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Abstract  
 The dynamics of magnetic reconnection was investigated in a laboratory 
experiment consisting of two magnetic flux ropes, with currents slightly above the 
threshold for the kink instability.   The evolution features periodic bursts of magnetic 
reconnection.  To diagnose this complex evolution, volumetric three-dimensional (3D) 
data was acquired for both the magnetic and electric fields, allowing key field-line 
mapping quantities to be directly evaluated for the first time with experimental data. The 
ropes interact by rotating about each other and periodically bouncing at the kink 
frequency.  During each reconnection event, the formation of a quasi-separatrix layer 
(QSL) is observed in the magnetic field between the flux ropes.  Furthermore, a clear 
correlation is demonstrated between the quasi-separatrix layer and enhanced values of the 
quasi-potential, computed by integrating the parallel electric field along magnetic field 
lines. These results provide clear evidence that field lines passing through the quasi-
separatrix layer are undergoing reconnection, and give a direct measure of the nonlinear 
reconnection rate. The measurements suggest that the parallel electric field within the 
QSL is supported predominantly by electron pressure, however resistivity may play a 
role.  
 
Introduction. 
 
 Flux ropes are magnetic structures with helical magnetic fields (and currents) and 
are known to occur throughout space and astrophysical plasmasi. Flux ropes routinely 
occur within the Earth’s magnetopause boundary layer, and also within the magnetotail.  
The surface of the sun is littered with arched flux ropes.  Some are stable and others can 
erupt resulting in coronal mass ejections (CMEs).  Large CMEs have caused power 
outages and can populate the earth’s radiation belts with high-energy ions and electrons 
that may damage or destroy satellites.  When two or more flux ropes are close to one 
another they will interact.  The  

r
J ×

r
B  force will cause ropes to twist about one another 

(and themselves).  The ropes can merge as they attempt to achieve a force free state.  On 
the other hand, sheets of current can spontaneously form multiple flux ropes through the 
tearing instabilityii.  The magnetic fields and associated current systems of flux ropes are 
quite complicated and a complete study has to account for where they originate and how 
they close. Finally flux ropes can be kink unstable.  If adjacent ropes are unstable they 
can collide, when they kink, leading to sheared magnetic fields in the interaction regions, 
which are susceptible to magnetic reconnection. In the present study, this scenario is 
observed in a laboratory experiment conducted in the Large Plasma Device (LAPD) at 
UCLA.  Within this complex 3D evolution, it is more difficult to rigorously define and 
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compute the reconnection rate.  Strictly speaking, true topological changes in the 
magnetic field do not occur in these strong guide field systems, since all magnetic field 
lines map continuously from the cathode to the anode.   However, both theory3 and 3D 
simulationsiii,iv have suggested that reconnection still occurs through the formation of 
quasi-separatrix layers (QSL), which correspond to regions where neighboring field lines 
undergo rapid (but smooth) separations.  When this separation rate is sufficiently rapid, 
one might naturally expect the plasma dynamics to resemble true (topological) 
separatrices.   Recent simulations suggest that magnetic field lines passing through the 
quasi-separatrix layers, are associated with large values of quasi-potential, computed by 
integrating 

 

Ξ =
r
E gd

r
l

field−line
∫ along field lines. Indeed, within the generalized theory of 

magnetic reconnectionv, the maximum value of Ξ is a direct measure of the global 
nonlinear reconnection rate, and thus one would expect this to occur within the QSLvi. 
Even within simulations these ideas are challenging to verify, since they require mapping 
magnetic (and electric) fields through 3D volumes.  However, with the unique 
capabilities available on LAPD, we have for the first time verified key aspects of quasi-
separatrix reconnection in a laboratory experiment.       
 
The experimental setup used to produce the magnetic ropes is shown in figure 1. The 
background plasma is on for 11 ms. Five ms after the background plasma is initiated the 
flux ropes are switched on for 6 ms. The time at which the ropes are first generated is 
denoted by t=0. 

 
Figure 1.  Experimental setup (not to scale).  The flux ropes are produced by emission of 
electron currents from a 20x20 cm LaB6 cathode masked by a C plate with two 7.5 cm 
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diameter holes, 3 cm edge to edge. The flux ropes are terminated on an anode 11 meters 
away. The background plasma is produced independently with a BaO cathode producing 
a 17 meter long plasma column 60 cm in diameter. The inner diameter of the vacuum 
vessel is 1 meter.  The coordinate system used places the source of the ropes at z=0 and 
the center of the planes over which data was acquired as x=y=0. 
 
 The background plasma density of n=1x1012 cm-3 was measured with swept 
Langmuir probes calibrated using a 60 GHz microwave interferometer. The density in the 
center of the flux ropes is 4x1012 cm-3. The flux rope currents emanate from the LaB6 
cathode at the Alfvén speed and are collected on a mesh anode 11 meters away.  Several 
ms after the ropes are born they become kink unstable and begin to bounce into one 
another.  In the absence of strong axial flows, the threshold current for the kink instability 
(in mks) is given byvii  

(1) Ikink = 4π 2R2Bo

μ0L
     

Where R is the radius of a flux rope and L is its length. For a single rope, the threshold 
current is Ikink = 133A while the current in each rope is 375 A, and the radius of each rope 
varies between 3.75 and 6 cm depending on the axial location. In this experiment the 
current must originate at the cathode (they are ”line-tied” to it) but can freely move about 
the mesh anode, which is a rectangle with sides of 25 and 28 cm and acts like a free 
boundary. The dispersion relation for a cylindrical flux rope, which can kink is given by7: 
 

(2)  tan Lk0α( )= −2iα    where  α= 1
4

− ω
2k0VA
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   ,    k0 = Bθ

RB0

 

 
This was derived in the case for a flux rope anchored (“line tied”) at one end and free to 
move on the other end, which is the case in this experiment.  For these conditions L=11m 

and VA = 1.8x105 m/s. VA = B
μ0nmI

⎛

⎝⎜
⎞

⎠⎟
. Equation 2 was solved numerically using the 

measured range of R and 8G ≤ Bθ ≤12G  as these quantities vary between the source of 
the ropes and the anode. Using this range of R and Bθ equation 2 predicts kink 
frequencies, fk, between 4.7 to 7 kHz. The observed frequency of oscillation of the ropes 
is 5.2 kHz.   
 
 Magnetic field data was acquired using 3mm diameter magnetic (B-dot) probes 

wound on a form such that all three, vector components of ∂
r
B

∂t
were acquired. The probe 

moved to 2810 positions on each of 15 planes parallel to the background magnetic field (
δ x = δ y = 6mm) for a total of 42,100 spatial locations.  The parallel planes were 64 cm 
apart.  Ten shots were recorded at each x,y,z position (for a total of 421,000 experimental 
instances). A second magnetic probe, fixed in space and in one of the ropes was used to 
calculate correlation functions for timing purposesviii.  A second, emissive probe sensitive 
to the plasma potentialix was moved to the same locations.  Swept Langmuir probes were 
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used on several planes to determine the plasma density and electron temperature.   The 
electrostatic field was determined throughout the volume from 

r
Ees = −∇Vp .  The induced 

electric field, 
 

r
EI = − ∂

r
A

∂t
, was derived from the vector potential calculated from the three 

dimensional currents 
 

r
J = 1

μ0

∇ ×
r
B . They are summed to calculate the total electric field 

throughout the volume, and as a function of time.  The time evolution of the 3D currents 
may be viewed in the supplementary material. 
 The squashing factor Q is a measure of spatial divergence of magnetic field lines 
and its utility was first recognized by solar physicists studying the complex structures in 
the solar coronax. Isosurfaces of large Q are commonly referred to as quasi-separatrix 
layers (QSL).  Within solar applications, the formation of a QSL is often associated with 
regions where magnetic energy is accumulating, eventually leading to onset.   After 
reconnection is triggered, simulations have demonstrated the formation of intense QSL’s 
associated with the nonlinear reconnection dynamics3,xi,xii. As illustrated in figure 2 by an 
isosurface corresponding to Q=100, the observed QSL is similar in structure to a previous 
flux rope experimentxiii. Following magnetic field lines for a small circle of seed points 
on the flux rope source, the circle will map to an ellipse on their termination plane, with 
aspect ratio equal to the squashing factor Q=100. Alternatively, the maximum separation 
distance between neighboring field lines on the initial circle will increase by a factor of 

Q =10 . 
  The three dimensional nature of the process is obvious in the anaglyph in Figure 
2.  The currents circle around one or both of the ropes, and close to the formation point 
about the QSL as well.     
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Figure 2. The QSL shown as a magenta surface and current lines associated with the flux 
ropes.  Several magnetic field lines are visible within the QSL. The bottom plane shows 
the current density of the two ropes 1.28 m from their origin. The picture on the right is 
an anaglyph or 3D image of the same, which can be viewed with readily available 
red/cyan glasses. A movie showing the 3D structure of the QSL from many camera 
angles is provided in the supplementary material. 
 
 The experiment was designed such that the rope currents did not greatly exceed 
the kink condition and the ropes subsequently do not behave chaotically as seen in a 
previous experimentxiv.  In this case the ropes periodically bounce into one another as 
illustrated in Figure 3. The vertical plane in Fig 3a illustrates the time development of 
Q(x,t,y=0) approximately in the center of the ropes at z= 2.56 m. Q can be as large as 
500. The pattern in Fig. 3a oscillates at fk, however the field lines reconnect on a faster 
time scale. The reconnection time scale τ recon ; 100μs was estimated by plotting Q(t) at a 
location in which reconnection occurs. Figs 3b and 3c show the QSL on an x-y plane at 
z=2.56 m.  At the earlier time the flux ropes are moving away from each other and Q is 
small.  When the flux ropes collide as in Fig 3b the squashing factor becomes large, of 
order Q=200.  The reconnection rate, or induced voltage, can be derived from the data by 
integrating the total electric field along the 3D magnetic field linesxv as previously 
mentioned.  This is done for the first time here because both components of the electric 
field and the magnetic field were measured throughout the volume making it possible to 
evaluate the integral along field lines. Ξ  is shown in Fig 3d. at a time when the ropes 
collide. The “S” shaped region in the center mirrors the QSL and has a value of Ξ  6V .  
The region around the “S” has a voltage of opposite sign, which is, most likely associated 
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with circulating current. Fig 3e shows the measured power at a location inside the QSL 
when Q is large.    

 
Figure 3.  Fig 3a: QSL on two cut-planes.  The vertical plane shows the time dependence 
of Q at −30 ≤ x ≤ 30 cm, y=0, z=2.56( )and the vertical axis is time. The xy plane shows 
the spatial dependence of Q at t =4.192 ms. Two isosurfaces at Q= 400 and 200 are 
superimposed. Fig 3b:  Q(x,y, t1=5.5856 ms) at z=2.56m, this is a time when the ropes 
collide. Fig 3c: Q(x,y, t2=5.52112 ms) at z=2.56m when Q is small. Fig 3d: The integral 
of the electric field along the magnetic field over the full δz = 11m. This is a projection 
on an x-y plane at δz = 2.56m.  Fig 3e: The power density in Watts/cm3 as a function of 
time at a location within the QSL.  The estimated error in 

r
J g
r
E  is less than 20%. 

 
In the study of 3D reconnection, it is interesting to understand how the frozen-in 
condition is violated for field lines passing through the QSL. The parallel electron 
momentum equation in the fluid approximation may be written as: 
 

(3) 
 

me

e
dvP
dt

= −EP− 1
ne

∇gP( )P+ ηP
r
JP  

The term on the left has two components. The first of these terms , me

e
∂vP
∂t

 is negligible 

because of the small electron mass , the low frequency of the rope oscillations and 
because the electron drift in the rope currents are one percent of the electron thermal 

velocity .  The convective derivative ( me

e
vPg∇vP) is far less than the first term because 

the gradients in the current are small.   The parallel pressure gradient was measured using 
the measured temperature and pressure on two planes separated in z by 3.2 m and 

 

1
ne

∇gP( )P∫ gd
r
l  evaluated by following field lines from one plane to the other is of order 
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0.5-1.2 V depending on the position in the plane.  The integrated electric field along field 
lines, 

 

r
E gd

r
l∫ , is of order -.5 to -1.0 V.  Since both measurements are accurate to within 

20% we conclude that the electric field nearly balances the pressure gradient along field 
lines, with some remaining contribution balanced by the resistive term.  An accurate 
measurement of the resistivity will require acquiring temperature and density on the same 
dense 3D grid that magnetic and electric fields were measured on.  This will be the 
subject of a future study.  It is interesting to note that recent 3D kinetic simulations have 
also concluded that the electron pressure tensor plays a key role in balancing the 
quasipotentialxvi. 
 

  The volume averaged power, 1
V

r
J g
r
E dV∫ , spikes during a collision to 0.35 

Watts/cm3, but can locally be as high as 200 W/cm3.  While both the average and local 
power dissipation osscilate at the kink frequency, there is a time lag of    150μs between 
the peak dissipated power within the QSL and the volume average dissipated power, 
which is dominated by contributions from the much larger volume outside the QSL.  The 
location of maximum Q in Fig 3b is also associated with peak power dissipation (Fig. 
3e). The time evolution of this energy conversion and the QSL formation both track the 
heartbeat associated with the flux rope collisions. When the flux ropes move apart Q 
between the ropes drops.  The data was searched for field lines, initially an electron skin 
depth apart, and moving towards one another at the ion sound speed (nearly the same as 
VA based on the reconnection field) which had anti-parallel components of magnetic field 
(Bx or By) of 0.11 G (one hundred times smaller that the field of the ropes themselves).  
 A rough estimate of the average energy (during the 50 μs reconnection burst) 
released by the annihilation of all the 0.11 G magnetic field for these was 4.62 J.  If one 
compares this to the volume averaged power during the seventh burst in Fig. 3e one gets 
a similar value, approximately 2 J, which depends upon the reconnection volume used. 
The steady state part of the power in Fig 3e is most likely due to resistive power loss in 
the current sheet (the DC Joule heating is 20 kW (0.3W/cm3*volume of ropes), the rope 
discharge power is 93 kW).  
 Is the bulk of the reconnection occurring in the QSL?  In this experiment we 
hypothesize that the QSL between the currents is due to reconnection and other QSL’s at 
the periphery of the current channels are due to field lines associated with spreading 
currents.   There are no nulls in the 3D magnetic field, the current is fully three-
dimensional (Fig 2) and the classic “X” and “O” points associated with 2D reconnection 
are not present.  
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 Figure 4.  QSL =100 is shown in magenta during a flux rope collision at t = 5.5856 ms. 
Diverging magnetic field lines within the QSL are visible. Also shown are two 
isosurfaces of the quasi-potential Ξ, where the integration is performed along magnetic 
field lines starting at the flux rope origin. Also shown is the flux rope current density on a 
plane at δz = 64 cm. Several field lines of current (only shown in part of the volume) are 
drawn to aid the eye (also see Figs 2. and 3.) 
  
 In order to better understand the spatial correlations between the QSL and the 
quasi-potential, two isosurfaces of Ξ are shown in figure 4 with the values labeled. The 
positive value of Ξ is associated with the QSL and at this time overlaps about one third of 
it.  We associate negative values of Ξ with the electric field driving the flux rope current.  
A second surface of Ξ=-5, which maps back to the source of the bottom flux rope also 
exists below the QSL but was not drawn here as it would obscure the positive Ξ (blue 
surface) shown in Fig 4.  The full range of Ξ on a plane (δz = 11 m) is shown in Fig 3d.   
These results demonstrate that the field lines passing through the QSL are participating 
mostly strongly in the reconnection process.  In the published literature, the nonlinear 
reconnection rate is often defined by the maximum value of the quasi-potential5,6,11. In 
order to compare with two-dimensional values of the reconnection rate, it is useful to 
define 

(5) 
 

Rr = Ξ
LBθVA

 

which represents the average  
r
E ×

r
B  inflow of flux into the QSL, normalized by the 

Alfven speed VA computed with the reconnecting component of the field Bθ in the rope.  
For parameters in the experiments, L=11m is the length of the field line, Bθ ~10G, 
n ≈ 4 ×1012 cm−3 , the Alfvénic reconnection rate is Rr~0.1 which is close to the    
reconnection rates inferred from 3D kinetic simulations using the quasi-potential6,16.  
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Conclusions 
 This is the first experiment on fully 3D reconnection to establish a causal link 
between the squashing factor and the quasi-potential associated with reconnecting 
magnetic field lines. These results demonstrate a clear correlation between large values of 
the squashing factor and spikes in the reconnection rate inferred through the quasi-
potential.   These correlations are observed during periods when the flux ropes are 
moving towards one another and are substantially less when the flux ropes are moving 
apart.   These initial measurements suggest that the electron pressure gradient may 
provide a significant contribution to support the quasi-potential, and in future 
experiments we will more carefully explore the relative contribution with the resistive 
term.   The results in this letter provide the first direct experimental test of reconnection 
within a QSL, where field line mappings change continuously across a narrow region.  
Since this type of generalized reconnection does not require strict topological changes, it 
may be one of the most ubiquitous forms of reconnection in Nature, and is likely to occur 
even within turbulent cascadesxvii.  
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