
2) Reduced and modified Quadrupole Field  

There isn’t a simple analytic model for this, but 
measurements qualitatively match two-fluid simulations  
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Simulations performed by A. Bhattacharjee, B. Sullivan, and Y. Huang at UNH. 
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sence of the guide field, see Table 1. Specifically, it is
necessary to take into account the Hall effect and the
generation of the Hall currents JH in the plane per-
pendicular to the X line and to the main current JZ

inside the sheet:

(4)JH ∼ −di × [j × B].
On the base of this consideration it is reasonable

to attribute the sheet tilting and asymmetry in the Ar
plasma in the presence of the guide field to the mani-
festation of two-fluid effects and generation of the Hall
currents.

5. To verify this suggestion, we had to enhance
the two-fluid plasma properties by increasing the mass
of the ions in plasma sheets in comparison with the
Ar ions (Mi = 40 · Mp). In the next series of exper-
iments, the current sheets were produced under the
krypton (Mi = 84 · Mp) and xenon (Mi = 131 · Mp)
gas fillings. Fig. 3(a) demonstrates the 2D spatial dis-
tributions of the electron densityNe(x, y) in the sheets
produced under the different gas fillings: He, Ar, Kr
and Xe, while the other conditions were identical. It is
evident that the tilting and asymmetry of plasma sheets
become more and more pronounced with increasing
the ion mass and, correspondingly, with increasing pa-
rameters di and χ . This result provides a qualitative
confirmation of the suggestion that the sheet asymme-
try is due to the two-fluid plasma effects.

6. Fig. 3(b) illustrates the influence of the direc-
tion of the guide field BZ on the tilt of plasma sheets
formed in the Kr plasma. By comparing the upper and
lower plasma density distributions in Fig. 3(b), one can
see that the angle of the sheet tilting changed the sign
when the direction of the guide field was reversed.
At the same time, in the absence of the guide field
(BZ = 0) the sheet was symmetrical enough, without
any tilting (see Fig. 3(b)). Consequently it may be de-
duced that the asymmetry of plasma sheets resulted
from interaction of the guide field BZ with the electric
currents in the (x, y) plane, which were generated in
plasma sheets with heavy ions.
In some experiments, we changed the sign of the

gradient h simultaneously with the direction of the
main current in the sheet JZ , but the tilting angle re-

Fig. 3. Structure of plasma sheets formed in 3D magnetic fields
with the X line (h = 0.57 kG/cm; JmaxZ = 70 kA, t ∼= 3 µs). 2D
electron density distributions Ne(x, y) are presented in the form of
contour lines; the difference between neighboring lines δNe = 0.2×
1016 cm−3: (a) BZ = 2.9 kG, the sheets were formed under differ-
ent gas filling: He, p ∼= 300 mTorr; Ar, Kr and Xe, p ∼= 20 mTorr;
(b) the sheets were formed in the Kr plasma at p ∼= 20 mTorr, and
at different directions of the guide field: BZ = 2.9,0,−2.9 kG.

mained unchanged. This indicates that the currents,
which flow in the (x, y) plane, did not change their
directions while the signs of h and JZ were reversed.
We can suggest that the Hall currents (4) were gen-

erated in the plane perpendicular to the main current
JZ in plasma sheets with the heavy ions. Interaction
of these currents with the guide field BZ produced the
additional Ampere forces, which could give rise to the
y-displacements of the sheet edges and account for
the observed tilting and asymmetry of plasma sheets,
see Figs. 1–3. Analyzing the directions of the sheet
edge displacements caused by the Ampere forces fy ,
we infer that the Hall currents, which are generated

Previously observed by A. Frank, et. al.,  
 Physics Letters A. (2006). 
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Now observed in MRX  

In-plane forces twist the plasma and the current sheet.   
1)  Current sheet tilting 
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Guide Field Effects on Hall Reconnection in the Magnetic Reconnection Experiment 
Tim Tharp, M. Yamada, H. Ji, E. Lawrence, S. Dorfman, C. Myers, J. Yoo  -  Princeton Plasma Physics Laboratory 

Reconnection Rate Reduction 

Guide Field Pileup 

Current sheet tilting 

The measured guide field is significantly larger 
than the applied field.  This occurs because the 
applied field is advected by the reconnection 
flow, and compressed within the reconnection 
layer.  Unlike a simulation with open boundary 
conditions, the MRX flux cores prevent the 
ejection of toroidal field carried by the 
reconnection exhaust.     

Quadrupole field is typically present for zero guide-field plasmas.  When external toroidal field is 
then applied, the Hall field is distorted in a manner that is qualitatively consistent with 
simulation.   

The interaction of Hall currents with guide field can 
produce forces which act to twist the plasma and 
tilt the reconnection layer [see, e.g. A Frank et. al., 
Phys. Lett. A (2006)].  The tilt of the current density, 
JT, can be used as an indicator of this effect, and is 
seen to tilt slightly in opposite directions for positive 
and negative guide field cases. 

Modification of the Quadrupole Field 
Two-fluid simulations regularly find that the 
reconnection rate is weakly reduced when 
a guide field is applied.  This occurs 
because the modified Hall currents interact 
with the guide field to produce a net force 
opposing the reconnection flow. The rate 
reduction is small, typically a factor of 2 for 
guide fields Bg = 5B0.  

Introduction  
Guide field effects can play a critical role in 
magnetic reconnection in both nature and the 
laboratory.  Here, we show that guide field 
effects in MRX dramatically change the 
dynamics of reconnection. 

The magnetopause often 
contains a guide field that is 
more than 80% of the 
reconnecting field, while guide 
fields in fusion experiments can 
exceed 20 times the 
reconnection field.  

A guide field coil has been added to MRX plasmas 
to study the effects on two-fluid reconnection. 

Image courtesy of NASA. 
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1)  Current sheet tilting 
In-plane forces twist the plasma and the current sheet.   

Hall  
Current 

Guide field 

3) Reduced reconnection rate 

Simulations show weakly reduced reconnection rate due to 
interaction between Hall Currents and Guide Field. 

On average, JxB forces 
oppose the reconnection 
flow. 

Can reduce by a factor 
of 2 for Bg = 5 B0 

Reconnection rate in 
experiment is reduced 
much more strongly 
than this! 
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This is experimentally verified, though the measured reconnection 
rate is reduced much more strongly than in simulations because of 
guide field pileup. 
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By identifying the “quadrupole component” of the 
measured out-of-plane field, the Hall field appears to be 
reduced in amplitude as guide field is added, but is still 
present up to guide fields Bg ~ 1B0. 

A local relationship between 
the reconnection rate and the 
quadrupole field amplitude is 
expected based on the out-of-
plane Ohm’s law:  
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Ohm’s Law:

E + v ×B = ηJ +
1

ne
J ×B

The generalized Ohm’s Law,

E + V ×B = ηJ +
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Region of quadrupole 
field measurement 

BT magnetic pressure 
pileup reduces 
reconnection flow. 

Guide field compression 

The applied vacuum field (~1/r) does not exert a net force on the plasma, however the 
compressed field can contribute a significant magnetic field pressure.  In high guide field 
plasmas, the pressure due to pileup in the layer is significant compared to the pressure due to 
the reconnecting field, and therefore strongenough to explain the reduced reconnection rates.  


