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Current-carrying, toroidal laboratory plasmas typically cannot be sustained with an electron density
above the empirical Greenwald limit. Presented here are tokamak experiments in the Madison Symmetric
Torus with a density up to an unprecedented level about 10 times this limit. This is thought to be made
possible in part by a thick, stabilizing, conductive wall, and a high-voltage, feedback-controlled power
supply driving the plasma current. The radial profile of the toroidal current flattens around twice the limit,
without the edge collapse routinely observed in other experiments.
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Toroidal plasma experiments routinely encounter opera-
tional limits on the electron density, ne, above which they
cannot be sustained [1,2]. In the tokamak and reversed-field
pinch configurations where confinement relies on current,
Ip, flowing in the plasma, empirical results from a wide
database of experiments follow a simple formula known as
the Greenwald density limit: nG ¼ Ip½MA�=πa2, where nG
is the line-average electron density through the plasma core
in units of 1020 m−3, and a [m] is the plasma minor radius
[3,4]. This imposes a strong constraint on nuclear fusion
power production, which scales as density squared [5].
ITER, SPARC, and other future reactor-scale tokamaks
may need to operate with Greenwald fraction fG ¼ ne=nG
near or above unity, highlighting the importance of under-
standing density limit physics [6,7].
Despite the simplicity of theGreenwald formula, a striking

consistency across a wide range of experiments, and a
large volume of research on the topic, the mechanism(s)
underlying the limit is not well understood [4,8–13]. It is
widely agreed that radiative power balance is involved, due to
the strong scaling of plasma radiative cooling with density
[14] and increased radiation measured in many experiments
as the limit is approached [15,16]. Typically, the edge
pressure profile collapses near the limit, which increases
the local resistivity and stops current from flowing, such
that the plasma detaches from the wall or separatrix and
shrinks radially. This sets up an unstable current gradient
that causes a global, catastrophic loss of confinement
known as a disruption. Interestingly, the limit can be
exceeded up to fG ∼ 1.5 when strongly peaked density
profiles are prepared, supporting the idea that the limit is
governed by plasma edge physics [17,18]. Various theo-
retical models have been put forward to explain the edge
pressure collapse that is central to density limit behavior,
many of which invoke other forms of transport or energy

loss beyond simple radiative cooling. These include
radiation-destabilized tearing modes [10,19], inter-
change or ballooning turbulence [12,20], and weakened
shear layers [21]. Recent studies suggest that the density
limit for high-confinement (H-mode) tokamak plasmas
depends on input power [13,22], which does not appear
in nG and is a key parameter for density limits in
stellarator devices that do not carry substantial plasma
current [23].
Presented here are tokamak experiments with an electron

density exceeding theGreenwald limit by up to a factor of 10
in steady conditions, which is unprecedented. The maxi-
mumdensity appears to be set by hardware limitations rather
than plasma instability. The experiments are conducted in
the Madison Symmetric Torus (MST) device [24],
operated as a tokamak with toroidal field Bϕ ¼ 0.13 T,
Ip ¼ 50 kA, and major/minor radius R0=a ¼ 1.5=0.52 m.
Line-averaged electron densities ranging up to about
6 × 1019m−3 are measured by an interferometer. Internal
magnetic probe measurements indicate that the toroidal
current profile remains finite up to the limiter and globally
flattens around fG ¼ 2, in contrast with the edge collapse
observed in other devices. Density scalings of input power
and impurity radiation increase sharply at nG, indicating that
a Greenwald-like mechanism, similar to that observed in
other devices, may be active even though it does not cause
disruption. Measurements of total radiated power, temper-
ature, flows, and impurity content are not presently avail-
able. The capability of operation at high fG is thought to
be associated with two unique features of MST: a thick,
close-fitting, conductive wall that stabilizes magneto-
hydrodynamic fluctuations near the plasma edge; and a
high-loop-voltage power supply that can drive current
through low-temperature, resistive plasma at high density.
The results presented here offer insight into models of
density-limit physics, enable studies of a new regime of
high-normalized-density tokamak plasmas, and may help*Contact author: nhurst@wisc.edu
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future tokamaks to exceed operational density limits and/or
avoid disruptions.
The MST is a toroidal device that was primarily designed

and used for reversed-field pinch plasmas [24] and has
recently been operated as an ohmically heated tokamak
with several unique features, including the unusual ability
to operate nondisruptively with edge safety factor qðaÞ < 2
[25]. The plasma is surrounded by a circular cross-section,
5-cm-thick aluminum shell with inner radius a ¼ 0.52 m,
and graphite limiters at radius 0.5 m. The resistive wall time
is τw ¼ 800 ms, much longer than the typical discharge
duration of 50 ms. This inhibits the growth of resistive wall
modes (RWM) during the discharge, and may impact the
growth of internal tearing modes [26]. The toroidal mag-
netic field is created by driving current directly through the
shell as a single-turn loop. Because of the low toroidal
field and lack of auxiliary heating, the electron temperature
is presently limited to Te < 100 eV in MST tokamak
plasmas. In comparison, other modern, high-performance
tokamaks have Te ∼ 10 keV and thus lower collisionality
and resistivity by several orders of magnitude.
The plasma current is driven inductively by either of two

separate power supplies: a passive pulse-forming network
consisting of staged capacitor bank discharges, or an active
feedback-controlled programmable power supply that
dynamically adjusts its output voltage to meet an arbitrary
demand waveform for the transformer primary current [27].
This Letter focuses on plasmas driven by the active supply,
but plasmas driven by the passive supply are discussed
briefly for comparison. For all discharges driven by the
active supply, a flattop current Ip ¼ 55 kA is programmed,
corresponding to qðaÞ ¼ 2.2. The working gas is deuterium
injected with wall-mounted puff valves.
A set of tokamak discharges driven by the active power

supply are presented in Fig. 1 with fG ranging from about
0.5 to 10. The density is measured using an interferometer
chord passing approximately through the magnetic axis,
which is one of 11 chords spanning the plasma diameter
[28]. The loop voltage increases with fG from about 3 to
65 V as the feedback system attempts to meet the plasma
current demand in increasingly resistive conditions.
At higher densities, Ip decreases over time to around
45–50 kA as the power supply fails to meet the demand.
For fG > 5, the demand waveform was changed to include
a slight ramp-up in an attempt to flatten the plasma current
waveform. At the highest densities, the discharges termi-
nate earlier than the programmed Ip ramp-down at 40 ms.
This is due to consumption of the available 2 V-s flux swing
in the iron-core poloidal field transformer, which is
associated with high plasma resistivity and sets the maxi-
mum density.
To better understand the role of the active power supply

in exceeding the Greenwald limit, plasmas with Ip ∼ 50 kA
were studied using the passive supply. Figure 2(a) shows
such a discharge with fG near unity, which ended due to a

programmed toroidal field ramp-down at t ¼ 45 ms. A
separate discharge in panel (b) exceeded nG significantly,
causing early termination. However, there was no evidence
of strong instabilities or rapid current quench, which are
characteristic of disruptive behavior. The passive power
supply is designed to apply large loop voltage during start
up and smaller voltage throughout the discharge, and is
therefore unable to sustain Ip in conditions of high density
and resistivity. Thus, operation with fG > 1 is only
possible using the active power supply, so henceforth only
this case is discussed.
The scalings of several measured quantities with plasma

density are shown in Fig. 3, where averages are taken over
20 < t < 30 ms during the plasma current flattop. Two
datasets span 0.8 < fG < 3 with the power supply capaci-
tanceC ¼ 84mF (ameasure of stored energy), one of which
had a probe inserted up to 20 cm into the plasma. Another
dataset spans 0.4 < fG < 10 with C doubled to 168 mF
and a probe inserted to 10 cm depth. Panel (a) shows
the ohmic input power, Pohm ¼ IpV loop, where the in-
crease with density is largely associated with V loop

since Ip is held in the range 45–55 kA. Panel (b) shows
corresponding measurements of radiation from a

FIG. 1. Tokamak discharges driven by the active power supply
with normalized density, fG, ranging from 0.5 to 10. (a) Plasma
current; (b) line-averaged electron density measured by an
interferometer, and 10nG (dotted line) calculated from the plasma
current waveform in the highest density discharge; (c) surface
toroidal voltage, equal to the loop voltage in steady state; and
(d) flux in poloidal field transformer, where the available range is
given by dashed lines.
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monochromator tuned to the carbon III 229 nm line,
and panel (c) shows the poloidal asymmetry factor,
Λ ¼ b̃θ1ðaÞR0=aBθ ¼ li=2þ βp − 1, where b̃θ1 is the
m ¼ 1, n ¼ 0 spatial Fourier component of the poloidal
field Bθ at the plasma edge, li ¼ hB2

θi=B2
θðaÞ is the internal

inductance, and βp ¼ 2μ0hpi=B2
θðaÞ is the mean plasma

pressure normalized to the edge poloidal field. Smaller
values of Λ correspond to flatter current profiles and/or
lower thermal energy content. Three distinct regimes
delineated roughly by fG ¼ 1 and 2 can be identified based
on the scalings in Fig. 3, particularly in the more extensive
C ¼ 168mFdataset. Power laws of the form y ∝ hneix were
fitted to data in Figs. 3(a) and 3(b), and the resulting
exponents are given in Table I. The change in scaling around
fG ¼ 2 is associated with an abrupt flattening of the toroidal
current profile, based on the sharp decrease inΛ and internal
probe measurements described below in the context of
Fig. 4. The dataset with C ¼ 84 mF (no probe) exhibits
reduced radiation and input power and higherΛ, suggesting
that further optimization could yield higher maximum
density.
Prior measurements of core electron temperature, Te, in

MST tokamak plasmas with fG < 1 yielded 60–70 eV
[25]. Although direct measurement of Te was not possible
for the discharges presented here, rough estimates based on
Spitzer resistivity, ηsp ∝ T−3=2

e , and measured plasma re-
sistance yield Te ∼ 15–20 eV for fG ¼ 2 and 5–10 eV for
fG ¼ 10. This is consistent with an energy confinement
time, τE, which decreases from about 1 to 0.1 ms over the
range 1 < fG < 10. Additionally, internal probe measure-
ments indicate that the current profile is constant in time
starting at t ¼ 15 ms or earlier. Therefore, the discharges
are sustained much longer than the characteristic timescales
for energy and current transport, so they are considered to

be steady. Many of the proposed density limit mechanisms
rely on turbulent or radiative energy losses from the plasma
edge [10,12,20,21], so they are expected to develop on
timescales comparable to τE.
Radiative power losses generally scale as

P ∝ nenZLZðTeÞ, where nZ is the density of ions with
charge state Z, and LZ is the radiative cooling rate [29]. For
constant impurity content and temperature, radiated power
Prad ∝ n2e is expected. For bremsstrahlung radiation due to
electron-ion collisions, LZðTeÞ ∝ T1=2

e , but it is more
complicated when line radiation and recombination are
included. For low-Z impurities, LZ varies rapidly with Te at
low temperatures [30], which might explain the strong
scaling of the carbon line radiation measurements in the

FIG. 3. Variation of (a) ohmic input power, (b) photomultiplier
tube current from carbon III impurity line emission, and
(c) poloidal asymmetry factor Λ with density in the range fG ¼
0.4 to 10, where fG ¼ 1 and 2, based on Ip ¼ 50 kA, are
indicated as dotted lines. Three datasets are shown with different
power supply capacitance C, including one without probes
inserted. Power-law fits to the data are shown in (a) and (b),
as discussed in the text.

TABLE I. Power-law exponents from fits to separate datasets in
Fig. 3 are given for specific ranges in fG. The C ¼ 84 mF dataset
without probes is used.

Dataset fG range Pohm exponent IPMT exponent

C ¼ 168 mF < 1 0.43� 0.001 2.60� 0.02
C ¼ 168 mF [1, 1.6] 2.66� 0.13 7.63� 0.17
C ¼ 168 mF > 1.6 0.57� 0.001 −0.02� 0.01
C ¼ 84 mF [1, 2] 2.01� 0.001 6.16� 0.03

FIG. 2. Two tokamak discharges (a),(b) with plasma current
driven by the passive power supply, including line-average
density hnei (blue), Greenwald density nG (black, dashed),
and surface toroidal voltage VϕðaÞ (red, dotted), where discharge
(b) terminates when ne > nG.
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range 1 < fG < 2. The radiated power fraction Prad=Pohm
was not measured, but if it is near unity then the power
scaling in Table I for 1 < fG < 2 is roughly consistent with
the expected n2e dependence.
Further details of the current profile flattening implied by

Fig. 3(c) are obtained from internal magnetic probe data,
which are shown in Fig. 4 for 0.8 < fG < 4. At high fG the
current profile is finite out to the limiter, ruling out edge
detachment. Interestingly, the qðrÞ and jϕðrÞ profiles do not
change abruptly as fG ¼ 1 is crossed, but rather when fG
approaches 2. The current density rises near the wall,
reaching a value jϕ ≈ 50 kA=m2, which is close to hjϕi ¼
64 kA=m2 for Ip ¼ 50 kA, implying a nearly flat current
profile. The qðrÞ profile also becomes flat, such that the
low-order rational surfaces q ¼ 3=2 and 2=1 appear to be
absent from the plasma. Probe and Λ measurements in
Figs. 4(c) and 4(d) show that the flattening process occurs
within about 5 ms early in the discharge. In most cases
strong fluctuation activity is not observed. These may be
global radiative collapse events [31], where radiative cool-
ing drives up LZðTeÞ, resulting in positive feedback and
runaway cooling until a new equilibrium is reached with
relatively weak gradients in jϕðrÞ and TeðrÞ.
Line-averaged density profiles measured by the 11-chord

interferometer are shown in Fig. 5 for 0.4 ≤ fG ≤ 8.1, time-
averaged over 20 < t < 30 ms. In panel (a), the density

profile broadens slightly with increased peak density up to
fG ¼ 1.8 [green curve in Fig. 5(a)]. After the current
profile flattens, the peak density drops slightly, and the
density profile becomes more peaked (blue curve), indicat-
ing a change in particle confinement. Then, for fG > 3 the
profile once again broadens and shifts outboard (in the
major radial direction). The outermost two chords in this
direction are tangent to flux surfaces with r=a ≈ 0.69 and
0.83, but the latter was not reliable for fG > 3, probably
due to beam refraction. Despite the lack of edge data, it
appears that a density gradient is maintained across much
of the profile at high density, in contrast with the flattened
current profile that is affected by radiative losses.
Edge magnetic fluctuation measurements (not shown

here) exhibit periodic bursts corresponding to sawtooth
crashes below the Greenwald limit, transitioning to quasi-
continuous, rotating tearing mode (TM) activity just above
it. The TMs are generally weak or nonexistent after the
current profile flattens near fG ¼ 2 since they are driven by
the current gradient. However, in these conditions the
magnetic shear is low, so pressure-driven modes are
expected. It may be that interchange instabilities control
particle transport above fG ¼ 2 while thermal transport is
set by radiative processes, although this has yet to be
confirmed. At the highest densities obtained, the ion
collision frequency is near the cyclotron frequency, so
the ions are expected to lose magnetic confinement while
the electrons remain magnetized.
Questions remain about why, specifically, MST is able to

operate with high Greenwald fraction, and to what extent
this capability could be extended to higher-performance
devices. The uniquely long resistive wall time and high-
loop-voltage, feedback-controlled power supply are prob-
ably important. Notably, these features also permit stable
operation of MST with qðaÞ < 2 [25]. The wall helps to
stabilize RWM and TM that routinely cause disruptions in
other devices. The observed changes to magnetohydro-
dynamic activity and power scaling above nG support the
idea that TM could play a role in setting the Greenwald

FIG. 5. Line-averaged electron density measured using
an interferometer along 11 vertical chords at different major
radii R are shown in the range (a) 0.4 ≤ fG ≤ 2.1 and
(b) 2.1 ≤ fG ≤ 8.1. The data for fG ¼ 2.1 (magenta) are the
same in both panels, and fG ¼ 1 and 2 based on Ip ¼ 50 kA are
shown as dotted lines.

FIG. 4. Data from an internal magnetic probe showing (a) toroi-
dal current profile and (b) safety factor profile for 0.65 < r=a < 1
and fG ¼ 0.87 (black squares), 1.46 (orange circles), 1.74 (blue
triangles), 3.46 (magenta diamonds), and 3.91 (purple triangles);
(c) safety factor evolution from the probe at four radial locations
for fG ¼ 3.5; and (d) evolution of the poloidal asymmetry factor,
where colors correspond to the discharges in panels (a),(b), and
the discharge in panel (c) is dashed.
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limit [10]. Further measurements are needed to properly
assess the importance of interchange or ballooning turbu-
lence [12,13,20,22]. The lack of edge current-profile
collapse may be attributed to fast reaction of the active
power supply to changes in plasma resistance. Since the
supply is programmed to maintain constant Ip, radiative
collapse of the core toroidal current is compensated by
increased edge current drive and ohmic heating.
These results suggest that tokamak designs incorporating

long resistive wall times and strong, versatile current-drive
systems may be able to improve disruption resistance
and/or permit routine operation above the density limit.
The slow growth of RWM and TM due to the wall may
allow control systems to maintain stable operation, or
reduce thermal and magnetic quenching rates during
disruptions. Collapse of the edge pressure and current
profiles associated with density limit phenomena could be
counteracted with advanced feedback current-drive and
heating systems that can respond quickly and target the
edge region.
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