the pumped discharge, but it disappeared in the time between pellets. Thus
migration of the divertor MARFE to the X—point region was avoided, as was the energy
confinement degradation [Fig. 1(e)], which always accompanies divertor MARFE migration
to closed flux surfaces. Further experiments are required to quantify the mechanism which
prevents divertor MARFE sustenance and migration, but it is probable that the reduction of
the private flux region neutral pressure [Fig. 1(f)], which has been proposed3! as a key
control parameter, plays a role. The fact that the divertor density was comparable in these two
discharges suggests that the divertor density is not at a limiting value. In the pumped
discharge, the minimum exhaust rate to prevent divertor MARFE sustenance was used.
Increasing the pumping rate by changing the geometry would have been counter-productive
because it would have reduced the particle containment time T; which would increase the
fueling rate required to reach high density.

General Atomics Report GA-A22521 5
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Fig. 1. H-L density ‘‘limit’’ and divertor thermal collapse were avoided by activation of the
cryopump {dashed). Both discharges had Ip=1.3 MA and NBI power ~5 MW, pellet
injection was initiated at t=2.6 s. (a) G, was comparable in both discharges. (b) Outer
strike point D, emission increased sharply after pellet at £ =2.6 s and stayed high between
pellets. The grassy character of the D, is a signature of a divertor MARFE for the unpumped
discharge. Pumping prevented a sustained divertor MARFE. (c) Electron density at the target
rolled over for unpumped discharge. Peak divertor density was comparable for pumped and
unpumped discharges, but pumping reduced density between pellets. (d) Confinement degrada-
tion was avoided in the pumped discharge. (¢) Radiated power was reduced in the pumped
discharge. (f) Private flux region neutral pressure was reduced in pumped discharge.
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IV. PARTICLE CONFINEMENT AND FUELING LIMITS

Another mechanism which can limit plasma operating density is poor particle confinement
time and/or poor fueling efficiency. The importance of these two effects can be discussed by
considering the main plasma particle balance equation:
d /_ 7, V.
E(neVp)=Sp(t)— Z*p : W
p

where V, is the plasma volume, S, is the particle source term, and t; is the effective particle
containment time, including the effects of recycling. Here it is implicitly assumed that 7, can
be used as an approximation for the volume-averaged density. In steady-state with a steady
source term, 7, = Sp’r; / Vp . Consider a perturbation to the equilibrium density with pellet
injection at a fixed pellet size Ny}, frequency vy, and fueling efficiency mpe. Each pellet
increases the density by Thpel Vpel /Vp, and the density in excess of the pre-pellet H-mode
density decays away exponentially with a decay time, T,,. This 7, is distinct from the
recycling-dominated particle containment time ’c; because of the difference in the fueling
source profile. The density decay rate from the main plasma between pellets increases with
the density; in steady state, the decay between pellets balances the density increase after each
pellet, 7pe1 Npei /Vp, - The solution for the total density rise after the mth pellet just before the
m + 15t pellet in steady state relative to Greenwald scaling AG,, is given by:

AG. = Mpet Vper /Vp 1
" Ip/ira2 1—-exp (— l/rnvpel)

-1 s
)

Above, m is the number of pellets large enough to achieve steady state. Equation (2) shows
that the dependence of AG,, on 7,y is quite strong: for 7,vp) =1, the term in brackets is
1/(e~1) ~ 0.58 and falls to ~0.16 for 7,vp, =0.5. Equation (2) also indicates that the
AG, is linearly proportional to Tpe and always increases with the vy, provided 7, is
independent of vpe;. Thus, AG, is always dependent on the fueling rate. With fixed fueling
parameters, however, we will show that AG,, can also be dependent on I, because of the
scaling of 7, with I,,.

A. Plasma current dependence

The I, dependence of AG, can be examined by assuming 7, o< Ig for different o, where
o =1 corresponds approximately to the measured dependence of the energy confinement
time32 in DIII-D. A calculation for a DIII-D sized plasma and 2.7 mm pellets is plotted in
Fig. 2. For simplicity, we have used Mpej =1, Npep =9.3€20 atoms (2.7 mm pellet),
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Fig 2. Calculation of expected density rise from periodic pellet injection AG, versus I,
from Eq. (2), assuming for 7, e Il‘f. For ax=2, note that AG, always increases with I,.

Vp =20 m3, Vpel =10 Hz, and 1, [s]=0.05*18‘ [MA]. The constant 0.05 is obtained
from measured decay times, discussed below. The features of the solution for o =1 are:
(1) for I <1 (T,vpe; <0.5), AG,, increases strongly with I, (I, dependent regime); and
(2) for I > 2 (Tnvpel >1) AG, increases weakly with Ip(Ip independent regime). For
o >1, itis seen that AG, is always I, dependent . In the I, dependent regime, increasing
AG, by raising I, should be more effective than increasing the fueling rate because
experimental evidence has indicated that increasing the fueling rate can decrease the energy
and particle confinement times, i.e., the two are not completely independent.

Here it should be mentioned again that Greenwald's conclusion of the gas-fueled density limit
was that the particle confinement time decreased rapidly above G,, ~1. The variation in G,
on Alcator-C was accomplished! partly by reducing I, at constant 7, (as opposed to
increasing 7, at constant I,). This technique, however, can mask any non-linear dependence
of 7, on 1. To examine this, we varied G, and I independently on DIII-D by injecting
both 2.7 and 4.0 mm pellets into discharges at different I, levels and measuring the pellet
density decay times. The density just before each pellet was injected was subtracted as a
baseline in the fits. We have restricted our dataset to ELMy discharges with NBI power
between 5.5 and 8 MW at a toroidal field ( B;) of 2.1 T. Figure 3 demonstrates that there is
at most a weak decline of 7, with G, at I, =0.7 and 1.3 MA. Therefore, our data is
inconsistent with Greenwald’s conclusion that particle confinement decreases catastrophically
near G, =1. Note that there is factor of 2-3 variation in the dataset at each I,,. Nonetheless,
it is shown that the average 7,, for the 1.3 MA data is 3 to 5 times larger than for the 0.7 MA
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Fig 3. Measured 7, is largely independent of G, but increases nonlinearly with I,.

data and about 60% higher than the 1.0 MA data. Fitted to a power law dependence,
Ty o< IS. Thus we conclude that Greenwald's observations of 7,, decreasing sharply for
G, >1 may have been caused largely by a non-linear dependence of 7, on I,. Our
calculations in the previous section, thus, imply that obtaining G, >1 with pellet fueling
would be done most easily at high I, because the 7, oI insures operation in the I,
dependent regime. It is noteworthy that g was varied along with I, in this dataset; therefore,
a separate dependence of 7, on g cannot be ruled out.

One additional point should be made: on DIII-D, it has been observed that the density in gas-
fueled, ELMy H-mode plasmas clamps to an integer multiple of I,,.32 The inference from
those observations is that ’L'; o< [,. In contrast, our pellet fueling resuIts indicate 7, o< I. 2
We hypothesize that the different scalings may be due to the difference between recyclmg-
dominated shallow fueling, and the pellet-dominated deep fueling into the highest confmement
region. In other words, there may be a fundamental difference in the dependence of Tp and
7,, on plasma current.

B. Fueling efficiency limits

Equation (2) indicates the importance of the fueling efficiency in increasing density. For
reference purposes, gas-fueled discharges typically have a fueling efficiency of <10%.
Pellet-fueled discharges can have a much higher fueling efficiency, up to 100%. Pellet
penetration in general has been shown33 to be dependent on the electron temperature profile
and the fast ion content, both of which increase with the NBI power level. Figure 4 shows
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Fig. 4. Measured penetration depth of 1.8 and 2.7 mm pellets increases with decreasing 7, at
p=0.3.

that the pellet fueling efficiency 17, defined as the fraction of pellet atoms appearing in the
plasma just after injection, does decrease with the NBI power. Pellet fueling studies!8 in
ELMy H-mode plasmas on the ASDEX-Upgrade tokamak have shown that the pellet net
fueling efficiency can decrease to <20% if pellets fail to penetrate beyond the ELM depth
region. Thus the highest attained densities in our experiment occurred when the target
electron temperature was sufficiently low to allow penetration beyond the ELM depth layer.
There is a synergistic effect here: a pellet which penetrates deep into the plasma increases the
density, causing a proportional decrease in temperature (the fueling process is approximately
adiabatic); the succeeding pellets therefore have even deeper penetration and thus higher
fueling efficiencies. To achieve and maintain low temperatures, the NBI power was usually
programmed to <5 MW during the first few pellets. Attempts were made to increase the
NBI power as the density increased, but MHD activity was often observed (discussed in the
MHD section). Thus the heating power appeared to have an upper (MHD) limit ~3 MW in
many cases, and the highest density discharges actually had input power <2 times the
threshold power required for the L—H transition.

An interesting phenomenon in these low NBI power discharges was observed — often the
density decay time following pellet injection was reduced down to ~5 ms. By examining
the edge density, temperature, and pressure profiles and gradients, it was determined that
H-L transitions were often induced by the pellets. Figure 5 shows such a transition: the
density at the H-mode edge pedestal decreases, magnetic fluctuations and divertor D
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Fig. 5. Example of a pellet-induced H-L transition of ~11 ms duration. (a) 7. decreases
rapidly after pellet at t =2200 ms. (b) Edge pedestal n, is reduced and starts to re-build after
~15 ms. (c) centerpost D, increases at time of pellet injection and stays at L-mode levels
for ~11 ms. (d) dBy /dT from a magnetic probe indicates enhanced fluctuations for ~ 11 ms.

increase, and 7, decays rapidly. The pellet retention fraction, defined as the fraction of the
initial pellet density rise which is retained in the plasma at the end of the L-mode duration, is
plotted as a function of the L-mode duration in Fig. 6. The data show that the pellet retention
fraction decreases sharply with the L-mode duration with a density decay time of 5 ms.
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Fig. 6. Pellet retention fraction, defined as the fraction of the initial pellet-induced 7, rise
present in the plasma at the end of the L-mode duration, decreases rapidly with increasing
L-mode duration. Dataset had Ip=1.3 MA and Pyp; between 2.5 and 4 MW.

Since this effect appears to be related to the H-mode power threshold, then the presently
accepted H-mode power threshold scaling for DIII-D indicates34 that decreasing the toroidal
field ( By) would give more margin over the power threshold. The duration of the L-mode
phase is plotted as a function of B; in Fig. 7 for discharges with the same I, and roughly the
same NBI power. Note that both the average and maximum observed L-mode duration
following pellets increased with B, implying that the observed effect is consistent with
H-mode power threshold scaling. The scatter in the data may be related to differences in
individual pellets and other hidden variables.
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Fig. 7. L-mode duration increases with toroidal field B, for the same dataset in Fig. 6.

General Atomics Report GA-A22521 13




Investigation of physical processes limiting plasma density in high confinement mode discharges on DIII-D
Maingi et al.

V. MARFE ONSET

MAREFE:s can limit density in the following way. A density rise in a discharge with a MARFE
causes a rapid increase in the MARFE density and radiated power,20 which can lead to a
global thermal instability and subsequent current channel contraction and MHD instability.
The resulting reduction in edge temperature can lead to current profile shrinkage and MHD
instability. As discussed above, the typical unpumped DIII-D density limit disruption
involves migration of a divertor MARFE from the SOL to the X—point region and then onto
closed flux surfaces. This edge/divertor collapse limit was avoided by divertor pumping
(Section 3). Note that divertor MARFE formation just after pellets was not prevented, but
that the divertor MARFEs were pumped out between pellets.

Theories of MARFE formation on closed field lines balance parallel and radial heat flow with
radiative losses. These theories35:36 show that MARFEs should form most easily during
high gg5 discharges. To test MARFE formation and stability, two discharges with a three-
fold gg5 variation were executed. Figure 8 shows that a MARFE formed at the inner wall
midplane for the high ggs5 discharge at G, ~0.8. In comparison is a low ggs5 discharge
which achieves G, ~2 and is free of MARFE formation. Thus it is clear that MARFE
formation can be made independent of G, .
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Fig. 8. MARFE observed during high g operation (solid) and avoided by low g operation
(dashed). (a) G, (7. measured by a chord looking across the plasma midplane) observes a
perturbation ¢ = 3200 ms. (b) radiation eccentricity, defined as ratio of inner wall bolometer
chord signal to an unaffected (non-divertor) chord signal, increases at z = 3250 ms, indicating
presence of inner wall MARFE.
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VI. MHD ACTIVITY

As discussed above, the final phase of a density limit disruption is characterized by the
growth of a low m,n tearing-type mode, usually the 2/1. The mode appears and locks some
time after the H-L transition, resulting in a disruption or rapid stored energy ejection. The
growth of these modes and their impact on confinement is usually larger for low edge safety
factor ( gg5) discharges than high ggs5 discharges. In our experiments, these modes were
often observed as pellets were used to increase the density over a wide range: 0.7 < G, <1.5.
For an adiabatic 7, increase, the electron temperature and toroidal rotation decrease
proportionally, making high density discharges potentially more vulnerable to locked modes.

Fourier analysis of Mirnov oscillations has been done to identify the mode structure of MHD
activity in our discharges. Figure 9 shows the onset of a m/n = 3/2 tearing mode, occurring
just after the injected pellet at £ =1.9 s. The amplitude of the mode grows to ~6 G and is
then reduced as safety factor on axis (gg) increases. The disappearance of the mode
coincides with ¢ increasing above 1.5. We have computed the island growth rate
parameter,37 A’ at the ¢g=135 surface from a magnetically reconstructed equilibrium
[Fig. 9(d)]. Details of the technique used to estimate A’ have been discussed previously.38
Our estimates indicate that A3;, <0 just before onset of the mode. Neglecting neoclassical
effects at this high density/ collisionality, the plasma should be stable against growth of the
mode, which is inconsistent with the observations. The 3/2 mode in this case has a negligible
impact on the energy confinement. Tearing modes with m/n =2/1 have also been observed
— these modes sometimes lock and have a large impact on confinement. Figure 10
compares two discharges — the only operational difference is that 600 kW of extra beam
power was added at =2 s in the dashed discharge. In the higher power discharge, the
2/1 mode is de-stabilized just after t=2 s and locks at +=2.12 s [Fig. 10(c)]. Particles
and energy are rapidly expelled after locking of the mode. Our calculations indicate that
A5 1 <0 just before onset of the mode [Fig. 10(d)], indicating stability to classical tearing
modes. Recent beta limit studies of gas-fueled discharges3? with a similar shape and
configuration obtained a beta limit at normalized beta [By =/(I,/aB;)] ~ 4, in quantitative
agreement with the theory of neoclassical destabilization of tearing modes. The discharges in
this section have much higher density and collisionality, thereby reducing the predicted
magnitude of neoclassical effects. Thus it is unclear why MHD activity was encountered for
these higher density, lower By ~ 1.4 — 1.5 discharges. Note that our dataset is too small to
conclude that the onset of MHD activity is encountered at a critical beta value at high density.
However it is noteworthy that the 2/1 mode was not observed at G, >1. when the NBI
power <3 MW.

We conjecture that the MHD activity may be caused by the triggering of ‘‘snakes’’ by pellets.
Snakes have been observed40 on JET with pellet injection, typically when pellets penetrated to
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Fig 9. Destabilization of m,n=3/2 mode for a pellet-fueled discharge. (a) G, increased as
pellets were injected. (b) MHD mode with m,n=3/2 was destabilized at t=1900 ms,
almost coincident with pellet. (c) g on axis from equilibrium reconstruction. The 3/2 mode
disappears when q(0) exceeds 1.5, as expected. (d) A’ calculated at g =1.5 from reconstructed
equilibrium is <0 for ¢< 2100 ms, indicating theoretical stability to classical tearing mode
onset.

the g =1 surface. Snakes appear as oscillations in the 2D reconstruction of soft x—ray (SXR)
emission patterns. Snakes are believed4! to originate from pellet deposition at rational
surfaces. The thermal capacity of flux tubes intersecting pellet trajectories on rational surfaces
is low compared with the entire flux surface. Even nominal pellet ablation within such a flux
tube could lead to a rapid local temperature drop. This local temperature drop would lead to a
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Fig. 10. Increase in NBI power correlated with destabilization of 2/1 mode for pellet-fueled
discharges. (a) G, increased as pellets were injected into both discharges. (b) NBI power
increased at r=2000 ms (solid). (¢) MHD mode with m,n=1/2 was destabilized at
t =2100 ms, almost coincident with pellet (solid). Lower power discharge (dashed) is stable.
(d) A’ calculated at g =2 from reconstructed equilibrium is <0 at t=1990 ms, indicating
theoretical stability to classical tearing mode onset for both discharges.

local resistivity enhancement, which can be a destabilizing term in the island growth rate
equation.4! Most of the injected pellets did not penetrate to the g =1 surfaces in our
discharges, but similar instabilities could be triggered, in principle, by pellet penetration to the
g =1.5 or g =2 surfaces. We could not see direct evidence of snakes, however, because the
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central temperature of the discharges in Figs. 9 and 10 was below the lower cutoff of the
present SXR system.

20 General Atomics Report GA-A22521




Investigation of physical processes limiting plasma density in high confinement mode discharges on DIII-D
' Maingi et al.

VIl. DEMONSTRATION DISCHARGE WITH G,, ~ 1.5 AND H-MODE CONFINEMENT

As previously mentioned, it is desirable to operate ITER at G, ~ 1.5 with H-mode confine-
ment. After evaluating the various processes detailed above, we optimized conditions to
demonstrate G, ~ 1.5 with H-mode confinement.. The edge/divertor collapse limit merely
required operation of the divertor cryopump. The non-linear increase of the density decay
time with I;, called for high current operation; the upper limit on I, was set by the volt-
second consumption rate. The MHD limits, though not well understood, were avoided at low
NBI power; this was also optimum for pellet penetration and fueling efficiency. At high
density and in light of the MHD-induced NBI limit, the occurrence of pellet-induced H-L
transitions required reduction of B; from the maximum value of 2.1 to <1.5 T. And finally
the core MARFE limit was avoided by low gg5 operation, which is consistent with high I
and low B,. '

One of these discharges is shown in Fig. 11. A pellet interlock scheme was developed and
utilized to prevent injection above a specified G, in this case G, ~ 1.5. Thus, pellet injection
was interlocked after 1 =2.0 s and G, ~ 1.5 was maintained from 2.0 to 2.6 s. However,
the radiated power and energy confinement were evolving during the steady density phase
[Fig. 11(b),(c)]. The energy confinement time peaked at ~ 1*ITER93-H scaling, and stayed
above 0.75*ITER93-H scaling for 300 ms. Note that during the density rise phase from
1500-2000 ms, ELM activity was observed [sharp spikes in divertor D, emission —
Fig. 11(d)]. However after the pellet at ¢ =2000 ms, ELM activity ceased. During the
ELM-free phase, the radiated power increased, resulting in a reduction in the stored energy
and energy confinement time. Spectroscopic data showed a gradual increase (not displayed)
in the carbon and metallic radiation from the core during the flat-top, suggesting impurity
accumulation was occurring (impurity accumulation in ELM-free discharges has been reported
previously#2). A spontaneous H-L transition was observed near the end of the density flat-
top at ¢ =2570 ms, and the final pellet at ¢ =2600 ms triggered a locked mode, causing a
rapid ejection of particles and energy.

It is worth mentioning that the relatively high confinement time obtained in this discharge does
not result from the triggering of a pellet enhanced performance, or PEP, mode. PEP modes
are characterized43 by highly peaked density profiles and strong central heating, neither of
which are present in this discharge. The density profile is highly peaked for 100 ms
following the pellet at ¢ = 2000 ms, but it then relaxes to a ‘‘moderately peaked’’ level later
in the density flat-top phase (Fig. 12). Moreover, the NBI heating profile is extremely
hollow at the obtained 7, ~1.7—1.8X 10%° m—3, and the central heating rate is actually
exceeded by the radiative cooling rate from 2300-2600 ms.

Time-dependent MIST modeling#4 has been done for this discharge. The impurity concen-
tration was constrained by measured UV emission from a spectrometer, and the impurity
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Fig. 11. Demonstration discharge with G, ~1.5 and H-mode confinement; Ip=1.3 MA,
B, =1.5T, g¢5=3.2. (a) Pellets increased 7, (solid) above Greenwald density ‘‘limit’’
(dashed) up to G,, ~ 1.5 for 600 ms. (b) Radiated power increased during density flat-top from
t=2000 to 2600 ms, exceeding NBI plus Ohmic power at t=2500 ms. (c) Energy
confinement increased during early phase of density flat-top up to * /‘C'E"IE H_1.0 and
decreased as radiation increases. (d) Divertor D, increased as pellets were injected and ELMs
were observed. From ¢ =2040 ms to 2600 ms, ELM activity ceased.

density profiles were assumed to have the same shape as the electron density profiles. The
modeling shows that the impurity concentration increased during the ELM-free phase
[Fig. 13(a)] and that most of the increase in radiated power came from carbon radiation inside
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Fig. 12. Comparison of electron density profiles at #=2050 ms and t=2260 ms after
pellet at ¢ = 2000 ms for demonstration discharge in Fig. 11. Large profile peaking persists
until £ =2100 ms but then relaxes from 2100-2600 ms.

r/la < 0.6 [Fig. 13(c),(d)]. At the measured central electron temperature of 400 eV, 0.5% of
the carbon was calculated to be in the 5+ charge state, leading to high recombination and line
radiation rates from the core. The measured central radiation emissivity from bolometry was
~2.3%10% W/m3 [Fig. 13(d)]; a calculation of NBI penetration yielded a central deposition
source of only 0.5x 106 W/m3 during the density flat-top phase. Thus the problem
originated from the power balance in the very center of this plasma: NBI central deposition
was not large enough to prevent the thermal collapse as the carbon concentration and radiation
increased. Although the relative concentration rise of the metallic species was even faster,
their contribution to the total radiated power was small.

Another demonstration discharge was shown previously in Fig. 10 (dashed). In this
discharge, a pellet was injected at ¢ =2200 ms during an otherwise ELM-free period,
triggering a 15 ms L-mode phase; note the rapid 7, decay. Measurements from charge-
exchange recombination spectroscopy showed a rapid reduction in carbon density from
rla> 0.5 (not shown in Fig. 10). Thus an interesting operational scenario may be possible
— one which has naturally a low type 1 ELM frequency in which pellet injection is used to
trigger type 1 ELMs and brief L-mode phases to maintain a clean plasma. Combined with
sawtooth activity, this technique may prevent the impurity accumulation problem observed in
these ELM-free discharges. Another solution to the impurity accumulation problem would be
to increase the NBI power until type 1 ELMs are encountered, but, as discussed in
Section VI, MHD activity prevented this on DIII-D.
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Fig. 13. MIST modeling of demonstration discharge. (a) Carbon (solid) and metals (dashed)
concentration increased during density flat-top and ELM-free phase from 2000-2600 ms.
Modeling used UV emission from several charge states as constraints. (b) Total radiated power
from bolometry increased during density flat-top. Modeling shows most of the increase can be
accounted for by carbon (diamonds). Metals (triangles) contribute only a small amount to
radiated power. Measured and modeled radiated power profiles at ¢ =1600 ms (c) and 2400 ms
(d) are in good agreement, in magnitude and profile shape. Data demonstrates that radiation
increase originates entirely from r/a<0.6 and largest emissivity increase originates from
r/a =0, i.e., radiative collapse originates from very center of plasma.
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VIIi. SUMMARY AND CONCLUSIONS

By using a qualitative understanding of the processes which limit density in DIII-D, the 7,
was increased up to the poloidally symmetric core radiative power balance limit, which is the
most fundamental density limit in tokamaks. Demonstration discharges with G, ~ 1.5 were
achieved for ~ 600 ms with H-mode energy confinement, although the confinement was
evolving. These discharges demonstrate the existence of an operating space with G,, >1 and
H-mode confinement. Thus we conclude that the path to achieving G, > 1 is difficult but not
impossible.

We have determined that the pellet density confinement time is independent of G, but does
increase non-linearly with I. In addition, we have shown that fueling profile control can be
used to avoid divertor thermal collapse. Also, we have shown that MARFE formation can be
avoided by low g operation, qualitatively consistent with theory. Finally, we have shown
that MHD activity is observed in pellet-fueled discharges, even though calculations indicate
that the plasma should be stable to these modes. Additional work is required to understand
the mechanisms which drive MHD activity.
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