
Prepared for the U.S. Department of Energy under Contract DE-AC02-09CH11466.

Princeton Plasma Physics Laboratory

PPPL- 5213

gczechow
Typewritten Text

phampton

phampton
Typewritten Text
5080

phampton
Text Box
A dynamic magnetic tension force as the cause of failed solar eruptions

phampton
Text Box
  Clayton E. Myers, Masaaki Yamada, Hantao Ji, Jongsoo Yoo, William Fox, Jonathan Jara-Almonte, Antonia Savcheva & Edward E. DeLuca

phampton
Text Box
December 2015



Princeton Plasma Physics Laboratory 
Report Disclaimers 

Full Legal Disclaimer 

This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor any of 
their employees, nor any of their contractors, subcontractors or their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or any third party’s use or the results of such use of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof or its 
contractors or subcontractors. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agency thereof. 

Trademark Disclaimer 
Reference herein to any specific commercial product, process, or service by trade name, 

trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof or its 
contractors or subcontractors. 

PPPL Report Availability 

Princeton Plasma Physics Laboratory: 

http://www.pppl.gov/techreports.cfm 

Office of Scientific and Technical Information (OSTI): 
http://www.osti.gov/scitech/ 

Related Links: 

sdever
Text Box
U.S. Department of Energy

sdever
Text Box

sdever
Text Box
U.S. Department of Energy Office of Science

sdever
Text Box
U.S. Department of Energy Office of Fusion Energy Sciences

http://www.energy.gov
http://science.energy.gov
http://science.energy.gov/fes/


A dynamic magnetic tension force as the cause of failed
solar eruptions

Clayton E. Myers1,2, Masaaki Yamada2, Hantao Ji1,2,3, Jongsoo Yoo2, William Fox2, Jonathan

Jara-Almonte1,2, Antonia Savcheva4 & Edward E. DeLuca4

1Department of Astrophysical Sciences, Princeton University, Princeton, New Jersey 08544, USA

2Princeton Plasma Physics Laboratory, Princeton, New Jersey 08543, USA

3Laboratory for Space Environment and Physical Sciences, Harbin Institute of Technology, Harbin,

Heilongjiang 150001, China
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Coronal mass ejections are solar eruptions driven by a sudden release of magnetic energy1

stored in the Sun’s corona1. In many cases, this magnetic energy is stored in long-lived,2

arched structures called magnetic flux ropes2–5. When a flux rope destabilizes, it can either3

erupt and produce a coronal mass ejection or fail and collapse back towards the Sun6–8. The4

prevailing belief is that the outcome of a given event is determined by a magnetohydrody-5

namic force imbalance called the torus instability9–14. This belief is challenged, however, by6

observations indicating that torus-unstable flux ropes sometimes fail to erupt15. This contra-7

diction has not yet been resolved because of a lack of coronal magnetic field measurements8

and the limitations of idealized numerical modelling. Here we report the results of a labo-9

ratory experiment16 that reveal a previously unknown eruption criterion below which torus-10

unstable flux ropes fail to erupt. We find that such ‘failed torus’ events occur when the guide11
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magnetic field (that is, the ambient field that runs toroidally along the flux rope) is strong12

enough to prevent the flux rope from kinking. Under these conditions, the guide field inter-13

acts with electric currents in the flux rope to produce a dynamic toroidal field tension force14

that halts the eruption. This magnetic tension force is missing from existing eruption models,15

which is why such models cannot explain or predict failed torus events.16

For a laboratory experiment to study ideal instability solar eruption mechanisms such as17

the torus instability, it must adhere to the standard storage-and-release model for solar eruptions.18

According to this model, eruptions are triggered by transient events in the corona rather than by19

dynamic changes at the solar surface1. For an arched flux rope, the relative invariance of the20

solar surface translates to a slow driving requirement at the two ‘line-tied’ (anchored) footpoints.21

Previous laboratory arched flux rope experiments17–19 have deviated from the storage-and-release22

model by relying on the dynamic injection of either plasma or magnetic flux at the footpoints to23

produce an eruption. In contrast, the present experiments16 enforce a strict separation of timescales24

between the footpoint driving time, τD, and the dynamic Alfvén time, τA, such that the observed25

eruptions must be driven by storage-and-release mechanisms (see Methods and Extended Data26

Tables 1 and 2).27

Flux ropes in the solar corona are most susceptible to two ideal magnetohydrodynamic in-28

stabilities: the torus instability9–14 and the kink instability20–24 (see Methods). At present, the torus29

instability is thought to be the primary driver of eruptions13, while the kink is believed to play a30

secondary part7. The onset criteria for these instabilities are inextricably linked to the ambient po-31
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tential magnetic field (also known as the vacuum field) in which the flux rope is embedded. On the32

Sun, the potential field is produced by sources located beneath the solar surface, while in the lab-33

oratory it is produced by fixed magnetic field coils located outside the plasma (see Extended Data34

Fig. 1). In either case, the potential field can be decomposed into two orthogonal components: the35

strapping field, which runs perpendicular to the flux rope, and the guide field, which runs toroidally36

along it (see Extended Data Fig. 2). The strapping field is central to the torus instability in that37

it produces the strapping force, which counters the upward-driving ‘hoop’ force and restrains the38

flux rope (see Methods). The guide field, on the other hand, is central to the kink instability in that39

it reduces the magnetic twist in the flux rope (see Methods).40

More quantitatively, the critical parameter for the torus instability is the potential field decay41

index10, n, which characterizes the spatial decay of the potential field (a high n value indicates a42

steep spatial decay and hence torus instability; see Methods). Likewise, the critical parameter for43

the kink instability is the edge safety factor25–27, qa (where a is the edge minor radius of the flux44

rope), which characterizes the inverse magnetic twist in the flux rope (a low qa value indicates a45

high twist and hence kink instability; see Methods). Our laboratory experiments facilitate the inde-46

pendent control of n and qa, enabling us to systematically explore the torus versus kink instability47

parameter space and to identify the stability boundaries.48

The n versus qa parameter space is scanned in the experiment by independently modifying49

the magnitude and the vertical (z) profile of each potential field component. Figure 1 compares50

two representative flux rope plasmas with different potential field settings: the flux rope in Fig.51
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1c has high qa and low n such that it is stable, while the flux rope in Fig. 1d has low qa and52

high n such that it erupts violently and repeatedly towards the wall of the machine. These are53

just two examples from a comprehensive scan of n and qa, the results of which are shown in Fig.54

2. Four distinct parameter regimes are readily identified in the experimental data. Three of these55

(the stable, eruptive, and failed kink regimes) are consistent with the present understanding of the56

torus and kink instabilities. In particular, the kink instability appears below qa ' 0.8 but does not57

necessarily drive an eruption. Only when the decay index also exceeds the observed torus threshold58

(n ' 0.8) does the failed kink regime give way to the eruptive regime (consistent with numerical59

simulations7). Interestingly, the observed torus threshold of n ' 0.8 is substantially lower than60

the theoretical expectation of n = 3/2. This reduced threshold is consistent with the theory of61

the ‘partial torus instability’, which accounts for the effect of the line-tied geometry on the hoop62

force28. The fourth instability regime identified in Fig. 2, which we call the ‘failed torus’ regime,63

contradicts the widely held notion that the torus criterion is a sufficient condition for eruption. In64

this regime, kink-stable flux ropes that exceed the torus threshold fail to erupt. This behaviour65

cannot be explained in terms of the hoop and strapping forces alone. Instead, a magnetic tension66

force related to the toroidal guide field plays a crucial part.67

To examine more carefully the physics of the failed torus regime, magnetic field data from a68

characteristic failed torus event are shown in Fig. 3. The height-time evolution of this event (Fig.69

3a) shows that the plasma initially rises before saturating and then rapidly collapsing downward.70

Clues as to why this occurs are found in spatial plots of the toroidal current density, JT (Fig. 3d, see71

Extended Data Table 3 for descriptions of the various current and field components). The internal72
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profile of JT rapidly transforms from nearly uniform to strikingly hollow during the failed torus73

event. This hollowing of the current profile is accompanied by a transient increase in the internal74

toroidal magnetic field, BT i (Fig. 3e). The toroidal field BT i and its associated poloidal currents,75

JP , are self-generated by the plasma in order to achieve a force-free state. Given that both the76

laboratory and solar flux ropes are magnetically rather than thermally dominated, the measured77

BT i is paramagnetic in nature (that is, it enhances rather than cancels the ambient guide field, Bg).78

As such, the poloidal currents, JP , cross with the toroidal field, BT , to produce a large, dynamic79

tension force that causes the eruption to fail (see Methods).80

In the absence of substantialBg, the tension force is much reduced. This leads to the eruptive81

behaviour shown in Extended Data Fig. 3, where the JT profile remains relatively uniform through-82

out the event and the flux rope expands freely towards the wall of the machine. The observed rapid83

reformation of the flux rope after the eruption may differ from events in the solar corona. Assess-84

ing the impact of laboratory factors such as external inductance and boundary conditions on this85

phenomenon is an important topic for future work.86

As a final step, we now quantitatively examine the magnetic forces acting on the flux rope.87

The three forces considered here are the hoop (Fh), strapping (Fs), and toroidal field tension (Ft)88

terms (see Methods and Extended Data Table 3). For the failed torus event in Fig. 3, all three89

force terms initially decline in magnitude (see Fig. 3c). As the event proceeds, however, the90

tension force dramatically surges in magnitude, thereby halting the upward motion of the flux91

rope. For the eruptive event in Extended Data Fig. 3, on the other hand, all three force terms92
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decline monotonically. The remarkable transient increase of the tension force in the failed event93

warrants further investigation. Figure 3b shows that there is a rapid conversion of poloidal to94

toroidal magnetic flux during the failed torus event. This flux conversion is the signature of a95

dynamic plasma relaxation event such as those observed in laboratory fusion devices29.96

Relaxation events occur because the plasma can find a lower energy state through internal97

reconfiguration rather than through external eruption. The traditional view is that the system ‘self-98

organizes’ to a lower energy state while conserving magnetic helicity, and that the underlying99

physical mechanism is magnetic reconnection30. This reconnection is transient, three-dimensional,100

and internal to the flux rope, making it difficult to track experimentally. Nonetheless, the plasma’s101

tendency to conserve helicity sheds light on the observed behaviour. Helicity characterizes the102

linkage between the poloidal and toroidal fluxes such that the product of the two is approximately103

conserved. Thus, the hollowing of the JT profile, which reduces the poloidal flux in the rope, must104

be accompanied by a surge in the toroidal flux (and therefore a surge in the toroidal field tension105

force). Finally, we observe relaxation events only when the potential guide field is large enough106

to prevent the flux rope from kinking (that is, qa & 0.8). When qa . 0.8, on the other hand,107

self-organization fails because of the disruptive nature of the external kink mode.108

With the laboratory results in hand, we now turn to their implications for eruptions in the109

solar corona. First, the existence of the failed torus regime implies that the onset of the torus110

instability is not a sufficient condition for eruption. As such, the toroidal field tension force that111

produces failed torus events must be added to the physical models that are used to study solar112
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eruptions. Doing so presents a substantial challenge for two reasons.113

First, because the toroidal field tension force dynamically surges during a failed torus event,114

time-resolved modelling of the flux rope is crucial. This rules out quasi-static nonlinear force-free115

field (NLFFF) modelling, which has shown promise as a tool for understanding coronal configura-116

tions such as erupting sigmoids14. Second, the plasma relaxation events that enhance the toroidal117

field tension force are inherently three-dimensional29. As such, the full line-tied geometry of the118

flux rope must be modelled in both time and space in order to resolve the physical mechanisms119

that define the failed torus regime. These difficult modelling requirements may explain why this120

regime has not been previously identified in numerical simulations.121

Our results also have direct implications for remote observations of the corona. For example,122

the presence of a substantial guide magnetic field in the potential field configuration of a given123

flux rope should indicate a reduced probability of eruption. This information can be obtained124

from relatively simple reconstructions of the flux rope’s magnetic topology, even if a full model125

of the dynamically evolving magnetic field is not available. One promising candidate for study126

is the recent non-eruptive active region of the Sun’s surface NOAA AR 12192, which was one of127

the largest and longest-lived active regions of the space age. This region produced multiple large128

flares (it was the most prolific active region in solar cycle 24), but no coronal mass ejections were129

observed during its disk passage15. Preliminary inspection of the observational data shows that a130

number of the flares were associated with failed eruptions in the torus-unstable regime. If these131

events were indeed failed torus events, they may be explained by the toroidal field tension force132

7



mechanism identified here.133

Finally, our results do not preclude the torus instability as an eruption mechanism for kink-134

stable flux ropes. Rather, they demonstrate that torus-driven eruptions can fail under certain con-135

ditions. Thus, comparing and contrasting the features of kink-stable flux ropes that do erupt with136

those that fail is a key next step towards a comprehensive understanding of the flux rope instability137

parameter space.138
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Figure 1 | Representative stable and erupting flux rope discharges. a, Experimental setup

showing the arched flux rope (pink) attached to two conducting footpoints. The yellow vertical

lines represent the in situ magnetic probes (see Methods). b, Height-time histories of the two flux

rope discharges. The frame sequences in c and d are taken from the short time period shaded

in grey. c, d, Frame sequences with the measured out-of-plane magnetic field overlaid on corre-

sponding fast camera visible light images (data ID numbers are shown on the right). The measured

magnetic axis locations (the solid lines) are defined by the reversal of the out-of-plane magnetic

field (see Methods). A video of the full discharge evolution is included as a Supplemental Video.

τA, dynamic Alfvén time; xf , footpoint separation distance; z, vertical height above the footpoints.

13



Figure 2 | The experimentally measured torus versus kink instability parameter space. The

x axis represents the kink instability through the edge safety factor qa (the inverse magnetic twist),

while the y axis represents the torus instability through the potential field decay index n. Each

data point is the mean of 2–5 flux rope plasma discharges with the same experimental parameters.

A total of 806 flux rope plasma discharges are represented. The metric used here to quantify the

eruptivity of each flux rope is the normalized spatial instability amplitude 〈δz〉/xf (see Methods).

A value of 〈δz〉/xf < 0.5 is stable, while 〈δz〉/xf > 1 is clearly eruptive. The shaded boundaries,

which are empirically identified, delineate the four distinct instability parameter regimes described

in the text.
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Figure 3 | Magnetic analysis of a characteristic failed torus event. See Extended Data Fig.

4b for the magnetic probe orientation. a, Relative perturbation amplitude showing that the flux

rope initially expands before collapsing back downward. b, Time evolution of the toroidal and

poloidal magnetic fluxes within the flux rope. c, Time evolution of the hoop (Fh), strapping (Fs),

and toroidal field tension (Ft) forces, showing the surge in the tension force that ultimately causes

the event to fail. d, e, Sequenced spatial plots of the toroidal current density (JT ) and the internal

toroidal field (BT i) showing the dramatic hollowing of JT and the simultaneous transient increase

in BT i (compare with Extended Data Fig. 3).
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Methods154

Candidate solar eruption mechanisms155

Ideal magnetohydrodynamic instabilities such as the torus and kink instabilities are central to the156

standard storage-and-release model of solar flares and coronal mass ejections1. In addition to157

such ideal instabilities, the non-ideal process of magnetic reconnection is routinely invoked to158

explain various observed solar flare and coronal mass ejection features. For example, reconnection159

produces flare emission beneath the expanding/rising flux rope and contributes to the evolution of160

the flux rope height31. Reconnection is also the central driving mechanism in some coronal mass161

ejection initiation models32. Magnetohydrodynamic simulations and data-driven modelling have162

shown, however, that the torus instability plays a crucial part in driving magnetic flux ropes to163

erupt, even in the presence of magnetic reconnection14. Accordingly, our flux rope experiments164

are designed to identify the stability boundaries for the triggering of candidate ideal instability165

eruption mechanisms.166

The torus instability is triggered by an imbalance in the vertical forces acting on the flux rope167

plasma10. The traditional forces considered for the torus instability are (1) the upward ‘hoop’ force168

Fh, which is the Lorentz force between the toroidal (axial) flux rope current and its own poloidal169

(azimuthal) magnetic field; and (2) the downward ‘strapping’ force Fs, which is the Lorentz force170

between the same toroidal current and the potential strapping field (see the Methods subsection171

‘Magnetic force analysis’). Analysis of Shafranov’s toroidal equilibrium equations33 reveals that172

the torus instability threshold can be expressed analytically in terms of the potential field ‘decay173
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index’10, 34:174

n(z) = − z

|Bpot|
∂|Bpot|
∂z

, (1)

where Bpot is the potential magnetic field and z is the height above the solar surface. A larger value175

of n indicates a more quickly decaying potential field. For a toroidally symmetric, large-aspect-176

ratio flux rope, the torus instability criterion10, 34 reduces to n ≥ 3/2, which is a remarkably concise177

result given the complexity of the system. Much effort has been expended to more accurately178

determine the torus threshold for the realistic line-tied conditions of the solar corona, but a wide179

range of estimates remain13, 16, 28, 35.180

The kink instability20–24, on the other hand, is triggered when the twist in the magnetic field181

at the edge of the flux rope (that is, the poloidal angle through which an edge magnetic field line182

rotates as it transits the toroidal length of the flux rope) exceeds a critical threshold25, 26. The183

analytical kink onset condition is often given in terms of the edge safety factor25–27, qa, which is184

defined as the inverse of the edge magnetic twist, ιa:185

qa ≡
2π

ιa
=
dΦT

dψP

∣∣∣∣
r=a

' 2πa

L

BTa

BPa

. (2)

Here, ΦT is the enclosed toroidal magnetic flux, ψP is the enclosed poloidal magnetic flux, r is186

the minor radial coordinate, and a is the minor radius of the flux rope. In the latter expression,187

L is the rope length, BTa is the edge toroidal field strength, and BPa is the edge poloidal field188

strength. The well-known Kruskal-Shafranov kink criterion25–27 predicts instability for qa ≤ 1,189

but numerical analyses of arched, line-tied flux ropes at finite aspect ratio22, 24 have predicted a190

more stable criterion of qa . 0.8. Previous laboratory experiments on linear36–38 and arched39
191
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line-tied flux ropes have demonstrated the importance of the line-tied boundary conditions to the192

kink stability criterion. In spite of these efforts, the combined stability against both torus and kink193

perturbations in the two-dimensional n versus qa parameter space has not been well explored.194

Experimental setup and solar relevance195

Our experiments are conducted in the Magnetic Reconnection Experiment (MRX)40 at Princeton196

Plasma Physics Laboratory. To produce solar-relevant line-tied magnetic flux ropes, the MRX197

device is substantially modified from its standard operating mode16. In particular, its magnetic-198

reconnection-producing ‘flux cores’ are removed and replaced with a custom-built flux rope ap-199

paratus that contains the following: (1) two electrodes that serve as the flux rope footpoints; (2)200

two sets of magnetic field coils inside the vessel that produce the guide and strapping potential201

magnetic field; and (3) a glass substrate that physically separates the z > 0 plasma region from202

the z < 0 field coil region (see Extended Data Fig. 1). The two electrodes are circular copper203

discs with a footpoint radius of af ' 7.5 cm and a horizontal separation distance of 2xf ' 36 cm.204

The entire flux rope apparatus is housed within a cylindrical stainless steel vacuum vessel that is205

evacuated to p ∼ 10−6 Torr. Finally, two additional sets of magnetic field coils located outside the206

vessel are used to adjust the guide and strapping field spatial profiles.207

Before a flux rope plasma can be produced in the experiment, the desired potential mag-208

netic field configuration must be created. This is accomplished by energizing the four independent209

magnetic field coil sets introduced above. Each potential field component (guide or strapping) is210
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produced by superposing the fields from two of the four available coil sets (one inside the vessel211

and one outside the vessel per field component). This superposition provides two degrees of free-212

dom for each field component that are typically used to independently set the field strength and the213

field decay index (see equation (1)). The independent control of these two parameters for both the214

guide and strapping fields facilitates a systematic exploration of the torus versus kink instability215

parameter space.216

Once a given potential field configuration has been selected, a precisely timed sequence of217

events is initiated. First, the potential magnetic field coils are energized to their requested settings218

and held there for the duration of the discharge. In practice, the potential field ramp is completed219

7 ms prior to the formation of the flux rope plasma. This is more than twice the inductive skin220

time of the vessel wall and of the copper electrodes (τw ∼ τf ∼ 3 ms), such that any induced eddy221

currents decay away before the plasma is formed. Next, neutral gas, typically hydrogen, is injected222

into the vessel to provide a particle source for the plasma. The gas is injected at both the vessel wall223

and directly at the cathode surface in order to ensure consistent plasma breakdown at reasonable224

fill pressures and firing voltages (p ∼ 10 mTorr, V ∼ 4 kV). Finally, a charged capacitor bank225

is connected across the electrodes to break down the neutral gas into an arc discharge plasma.226

As electric current and therefore free magnetic energy is slowly injected into the system, the pre-227

existing potential magnetic field lines are twisted into a magnetic flux rope. This procedure is228

repeated thousands of times over the course of the experimental campaign in order to generate flux229

ropes with a wide range of equilibrium and stability properties.230
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The typical parameters of our laboratory flux ropes are displayed in Extended Data Table231

1. These laboratory parameters can be used to compute key dimensionless physics parameters232

that justify the relevance of our laboratory experiments to storage-and-release eruptions in the233

solar corona (see Extended Data Table 2). First, a strict timescale ordering must be satisfied. In234

particular, the aforementioned driving timescale, τD, must be substantially longer than the dynamic235

Alfvén timescale, τA, and substantially shorter than the resistive timescale, τR. The separation236

between τA and τD satisfies the storage-and-release requirement, while the separation between τD237

and τR respects the high conductivity of the solar corona.238

Additionally, for the physical phenomena observed in the laboratory to be independent of239

scale (and therefore be applicable to the corona), the laboratory plasma must reside in the mag-240

netohydrodynamic regime. Such extrapolation is possible because magnetohydrodynamics has no241

fundamental spatial length scale41. The magnetohydrodynamic nature of a given plasma is char-242

acterized by the remaining parameters in Extended Data Table 2. First, ρi/a � 1 indicates that243

the ratio of the Larmor radius of individual ions to the flux rope minor radius is small, such that244

scale-dependent finite Larmor radius effects are negligible. Second, λei/L � 1 indicates that the245

plasma collisionality is high, such that the fluid approximation employed by magnetodynamics is246

valid. Third, the Lundquist Number S � 1 is large, such that magnetic field lines are frozen into247

the plasma and ideal magnetohydromic instabilities such as the kink and torus instabilities will248

govern the behaviour of the system. Fourth, the ionization fraction, ne/(ne + nn), indicates that249

the laboratory plasma is ionized sufficiently for magnetodynamic rather than neutral physics to250

dominate. Finally, the plasma β � 1 indicates that the plasma is magnetically rather than ther-251
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mally dominated. This combination of dimensionless parameters justifies the application of our252

laboratory experiments to the solar eruption problem.253

Laboratory diagnostics254

Two primary diagnostics are used in our experiments: fast visible light cameras and in situ mag-255

netic probes. Data from both diagnostics are compared in Fig. 1. The fast cameras are used to256

qualitatively assess the location and performance of the arc discharge plasmas. They are Vision257

Research Phantom v710 monochrome cameras operated with a 1-µs exposure at 270,000 frames258

per second (∼ 3-µs, 1-τA cadence). The collected light spans the visible spectrum, with the pri-259

mary contribution coming from the Hα hydrogen neutral line. The dominance of neutral light in260

these images makes them fundamentally different from the extreme-ultraviolet images of the solar261

corona that are acquired by instruments such as the Atmospheric Imaging Assembly (AIA) aboard262

the Solar Dynamics Observatory (SDO)42.263

The in situ magnetic probes, on the other hand, directly measure the internal magnetic struc-264

ture of the flux rope plasma. Each probe is constructed from a long, thin glass tube (64 cm long,265

0.7 cm diameter) that houses up to 51 miniature magnetic pickup coils that are distributed along266

its length. These pickup coils each measure the time derivative of one component of the vector267

magnetic field, and the resulting signals are integrated to measure the magnetic field as a function268

of time. The pickup coils are grouped in orthogonal triplets in order to measure the complete vec-269

tor field at each spatially distributed location. Seven such probes housing approximately 300 total270
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pickup coils are inserted into the plasma in order to map out the magnetic field at more than 100271

locations in a two-dimensional plane. The triplets within each probe are separated vertically at 4272

cm intervals, and the seven probes are separated horizontally by 4 cm to produce a 4 cm × 4 cm273

measurement grid over a 24 cm × 64 cm cross-section of the plasma. As shown in Extended Data274

Fig. 4, this two-dimensional plane can be oriented parallel to or orthogonal to the flux rope axis.275

Sample magnetic field measurements for each case are also shown, with the colour representing276

the out-of-plane field and the vectors representing the in-plane field. Both the arched shape of the277

flux rope and its quasi-circular cross-section are clearly visible in these data. The magnetic field278

data is digitized at 2.5 MHz (0.4-µs, 0.1- τA timebase). As such, the instabilities studied here are279

well resolved temporally. Though the magnetic probes are inserted directly into the plasma, they280

are thin and non-conducting and therefore largely non-perturbative. Their use in MRX for detailed281

physics studies is well established43.282

Height-time evolution and instability parameter space analysis283

To characterize the behaviour of a given flux rope plasma, the spatially distributed magnetic field284

data acquired during the discharge can be reduced to a ‘height-time’ plot that succinctly tracks285

the evolution of the flux rope magnetic axis. This is accomplished by selecting a single vertical286

magnetic probe from the array and extracting the measured By(t, z) data. The By field component287

is the superposition of the ‘internal’ poloidal field produced by the plasma, BPi, and the external288

strapping field, Bs. Its reversal point at By(t, z) = 0 therefore constitutes a measurement of the289

magnetic axis of the flux rope. Four sample height-time plots, one from each of the four instability290

22



regimes identified in Fig. 2, are shown in Extended Data Fig. 5. The colour in each height-time291

plot represents By(t, z), with the black line indicating the measured magnetic axis location. The292

qualitative differences between the different instability regimes are clearly visible in these plots.293

To arrive at the more quantitative assessment of the instability parameter space presented in Fig.294

2, however, the height-time data must be further reduced.295

In our experiments, we use three scalar quantities to summarize the performance of a given296

flux rope plasma: (1) the edge safety factor, qa; (2) the field decay index, n; and (3) the spatial297

instability amplitude, 〈δz〉/xf . The first two parameters place the plasma within the torus versus298

kink instability parameter space, while the third is a metric developed to quantify the eruptivity299

of a given flux rope. In each discharge, qa and n are evaluated at the maximum of the 〈zapex〉300

waveform, which tracks the time-averaged height of the flux rope apex (see Extended Data Fig.301

5). The evaluation of n via equation (1) is straightforward given that the potential field magnitude,302

|Bpot|, is well-defined by the geometry of the magnetic field coils in the experiment.303

To evaluate qa ' 2πaBTa/LBPa via equation (2), on the other hand, the footpoint values304

of the minor radius and the magnetic fields are used: a = af , BTa = Bgf , and BPa = BPf '305

µ0IT/2πaf , where IT is the toroidal flux rope current. The length of the rope, L, is approximated306

here using a ‘shifted-circle’ model for the rope axis3, 16 that depends only on the apex height,307

〈zapex〉, and the footpoint separation distance, xf . This approximation for qa assumes that toroidal308

flux is conserved along the length of the flux rope. It can have errors of up to 10%, however,309

which are mostly caused by uncertainty in the fraction of the measured capacitor bank current310
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that is carried in the flux rope. Based on magnetic probe measurements, this fraction is typically311

90%. The final step is to evaluate the instability amplitude metric, 〈δz〉/xf . Here, the dynamic312

spatial amplitude 〈δz〉 is defined as the maximum of the envelope of the dynamic motion of the313

magnetic axis. The relevant values of qa, n, and 〈δz〉/xf are listed in Extended Data Fig. 5c. These314

values show that the instability amplitude provides a quantitative assessment of the qualitatively315

disparate behaviours of the four flux rope discharges in Extended Data Fig. 5b. Finally, in order316

to produce the parameter space scatterplot in Fig. 2, the data from multiple flux rope plasmas with317

the same experimental parameters are combined. Each data point in Fig. 2 contains the mean of318

2–5 discharges such that more than 800 discharges are represented.319

Magnetic force analysis320

The magnetic probe data are also used to directly measure the magnetic forces acting on the line-321

tied flux rope. These force measurements are used to demonstrate the key role of the toroidal field322

tension force in the failed torus regime. The forces in a low-β plasma (one with negligible thermal323

pressure) are dominated by magnetic J×B Lorentz forces, where J is the current density and B is324

the magnetic field. Here, the total force density J×B is decomposed into three key contributions:325

(1) the hoop force, Fh; (2) the strapping force, Fs; and (3) the tension force, Ft (see Extended Data326

Table 3). The hoop force pushes the flux rope plasma outward, while the strapping and tension327

forces push downward and work together to confine the rope.328

The first step in evaluating the three force terms described above is to decompose the mag-329
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netic field and current density into the individual components that contribute to each force term330

(see Extended Data Table 3). Sample magnetic field and current density measurements are shown331

in Extended Data Fig. 6. The computation of JP from the BT i data requires a measurement of the332

toroidal curvature of the rope (see below). The final output of the field and force decomposition333

in Extended Data Table 3 is the set of force densities fh, fs, and ft. These quantities are ‘force334

densities’ rather than forces because they have units of force per volume. The forces plotted in335

Fig. 3 and Extended Data Fig. 3, on the other hand, are the forces per unit length, Fh, Fs, and336

Ft, that are integrated from the aforementioned force density terms. It is important to note that337

the tension force density, ft, actually contains both magnetic tension and pressure contributions.338

The tension contribution is derived from the toroidal curvature of the magnetic field in the arched339

flux rope, and at large aspect ratio its leading term is proportional to BT iBT/R, where R is the340

radius of curvature of the flux rope16. The pressure contribution, on the other hand, is derived from341

gradients in the internal toroidal field, BT i. In practice, the tension contribution to ft dominates342

the pressure contribution. As such, here we refer to ft as simply the toroidal field tension force to343

avoid unnecessarily complicating the physics discussion.344

As noted above, the force densities must be integrated above over the cross-section of the345

flux rope. This converts the force densities, f , to the forces per unit length, F , that are plotted in346

Fig. 3c and Extended Data Fig. 3c. The cross-section integral takes the form:347

F (zapex) =
1

Rapex

∫ 2π

0

dθ

∫ a

0

dr
[
r hT (z) f(r, θ)

]
, (3)

where Rapex is the radius of curvature at the flux rope apex, (r, θ) are cylindrical coordinates in the348

(y, z) plane, a(θ) is the flux rope minor radius, and hT is the toroidal curvilinear scale factor that349
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accounts for the toroidal curvature of the flux rope. The curvilinear scale factor is directly measured350

from flux rope plasmas with the probe array aligned in the toroidal cross-section (see Extended351

Data Fig. 4). The resulting curvature measurements are then used to analyse the magnetic forces352

in equivalent flux rope plasmas with the probe array aligned in the poloidal cross-section16. The353

remaining quantity in equation (3) is the minor radius a(θ), which sets the extent of the flux rope354

cross-section. This quantity is obtained via the poloidal flux function of the flux rope ψ(y, z). The355

flux function is obtained by line integrating the measured poloidal magnetic field components as356

follows:357

ψ(y, z) = −
∫
Cy

dy hTBz +

∫
Cz

dz hTBy, (4)

where By and Bz are the in-plane components of the poloidal field and Cy and Cz are the paths358

of integration along each direction. By construction, the integration is path independent. Contours359

of the resulting poloidal flux function are shown in blue on the left-hand side of Extended Data360

Fig. 6. The minor radius a(θ), shown in red, is defined by the flux function contour that encloses361

∼ 90% of the total current that is fed to the electrodes. With the minor radius now defined, the362

three forces per unit length can be computed at each instant in time. These integration techniques363

are also used to evaluate the toroidal and poloidal magnetic fluxes that are plotted in Fig. 3 and364

Extended Data Fig. 3. An extensive analysis of the equilibrium force balance in non-erupting flux365

ropes benchmarks the strapping force measured with these techniques to within 5% of analytical366

expectations. Furthermore, a force-free equilibrium is measured to within ±15% of the hoop367

force magnitude16 over an ensemble of hundreds of non-erupting flux ropes. These results give368

confidence in the force measurements presented in Fig. 3 and Extended Data Fig. 3.369
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Extended Data Figure 1 | Experimental setup. A plasma arc (pink) is maintained between two

electrodes that are mounted on a glass substrate. The electrodes, which serve as the flux rope

footpoints, are horizontally separated by 2xf = 36 cm, and they have a minor radius of af = 7.5

cm. The vertical distance from these footpoints to the vessel wall is zw ∼ 70 cm. Four magnetic

field coil sets (two inside the vessel, two outside) work in concert to produce a variety of potential

magnetic field configurations. More specifically, the two orange coil sets are used to produce the

guide potential field, while the two blue coil sets are used to produce the strapping potential field.
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Extended Data Figure 2 | Components of the potential magnetic field configuration. The

strapping field runs perpendicular to the flux rope axis and produces the well-known strapping

force whose rapid decay can trigger the torus instability. The guide field, on the other hand, runs

toroidally along the flux rope axis. It stabilizes the kink instability and generates a confining

magnetic tension force. The total potential magnetic field, which is the superposition of the guide

and strapping field contributions, is obliquely aligned to the flux rope.
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Extended Data Figure 3 | Magnetic field analysis of a characteristic eruptive event. a, The

spatial evolution of the eruptive perturbation (red), with the failed torus event from Fig. 3a for

comparison (black). b, Evolution of the poloidal and toroidal magnetic fluxes. Note the monotonic

evolution of both fluxes. c, Hoop (Fh), strapping (Fs), and tension (Ft) force evolution, which

are also strictly monotonic. d, e, Sequenced JT and BT i evolution. Note that the current profile

remains uniform and rises steadily towards the wall of the machine. A new flux rope is forming at

low altitude in the final frame.
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Extended Data Figure 4 | Sample in situ magnetic field measurements. Seven linear magnetic

field probes (yellow) are inserted vertically into the flux rope plasma. The alignment of the two-

dimensional probe plane is either (a) parallel to the footpoint axis or (b) perpendicular to it. In

the sample data, the colour represents the out-of-plane field, while the vectors represent the in-

plane field. The position of the magnetic axis In the toroidal cross-section (the solid black line)

is determined by the reversal in the out-of-plane poloidal magnetic field, By. The position of the

magnetic axis in the poloidal cross-section is defined as the O-point in the circulating in-plane field

(By,Bz). The out-of-plane field in the latter case is the ‘internal’ toroidal field of the flux rope BT i,

which is paramagnetic in nature.
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Extended Data Figure 5 | Height-time plots from four representative flux rope discharges. a,

Mean toroidal plasma current waveform showing that the plasma current is nearly the same in all

four cases (the green band is the standard deviation). b, Four sample height-time plots, one from

each of the four stability regimes identified in Fig 2. The magnetic axis position (the black line) is

defined by the zero-crossing in the By(t, z) data, which is shown in colour. The red line in each

frame is the time-averaged height of the flux rope apex 〈zapex〉. This waveform provides the height

where qa and n are measured in each discharge. c, Table of extracted flux rope parameters for each

discharge.
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Extended Data Figure 6 | Magnetic field and current density data for computing flux rope

forces. The probe array is aligned as shown in Extended Data Fig. 4b. In the left panel, the colour

is the toroidal current density, JT , and the vectors are the poloidal magnetic field, BP . In the right

panel, the colour is the internal toroidal field BT i, and the vectors are the poloidal current density

JP . With all components of J and B measured, the force densities listed in Extended Data Table 3

can be readily computed. The contours in the left panel are contours of the poloidal flux function

ψ(y, z) (see equation (4)). The minor radius of the rope a(θ) is defined by the poloidal flux contour

shown in red (see Methods).
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Extended Data Table 1 | Laboratory flux rope parameters. The quoted magnetic field strength,

B, represents the footpoint-to-footpoint average along the rope. The electron density, ne, and tem-

perature, Te, are approximate, owing to the limited availability of Langmuir probe data from these

arc discharge plasmas. The characteristic footpoint driving time, τD, is set by the the capacitance,

inductance, and resistance of the combined capacitor bank and plasma arc circuit. The laboratory

parameters in this table are used to compute the related dimensionless parameters in Extended Data

Table 2.

Extended Data Table 2 | Comparison of solar and laboratory dimensionless parameters.

While the laboratory experiments are not able to replicate the extreme parameters of the corona,

they do satisfy the key dimensionless limits required to produce storage-and-release eruptions that

are driven by ideal magnetohydrodynamic instabilities (see Methods).
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Extended Data Table 3 | Decomposition of magnetic field, current density, and force terms.

This decomposition is chosen so that the quantities can be grouped into those related to the poloidal

magnetic field (Bs, BPi, JT , fh, and fs) and those related to the toroidal magnetic field (Bg,

BT i, JP , and ft). The force densities, f , are integrated to force per-unit-length, F , before being

compared (see Methods). Note that for simplicity, scalar representations of the vector components

of B and J are used in the main text (for example, BT ≡ êT ·BT ).
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Supplemental Video 1 | Representative stable and erupting flux rope discharges. Top left:

Experimental setup showing the pink arched flux rope attached to two conducting footpoints. The

yellow vertical lines represent the in situ magnetic probes (see Methods). Bottom left: Height-time

histories of the two flux rope discharges. Right: Frame sequences with the measured out-of-plane

magnetic field overlaid on corresponding fast camera visible light images. The measured magnetic

axis locations (the solid lines) are defined by the reversal of the out-of-plane magnetic field (see

Methods). See Fig. 1 for a breakout of individual frames from this video.
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