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Major	  Results	  on	  Hall	  Reconnec3on	  in	  MRX	  

•  Issues	  of	  par3cle	  dynamics	  
	   	   	  -‐Two-‐fluid	  physics	  
	   	   	  -‐Electron	  hea3ng	  
	   	   	  -‐	  Ion	  accelera3on	  and	  hea3ng	  
	  	  

	  
•  Guide	  field	  reconnec3on	  
	   	   	  -‐Expecta3ons	  
	   	   	  -‐Observa3ons	  in	  MRX	  



Experimentally measured  field line features in MRX	


•  Manifestation of Hall effects in MRX	

•  Electrons would pull magnetic field lines with their flow	




Two-fluid physics dictates reconnection layer dynamics 

	


Out of plane magnetic field is 
generated during reconnection 

-- Electron acceleration and 
heating particularly on trapped 
ones 

--Parallel component enhanced 
even after reconnection! 

 

Sheath	  width	  ~	  ρI	  ~	  c/ωpi	  	  
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Simultaneous measurement of ion and electron flow vectors by plasma jogging	


From magnetic data 

J. Yoo, 2011 
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Electron flows 

Ion flows 
from Mach probe data 
 



Both ion and electron temperature measured by plasma jogging	
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Ion	  Accelera3on 

•  Clear	  ion	  accelera3on	  by	  the	  in-‐plane	  electric	  field.	  	  
•  Asymmetry	  in	  the	  ion	  inflow	  is	  caused	  by	  asymmetry	  
in	  the	  upstream	  density.	   



Ion acceleration data and simulation results	


Hoshino et al 1998 

Drake et al., 2009 
Wygant JGR 2005 



It	  was	  found	  that	  guide	  field	  slows	  down	  
reconnec3on	  notably	  

Yamada	  et	  al,	  	  PRL	  1990	  



Sweet-‐Parker	  model	  was	  experimentally	  tested	  
and	  verified	  in	  high	  density	  MRX	  plasmas.	  

H.	  Ji,	  et.	  al.,	  Physics	  of	  Plasmas	  (1999)	  
the co-helicity case and ⇤2⌃ the reconnection proceeds much
slower in the co-helicity than in the null-helicity even if all
other conditions are held constant.

In order to apply the Sweet-Parker model, a diffusion
region with the shape of a rectangular box needs to be well
defined. At the first glance, unlike the null-helicity case, it
would appear that a diffusion region with an O-point is in-
consistent with the Sweet-Parker assumption of a rectangular
box. However, a careful examination of the current density
profiles shown in Fig. 10⇤c⌃ reveals that the thickness of
current sheet is indeed well defined and it is almost indepen-
dent of Z. The O-shaped fine structure resides well within the
current sheet and it is not important in defining a rectangular
diffusion region. The profiles of BZ , BT , and jT at Z�0 are
shown in Figs. 10⇤a⌃ and 10⇤b⌃. Again, ⌅ is determined by
fitting jT into the Harris-type current sheet,19 sech2⌥(R
⇥R0)/⌅�.

As in the null-helicity case, all three modifications to the
original Sweet-Parker model have been examined for the co-
helicity case. It is noted that ⇧ � should be used here to cal-
culate the classical resistivity. It is found that the resistivity
enhancement ranges from 2–4 for the cases examined so far
at a relatively low field (BZ 200G) while the collisionality
parameter �mfp /⌅�0.5–2. Density accumulation in the dif-
fusion region is negligible in this case, as expected from the
fact that the existence of a sizable BT makes plasma less
compressible. The effect of higher downstream pressure than
upstream is more predominant, resulting in an outflow as low
as ⇥5% of the Alfvén speed.

The generalized Sweet-Parker model applies also to the
co-helicity cases, as shown in Fig. 11, where the observed
reconnection rates in both null-and co-helicity cases are plot-
ted against 1/ASeff, spanning over a decade in magnitude.
The reconnection rate in the co-helicity case is slower than
the null-helicity case due to a combined effect of lower
anomalous resistivity, lower compressibility, and higher
downstream pressure.

V. DISCUSSIONS

Qualitatively, magnetic reconnection observed in MRX
is in good accord with the Sweet-Parker model, the essence
of which resides in the existence of a rectangular diffusion

region. Such a rectangular box is well-defined experimen-
tally in a quasi-steady-state manner regardless of the exis-
tence of the third component. The global two-dimensional
nature of magnetic reconnection is ensured by the axisym-
metric boundary conditions although the fine-scale dynamics
within the diffusion region, such as microinstabilities, must
be fully three-dimensional.

Quantitatively, the observed reconnection rates can also
be explained by the Sweet-Parker model but only after it is
generalized to incorporate three effects: effective resistivity,
compressibility and finite downstream pressure. One relevant
question might be whether Petschek-type models can explain
the same observations. Direct comparisons, however, are not
possible since these shock-based models do not predict defi-
nite reconnection rates, only their maxima.2 Shock struc-
tures, a characteristic feature of Petschek-type models, would
appear as multiple jumps in BZ(R) profiles in the down-
stream region. However, these jumps have not been observed
yet within the sensitivity limits of the measurements. We
note that the present work neither verifies nor disproves the
Petschek-type model. Further experimental investigations in
MRX include searching for shock structures in larger S re-
gimes or under more powerful driving forces through exter-
nal coils.

All three effects incorporated in the generalized Sweet-
Parker model can be important also during magnetic recon-
nection happening in nature or other laboratory plasmas. Ef-
fects of the compressibility must be transient ⇤as seen in
MRX⌃ by nature since the density accumulation cannot be
sustained indefinitely. However, occurrences of magnetic re-
connection in nature do not have to be steady state. They can
be impulsive locally while global structures are maintained
in a quasi ⇤slowly evolving⌃ steady state, as supported by a
recent computer simulation using compressible MHD
equations.22

The effect of downstream pressure is easy to understand.
As observed in MRX, higher plasma pressure in the down-
stream region slows the outflow, thus reducing the reconnec-
tion rate. One can envision another case in which lower pres-
sure in the downstream region can result in super-Alfvénic
outflow, leading to an increase in the reconnection rate, a

FIG. 10. The measured profile in the co-helicity case: ⇤a⌃ radial profiles of
BT and BZ at Z�0, ⇤b⌃ radial profile of jT at Z�0, and ⇤c⌃ jT profile in R-Z
plane. FIG. 11. The observed reconnection rates are compared to predictions by a

generalized Sweet-Parker model for both null-helicity and co-helicity cases.

1748 Phys. Plasmas, Vol. 6, No. 5, May 1999 Ji et al.
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Conclusion:	  	  	  
Sweet-‐Parker	  model	  is	  valid,	  but	  only	  
under	  certain	  plasma	  condi3ons	  (model	  
assump3ons	  must	  be	  sa3sfied).	  



Guide	  field	  reconnec3on	  
	  proceed	  much	  slower	  

A.	  Kuritsyn	  POP	  2006	  



Guide	  field	  coil	  current	  

Now,	  a	  guide	  field	  coil	  has	  been	  added	  to	  MRX	  to	  study	  the	  
effects	  of	  guide	  field	  on	  two-‐fluid	  reconnec3on	  

The	  guide	  field	  coil	  is	  
capable	  of	  producing	  	  	  
B_g	  >	  B_rec.	  



Current	  sheet	  /l/ng	  
	  

In-‐plane	  forces	  twist	  the	  plasma	  and	  the	  current	  sheet.	  	  	  

Hall	  	  
Current	  



In-‐plane	  forces	  twist	  the	  plasma	  and	  the	  current	  sheet.	  	  	  

Guide	  field	  
Hall	  	  

Current	  

Current	  sheet	  /l/ng	  
	  



JxB	  

JxB	  

In-‐plane	  forces	  twist	  the	  plasma	  and	  the	  current	  sheet.	  	  	  

Hall	  	  
Current	  

Guide	  field	  

Current	  sheet	  /l/ng	  
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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	  Le*ers	  A.	  (2006);	  Yagi	  et	  al.,	  1985	  

In-‐plane	  forces	  twist	  the	  plasma	  and	  the	  current	  sheet.	  	  	  
Current	  sheet	  /l/ng	  
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Modified	  Quadrupole	  Field	  	  
	  

There	  isn’t	  a	  simple	  analy3c	  model	  for	  this,	  but	  
measurements	  qualita3vely	  match	  two-‐fluid	  simula3ons	  	  
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Modified	  Quadrupole	  Field	  	  
	  

There	  isn’t	  a	  simple	  analy3c	  model	  for	  this,	  but	  
measurements	  qualita3vely	  match	  two-‐fluid	  simula3ons	  	  
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Simula3ons	  performed	  by	  A.	  Bhagacharjee,	  B.	  Sullivan,	  and	  Y.	  Huang	  at	  UNH.	  
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The	  Hall	  field	  is	  
reduced	  with	  
larger	  guide	  
field.	  	  
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A	  local	  rela3onship	  between	  the	  Reconnec3on	  Rate	  and	  the	  Quadrupole	  
Field	  is	  expected	  to	  hold:	  Tim Tharp MRX notes March 20, 2012

Ohm’s Law:

E + v ⇥B = �J +
1

ne
J ⇥B

Ohm’s	  law	  includes	  the	  two-‐fluid	  Hall	  term:	  

Tim Tharp MRX notes March 29, 2012
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A	  few	  cm	  from	  the	  x-‐point,	  we	  expect	  the	  Hall	  term	  to	  dominate:	  



• Verified	  over	  large	  range	  of	  
guide	  fields.	  
	  
• Quan3fies	  reduc3on	  of	  
quadrupole	  field.	  
	  

Tim Tharp MRX notes March 29, 2012
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downstream of the x point (in the outflow region). In Fig. 5,
we show experimentally that the addition of the guide field
substantially reduces the reconnection rate, and we confirm
that the relationship of Eq. (1) holds for a range of applied
guide field strengths. We normalize the reconnection
electric field to BrecVA, where Brec is the magnitude of
the reconnecting field (z component), and VA ¼
Brec=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!0mini

p
is the Alfvén speed calculated using Brec.

(This is a typical normalization because the Sweet-Parker

reconnection rate [31,32] is given by Vin
VA

¼ Erec
BrecVA

.)

The relationship between Hall currents and reconnection
rate confirms that, locally, two-fluid physics is critically
important to this reconnection, but this does not fully

explain the observed reconnection rate reduction—the
measured reduction is significantly stronger than that typi-
cally seen by simulations [16–19]. In these simulations, the
reconnection rate is typically reduced by a factor of 2 for
a guide field of Bg ¼ 5B0, while the experimental result
shows the same factor of 2 reduction at a much smaller
guide field, less than Bg ¼ B0. Next, we show that the
reconnection rate in these MRX plasmas is strongly im-
pacted by global effects associated with the dynamics of a
compressible guide field, which explains this discrepancy.
Though we acknowledge that these plasmas are outside

the resisitive-MHD regime, the well-known process of
Sweet-Parker magnetic reconnection [31–34] can help to
contextualize our discussion. In this model, the reconnec-
tion rate is determined in two parts,

Vin

VA
¼ Vin

Vout

Vout

VA
: (2)

The geometry of the layer, which controls Vin

Vout
, is deter-

mined by the local physics of mass conservation and the
out-of-plane Ohm’s law, while the outflow speed, Vout

VA
, is

determined by the global physics of upstream versus down-
stream pressure balance. If magnetic tension terms are
small [33,34], this condition is

r
"
"V2

2
þ B2

2!0
þ p

#
¼ 0; (3)

where V is the ion flow speed, B is the total magnetic field,
and p is the thermal pressure of the plasma. In two-fluid
reconnection with MRX plasma parameters, we expect that
the plasma obeys resistive MHD far from the reconnection
layer, and Hall physics nearby. Therefore, it is reasonable
to expect that the outflow speed is still controlled by global
pressure balance, while two-fluid physics controls the re-
connection locally.

FIG. 4 (color online). Measurements of the Hall field during
counterhelicity discharges with five different guide field settings.
(These are the same discharges shown in Fig. 3.) In the first
panel, each line represents the radial profile of Bg at one z
position. The second panel shows the z-averaged guide field. The
third panel shows the quadrupole component which is an anti-
symmetric structure superimposed on the z-averaged guide field;
more precisely, the third panel shows Bg # hBgiz, where hiz
represents an average over all z positions.
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FIG. 5 (color online). Reconnection electric field (Erec) and the
Hall electric field ( J$B

ne ) versus normalized guide field, Bg=Brec.
We plot separately measurements of Jr $ Bz=ne measured 4 cm
upstream of the x point (labeled ‘‘inflow’’) and Jz $ Br=ne
measured 8 cm downstream of the x point (labeled ‘‘outflow’’).
Error bars denote the statistical variance over multiple shots. The
density is measured in a single location near the center of the
reconnection layer.

FIG. 6 (color online). Typical toroidal field profile measured at
z ¼ 0 and spanning over most of the MRX radius.
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• Verified	  over	  large	  range	  of	  
guide	  fields.	  
	  
• Quan3fies	  reduc3on	  of	  
quadrupole	  field.	  

• But,	  rate	  reduc3on	  is	  
stronger	  than	  expected!	  
	  

Tim Tharp MRX notes March 29, 2012
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downstream of the x point (in the outflow region). In Fig. 5,
we show experimentally that the addition of the guide field
substantially reduces the reconnection rate, and we confirm
that the relationship of Eq. (1) holds for a range of applied
guide field strengths. We normalize the reconnection
electric field to BrecVA, where Brec is the magnitude of
the reconnecting field (z component), and VA ¼
Brec=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!0mini

p
is the Alfvén speed calculated using Brec.

(This is a typical normalization because the Sweet-Parker

reconnection rate [31,32] is given by Vin
VA

¼ Erec
BrecVA

.)

The relationship between Hall currents and reconnection
rate confirms that, locally, two-fluid physics is critically
important to this reconnection, but this does not fully

explain the observed reconnection rate reduction—the
measured reduction is significantly stronger than that typi-
cally seen by simulations [16–19]. In these simulations, the
reconnection rate is typically reduced by a factor of 2 for
a guide field of Bg ¼ 5B0, while the experimental result
shows the same factor of 2 reduction at a much smaller
guide field, less than Bg ¼ B0. Next, we show that the
reconnection rate in these MRX plasmas is strongly im-
pacted by global effects associated with the dynamics of a
compressible guide field, which explains this discrepancy.
Though we acknowledge that these plasmas are outside

the resisitive-MHD regime, the well-known process of
Sweet-Parker magnetic reconnection [31–34] can help to
contextualize our discussion. In this model, the reconnec-
tion rate is determined in two parts,
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The geometry of the layer, which controls Vin

Vout
, is deter-

mined by the local physics of mass conservation and the
out-of-plane Ohm’s law, while the outflow speed, Vout

VA
, is

determined by the global physics of upstream versus down-
stream pressure balance. If magnetic tension terms are
small [33,34], this condition is
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where V is the ion flow speed, B is the total magnetic field,
and p is the thermal pressure of the plasma. In two-fluid
reconnection with MRX plasma parameters, we expect that
the plasma obeys resistive MHD far from the reconnection
layer, and Hall physics nearby. Therefore, it is reasonable
to expect that the outflow speed is still controlled by global
pressure balance, while two-fluid physics controls the re-
connection locally.

FIG. 4 (color online). Measurements of the Hall field during
counterhelicity discharges with five different guide field settings.
(These are the same discharges shown in Fig. 3.) In the first
panel, each line represents the radial profile of Bg at one z
position. The second panel shows the z-averaged guide field. The
third panel shows the quadrupole component which is an anti-
symmetric structure superimposed on the z-averaged guide field;
more precisely, the third panel shows Bg # hBgiz, where hiz
represents an average over all z positions.
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FIG. 5 (color online). Reconnection electric field (Erec) and the
Hall electric field ( J$B

ne ) versus normalized guide field, Bg=Brec.
We plot separately measurements of Jr $ Bz=ne measured 4 cm
upstream of the x point (labeled ‘‘inflow’’) and Jz $ Br=ne
measured 8 cm downstream of the x point (labeled ‘‘outflow’’).
Error bars denote the statistical variance over multiple shots. The
density is measured in a single location near the center of the
reconnection layer.

FIG. 6 (color online). Typical toroidal field profile measured at
z ¼ 0 and spanning over most of the MRX radius.
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Simula3ons	  show	  weakly	  reduced	  reconnec3on	  rate	  due	  to	  
interac3on	  between	  Hall	  Currents	  and	  Guide	  Field.	  

On	  average,	  JxB	  forces	  
oppose	  the	  reconnec3on	  
flow,	  causing	  a	  reduced	  
reconnec3on	  rate.	  
	  
Simula3ons	  typically	  see	  
rate	  reduced	  by	  a	  factor	  of	  
~2	  for	  Bg	  =	  5	  B0	  
	  
Reconnec3on	  rate	  in	  
experiment	  is	  reduced	  
much	  more	  strongly	  than	  
this!	  

J	  

JxB	  in
flo

w
	  

What	  Causes	  a	  Reduced	  Reconnec/on	  Rate?	  
	  



Guide	  field	  compression	  
	  

Guide	  field	  compression	  can	  explain	  strong	  rate	  reduc3on.	  
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Uniform	  (~1/r)	  guide	  field	  is	  
applied,	  but	  guide	  field	  is	  
compressible	  and	  piles	  up	  at	  
reconnec3on	  layer	  on	  large	  scale.	  	  	  



Region	  of	  quadrupole	  
field	  measurement	  

BT	  magne3c	  pressure	  
pileup	  reduces	  
reconnec3on	  flow.	  

Guide	  field	  compression	  
	  



Pileup	  effects	  are	  enough	  to	  contribute	  significantly	  to	  
global	  pressure	  balance.	  

Reconnec3on	  field	  magne3c	  pressure	  (drives	  oumlow).	  
	  

Guide	  field	  compression	  pressure	  (reduces	  oumlow).	  
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In	  Summary…	  

1)	  	  Current	  sheet	  /l/ng	  

2)	  	  Modified	  and	  reduced	  Quadrupole	  Field	  	  
	  
3)	  	  Reduced	  reconnec/on	  rate	  
	  
4)	  	  Guide	  field	  compression	  
	  
	  

We	  have	  observed	  four	  major	  effects	  of	  guide	  field	  on	  a	  two-‐
fluid	  plasma:	  
	  

Effects	  (1)	  &	  (2)	  agree	  with	  expecta3ons	  based	  on	  simula3ons	  
past	  and	  present,	  while	  (3)	  is	  stronger	  than	  expected	  because	  
of	  (4),	  which	  is	  an	  unan3cipated	  effect	  discovered	  by	  this	  
work.	  	  
	  



Thank	  you!	  


