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ABSTRACT

The besic physical p iated with collision)

are i igated using the implicit

PIC code AVANTI The code is based on a 2.5-D fully elec-
tromagnetic direct implicit algorithm which has proven sta-
ble for arbitrary time step. This stability makes it possible
to scparate out the respective roles of the highly magne.
tized electtona and the un-magnetized ions for large ion-
electron mass ratics. It is found that the inclusion of a
guide magnetic field {magnetic shear) severely slows the
initia! stages of reconnection and damps out the electro-
static ringing if local values of the guide field are above a
threshold determined by questiona of electron mobility.

licit PIC Sim-

{peq R tion. 1
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1. INTRODUCTION

This paper is an extension of h recently published

! and is a contincation to the

elsewhere by the authors,
work presented at this conference by Hewett, Francis, and

Max? (hereafter referred to as Paper I).

"

In simplest form tion in a { plasma

can be modeled using the MHD equations with a fixed
value for the plasma resistivity. This yields 2 reduced,

one-fluid des.ription in which the large-scale topology and

dynamics of reronnecting regions can be studied. By con-

ic field lines de-

] tion of

trast, collisi
pends on electron inertia effects and the detailed behavior
ide the neces-

The forma-

of the el istrik

function to p:

freed, tanel +

sary for magnetic top g

tion of a non-Maxwellian tsil on the jon distribution can
be an important observed consequence of collisicless re-
connection. Hence z faithful computational model must
include a kinetic description of both electrons and ions.
Although traditional explicit pasticle-in<cell (PIC) tech-

niques provide this d stability requi Te-

strict simulation parameters to artificially small ion-to-
electron masa ratios (e.g. M;/m, = 10 to 25}, and short
temporal periads (e.g. 100 plasma periods w},! or less)?, In
the present paper a new 2.5D fully electromagnetic Di-
rect Implici¢ PIC plasma simulation code AVANTI* al-
{ows us to follow the dynamics of collisionless reconnec-
tion for all relevant M;/m,, and for a factor or 2 to 3
longer timescales. Details of this method can be found
in Hewett and Langdon® and references therein. Since we
are no longer constrained to resolve purely electromagnetic

modes or w,, cecillations, we typically we use w, At = 1-

2. Overall, we esti that this implicit techni has
expanded the parameter regime that can be studied by at

de. We have loited this new

least an order of
advantage to simulate physically reslistic mass ratios that

reveal qualitatively new behavior.



2. LARGE M;/m, EFFECTS

The simulation parameters defining the initial equilibrium
of our system have been described in fetail in Paper I,
For compleleness, we here repeat the major features which
define the equilibrium. Starting with a constant ion tem-
perature and a Gaussian ion density profile we derive the
initial equilibrium Felds shown in Figure 1(a). The initial
neutral sheet width & is 2¢/wps. Larmor radii for electrons
and jons outside of the neutial sheet are g = 0.4¢/wpe
and p; = 20¢/w,., respectively. This equilibrium resembles
the Barris equilibrium,* but the ions carry no current, and
are electrostatically confined. We also allow for anisotropy
in electron temperatures parallel {Ti3) and perpendicular
(T,.1) to the initial magnetic feld.

Figure 1(b-d) shows the time evolution of the magnetic
field topology for a Lypical simulation. Coatours of mag-

netic flux are shown as solid lines; the innermost {dotted)
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Figure 2. Trapped flux vs time for » representative simulation
run. The electron and ion tempcratures are a3 given in Fig. 1a,
and M;/m, = 2000.

early atages of recannection, before the ions have had time
to move. The electron current ut the neutral sheet has
already formed small-scale filaments, resulting in several
magnetic X-pointa within the simulation volume. Later,
Figure 1(c) showa that some of these amall-scale filaments

have coalesced. Still later, when enough time has passed

contour is the “separatrix”, inside of which lies
flux that has become trapped due 1o yeconnection. Frame

1{b) shows the magnetic configuration characteristic of the

®
i xf] = ]
4 M e by
e A ” :
x 2tg i ‘3 1"' 4
) P B 20} L
L e s A
Eate A % i
@4 " v 0% 10 .’s E
=1 o § 10 W
#
x(h ) A
€ {d
" of T T U y
-2 H 200 Naer g
il A Py
> 1 b 1 m 1
o R . s L
b2 ——" 1 R (T
() ticla )

Figure 1. 8) Profiles of initial electroatatic Feld £y (dashed) and
magnetic field B, (solid) across the neutral sheet. Both felds
bave units of m,cuprofe. The sheet current in the z directio
in carried by el Ions are d by the el i
field. The initially uniform electron and ion tsmperatures ars
Ter/mec? = 28 x 1072, Ty = (4/9)T,y, Ti/m,c* = 8.0 x 10,
(b-d): M ic flux {solid) and ix (dotted)
in z-p plane: (b) At ¢ = 30w;}, showing small-scale electron-
driven filaments; (c) At ¢ = 160wz}, a3 coaleacence begins; {d)
At t = 410wy}, with only one X-point remaining.

for jon dynamics to become imp

, We see one rem
ing magnetic ixland, as in Figure 1{d).

In Fig. 2 the several stages of spontaneous, collisioniess
reconnection are clearly isolated and distinguished. The
early exponertial growth of magnetic flux being trapped

In the magnetic islands is t with predi made

hy linear electron tearing mode theory,® providing consid-
eration is made in the theory for the inclusion of the elec-
trostatic effects.” This growth of the most unstable tearing
mode in the simulation region Jominatea over the slower
algebraic growth of the coalescence instability® as smaller
islands form and then pair-wise cozlesce. The end of this
exponential growth occurs as the Jast two remaining islands
are coalescing to form the one remaining Q-point. For large
ion-electron mnass ratics {Af;/m, > 200}, this transition is

ied by an singing, in which electron

jetting into the surviving O-point builds up an ambipolar
potential that in turn drives electrons back out of the mag-
netic island. The driving force of the ambipolar patential

and the inertia of the jetting interact to produce an oscil-
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Figure 3. Directed kinetic energy of the: a) electrons s 8 function of time, indicating electron jeltios only in tl.:a y—difection; The
reduction of current-aligned (e-directed) energy coincident with the electron jetting is due to I!.xe presence .nf an u}du:hu E, in the
region of the X-point, consistent with E x B driven jetting; b) ions 23 e function of time indicating ion jetting in first the - and

then the y-divection. This jetting is electrostatically driven by the ambipolar potential at the O-point.

lation of electrons and their associated magpetic flux into
and out of the O-point. The electron jetting is evidenced
in Fig. 3(a) as an increase in the y-directed kinetic en-
ergy of the electrons. Contour maps of electrostatic poten-
tial show tbat the jetting electrons are leaving the X-point
region to flow into the O-point. Note that the two ap-
parent incidences of jetting are accompanied by decreases
in the current-aligned (z-directed) energy. This is due to
the generation of an inductive normal component of elec-
tric field E,, consistent with an E x B driving mechanism.
‘This electrostatic ringing is seen in Fig. 2 to be superim-
posed on a constant lineac growth of trapped fux into the
island. This Jate-time, ion-mediated reconnection swells
the remaining magnetic island as ions and electrons enter
together through the X-point at the jon acoustic speed,
v, = m This region was studied in detail in Paper
{. The migration of bulk plasma. into the island iy seen as

ion jetting in Fig. 3(b).
3. MAGNETIC SHEAR

The addition of a zeroth-order

ic field aligned with
the sheet current retains most of the features of the sim-
ulations just described. We report here the findings of an
on-going parametric study of the effects of magnetic shear

on the reconnection process. The magnetic shear is intro-

duced through the inclusion of a zero order de magnetic
field in the z-direction which is initially taken to be uni-
form across the simulation plane. We began this atudy in
without shear

an pt to our previous findi

to problems in lab y pl such as tokamaks, com-

pact toroids, reversed-field pinches, and the reconnection
experiments of Stenzel and Gekelman.? In these systems
magnetic reconnection takes place in the presence of mag-
netic shear.

In Fig. 4 we plot the time histories of trapped Rux for
four different values of the initial guide megnetic field B,qg.
The first thing to be noted from Fig. 4 i that much of the
basic physica involved in collisionless magnetic reconnec-
d by the incl

to be T of a guide

tion app
magnetic field. Of nate are two exceptions to this observa-
tion. First, there appears to be a discontinuous, or at least
non-linear, decrease in the injtial growth rate between the
simulation runs having B, = By = 0.12 and B,y = 2B,.
This can be understood by looking at the threshold for 8o,
above which the electrons in the neutral sheet sre no longer
un-magnetized. We define this threshold B,, such that the
electron Larmor radius in the neutral sheet p,(z = 0) is
equal to the geometric mean of the neutral sheet width &
and the electron Larmor radius outside of the neutral sheet

pulz>> 8):
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Figure 4. Trapped magnetic Aux vs time for four different values of the initial guide magnetic field Beo.

sheet are atrongly magnetized for By > 0.18.
ez =0} =+/bplz >> 6}, for Boo=B. (1}

This calcuiation yields a critical guide field of B,. = 0.18,
above which the neutral sheet electrons are magnetized and
no longer free 0 stream. Note that this eritical value of
B, lies halfway between that of the two runa in question.

‘The second point to make from Fig. 4 is that the elec-

Electrona in the ceutral

above B,.: the amplitude of the oscillation of electrons

- and magnetic flux into and out of the riagnetic island is

just as large for the case By = 2B, > B,, as it is for

By = By < B,. It is not until B,y is raised to 4Bp

{>> Bic) that the el ringing is d d away

by the increased viscosity in the system. Since the ringing

ic ringing is app ly unaffected by the iti isa ifestation of electron jetting (free streaming into
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Figure 5, Timo histories of the y-directed energy of the electron component for the four values of By in Fig. 4.



the O-point}, we would not expect to see the ringing above
B... Indeed, Fig. § verifies that elcctron jetting still ex-
ists for the B,g = 2B case, but that the electrons are too
atrongly magnetized to jet in the B,g = 45, case. To ex-
plain this apparent discrepancy, we look at a contour map
of guide magnetic fleld for the case By = 2B (see Fig.
6a). We find that as electrons are gathered and heated
inside of a magnetic island, the B, in the island is reduced
from its initial uniform value By, This "hollowing out” of
the guide magnetic field at an island is perhaps due to the
field contribution of the bunched

ad&

the new simulations reported in this paper. Generally, the

field configuration display

b d .

rmch of the

behavior observed in the nonsheared studies. In partic-
ular, spontaneous reconnection can occur in both cases,
it can be characterized as having three regimes, and with
amall enough B,q, can exhibit the late time oscillation of
the trapped flux mediated by the ion mass.

In some cases, however, the plasma is unuble to mimic
zero-shear behavior until it has expelled enough I, so that
1 by

local values are below thresholds det

af el mobility. We find, in particular, that the rapid

hot electrons in the O-point. Figure 6{a) shows that at the
time ¢ = 410w;;’, when the B,g = 25, case is making the

| growth of the electron

b the exp
tearing made and the linear growth of the ion-mediated re-
connection, the guide field in the magnetic island has been
reduced through this hollowing-out process to values below
the threshold B,., thus allowing the neutral sheet electzons
to jet. A similar map for the case B,; = 4.5 shows that the

guide field is not reduced below the threshold at the time

q

coalescence of small filaments into large current channels
st the O-points are inhibited until the B, Seld along the
criginal B, field nuif is suitably reduced. Similarly, the
" zero-shear simulations exhibited fiux osciflations as the un-

:ad el

pond to E x B and ambipolas
forces. We find that with strong shear thiy oscillation is
inhibited unless the local feld is below a threshold B,..

This h was perf

d under the auspices of the
U.S. Department of Energy by the Lawrence Livermore

National Lah,

no. W-7405-ENG-48.

of transition, hence the el ic ringing is d

4. DISCUSSION

Magnetic reconnection simulations without the sheared mag-

netic field"? reviewed here provide a good foundation for

Y under
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