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Formation of a magnetic island found in the Magnetic Reconnection ExperithdRX) [M.
Yamada, H. Ji, S. Hsuetal, Phys. Plasmas4, 1936 (1997] is investigated by a
magnetohydrodynami¢MHD) relaxation theory and a numerical simulation. In the cohelicity
injection with a mean toroidal field, the growing process of the island into a spheromak-type
configuration is explained by quasistatic transition of the force-free and minimum energy state to a
state with larger normalized helicity. It also turns out that no magnetic island would be generated in
the counterhelicity case. The MHD simulation with inhomogeneous electric resistivity agrees with
experimental results, which clearly shows formation and growth of the magnetic island in a
diffusion region where the reconnection takes place.1999 American Institute of Physics.
[S1070-664X%99)03904-X]

I. INTRODUCTION found O-point formation during the magnetic reconnection in

. . the cohelicity injection of the “pull” operation mode, where
Magnetic reconnection has been regarded as one of tl‘g y 1 P P

) X oloidal field (PP coil currents are decreased in time. The
most important and fundamental processes in macroscop

henomena in fusion. space. and astrophvsical plamss -point formed in the reconnection region grows like a
P » Space, phy P : fspheromal?:9 In the counterhelicity case, on the other hand,

is accepted that reconnection produces two significant efy Y-shaped current sheet is formed when the magnetic re-
fects, namely, the topological change of field lines and theconnection takes place

conversion of energy. In the reconnt_action_ Process, the re- By means of MHD simulations using an adaptive mesh
Ieaseql magnetu_: energy 1S conyerted Into k|_net|c and thermEi‘lefinement technique, Schnatkhas found formation of a
energies, resulting in acceleration and heating of the plasma,, ./ isjand during the null-helicity injection with no toroi-

The to?_olcf)_gllc(:jatl chalnget of f'?jld Imles allows the ;t)l?sm;t anGal field, although it is unstable to motion along the current
magnetic field to relax towards a lower energy state characsy, .+ and cannot grow stably.

terized with a different topolog§. In this paper, we report an investigation of the formation

. Recently, experimen_tal studies of magnetic reconr_1e_c_tio%nd growth mechanism of the magnetic island in the cohe-
in magnetohydrodynamiéMHD) plasmas have been initi- licity injection of MRX. Since the MRX plasma has low

ated by using coalescence of spheroniaere two types. _temperature, its magnetic field would be approximately

: ing two identical sph ks. Th h %rce-free. The Taylor statkin a rectangular container with
Merging using two identical spheromaks. 1he another one i3 pair of FC coils is analyzed in the next section, which will

a counterhelicity merging where toroidal fields in Sphero'suggest a plausible explanation to the island growth. Results

maks are antl!oarallel. In a sequ_ence_of experiments, it Wagt jne MHD simulations and conclusions are given in Secs.
found that a field-reversed configuratigRRC) is obtained Il and IV, respectively

when the counterhelicity merging occurred through recon-
nection, where_as a _spheromak is formed in tr_]e cohellcn)ﬁ_ TAYLOR STATES IN THE MRX CONFIGURATION
case. A MHD simulation of the spheromak merging has con-
firmed the spontaneous FRC formation with effective plasma In this study we employ a MHD model of the MRX
heating by magnetic reconnectibn. plasma, neglecting toroidal effects. A rectangular plasma
In the Magnetic Reconnection ExperimeMRX),” re-  container is taken to be a perfect conductor bounding the
connection is examined as an elementary process in a plasrpaloidal plasma domain of Ly<x<L, and -L,s<y=<L,.
under a controlled condition, where a pair of flux-coFE) We have assumed symmetry zr(toroida) direction. Since
coils with time-varying electric current inductively changes no center rod is used in the MRX, one of the side boundaries
the field configuration to cause a plasma flow. The inducedtx= * L, corresponds to the majésymmetry axis in com-
plasma flow drives the magnetic reconnection at the separgarison of the model configuration with the MRX device.
trix point (X-point). Two types of injection mode of a toroi- Hereafter, we define,=1 as a unit of lengthL  is set to be
dal field(TF) are also available in the MRX, namely, co- and 1.4. A pair of FC coils with their radii of 0.2 are, respec-
counterhelicity injections. Yamada and co-workers havdively, placed at X,y)=(0,%0.6). In order to accurately im-
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FIG. 2. Magnetic energy va of the Taylor state withV,=1.
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A boundary condition on the FC coil surfaces is given by
FIG. 1. An example of numerical grids in generalized curvilinear coordi- ¥ =W ,=constantt? One may set¥,=1 without loss of
nates used in computation. generality, sincel is used just to determine the amplitude
of ¥. Let us defineTfE\If—\va, where the poloidal flux of

a vacuum field¥, is calculated fromV2¥, =0 with ¥,

pose boundary conditions on the FC coils, we have usee 0 andW¥, on the outer and inner boundaries. Therefdre,
numerical grid points in generalized curvilinear coordinatess a solution of

as shown in Fig. 1. o o )
First, we consider a case of the cohelicity injection. In a VA4 u™ W = —u™V, ®

systgm with symmetry ia direction, a vector potenti#l can satisfying® =0 on both the boundaries. Solving E¢&) or
be given by (8) for given . and ¥, one finds a Taylor state in the model
A=W2+VHX2, 1 OfMRX. R .
According to Taylort® the magnetic helicity in a torus is
whereW¥ andH are scalar functionst means the so-called defined asK=[A-Bdv—¢§A-dIfA-ds so thatK is indeed
poloidal flux, although Eq(1) involves freedom of a gauge invariant to a multivalued gauge potentjal Here,dl andds
potential. The magnetic field and the current density aredenote loop integrals the long and short way around the to-
respectively, roidal surface. In the model configuration of MRX, the
- - gauge-invariant helicity is written as follows:
B=—-V?Hz+V¥xz 2)

and st A-Bdxdy- 2>, ¥, 35 A-di;, ©

j=—-V*¥z-V(V?H)xz (3 wheredl, means the loop integral around tita FC coil
surface, whiledxdy denotes the integral in the multiply-
connected region between the outer and inner boundaries.
Substituting Eqs(1) and(2) into Eq.(9), after some manipu-

Substituting Eqs(2) and (3) into the force-free equation of
the Taylor statej+ wB=0, one finds that

V2 =— 1 V2H (4)  lation using Gauss theorem, one finds
and
Kz—zf WYV2Hdxdy (10)
V(V2H)=puVV, (5)
, whenW¥ =0 and¥, on outer and inner boundaries. Calcula-
Integration of Eq(5) leads to tion of the magnetic energi is straightforward, that is,
V2H=u¥+C, (6)

1 1
E== Bzdd=—f V2H)2+(VW¥)Zdxdy. (11
whereC giving the vacuum toroidal field for =0 should be 2[ X2 i )7H(V)Tdxdy. (A1)

determined so that a constant gauge potedtieannot influ- We have numerically solved E67) by the second-order

ence on the left-hand side. In other words, for a gauge trangj,ite gifference and the conjugate-gradient method, calculat-
formation of ¥ —W+X, C must be transformed &—C ing E andK. The numerical solutions are shown in Figs. 2

— uX, becaus&V?H, namely,B, is gauge invariant. Since .43 Herewu is set to be negative so thdt, andK are
no external TF coil is used in the MRX device, one Canpositive. Figure 2 shows that the energy increases ith
chooseC=0 when ¥=0 on the container walllouter when || is less than the lowest eigenvalug of V2t
boundary. It leads to +2\2fn=0 (Ref. 14 (A;=3.2 in the present cageThis is

V2 + u2¥ =0. (7)  becausel satisfying Eq(8) becomes much larger thah,

Downloaded 12 Jun 2009 to 133.75.139.172. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 6, No. 4, April 1999 Watanabe et al. 1255

Taylor state analysis given above, therefore, wHer
(a) “-lI: 1 >1.6, thg magnetic_island wiII_ appear and grow _spo_n_tane-
ously during the pulling operation with the cohelicity injec-
tion.

The Taylor state analysis also suggests that no magnetic
island is formed in the counterhelicity injection. The reason
is that, in the MRX configuration, there is no Taylor state
having antisymmetry with respect tg=0. Since ¥,
namely, the PF current in the FC coils is assumed to be

symmetric,{ff, therefore ¥ andB, should be symmetric ig
for u# N, . Extending the definition of the Taylor state with
a constantu, thus, one may consider an antisymmettic
profile, which has opposite signs yn>0 andy<0, so that
B, could be antisymmetric for any symmette¢. A possible
configuration with the antisymmetrip is as follows: The
toroidal currentj, flows only in the “private” region inside
of the figure-eight separatrix magnetic surface, wijte 0,
namely,u=0 in the “public” region outside of the separa-
trix surface. This is becaugeis a flux function[see Eqs(3)
and(7)]. Even if u is antisymmetric, therefore, no magnetic
island with a mean toroidal current is formed in the counter-
helicity case for u|<\;.

lll. MHD SIMULATION OF MRX DISCHARGE

In order to check the prediction for the magnetic island
formation in the last section, we have performed two-
dimensional MHD simulations with the initial condition
given by the Taylor state gii=—1 and¥,=1, and have
examined a time evolution of the system, with slowly de-
creasing¥ in time. Governing equations are as follows:

®__y 12
. dv ) 1
FIG. 3. Contour plots of poloidal flux fofa) |.|=1 and(b) 2. Pai= —Vp+jXB+v| V3v+ §V(V-v) , (13
1 dp I V-v+ 5j°+ @ (14)
~ —_— -V ,
as|u| approaches ta,, where¥, as well as¥, is approxi- -1 dt r-1P 7
mate to the lowest eigenfunctidn. During|u| is increased P

from O to\4, therefore, a magnetic island duer}oappears 5= —-E,, (15

and grows. Contour plots o¥ for |u|=1 and 2 in Fig. 3
clearly shows a topological change of the Taylor state due to 4B,

appearance of a magnetic island at the center of the system. o —VXE,. (16)
The magnetic island becomes visible for|>1.6. As |u|

approaches ta.; further, the island with a spheromak-like Here,j, E, B, ®, ande;; are, respectively, given by
configuration grows and finally covers the whole system.

. N o2 ~

In the cohelicity injection, the MRX plasma before de- J=iZtjp= VW VB X7, (a7
c_reasing the PF coil current may be approxima?e to a solu- E=E2+ E,= —vXB+ 7], (18)
tion of Eq.(7) for || <1.6. As the PF coil current is reduced
in a time scale longer than the Alfuetransit time, ¥ is B=B,z+V¥ Xz, (19
“pulled” into the FC coils, namely¥ , becomes smaller. By
short-circuiting the TF coil, toroidal flux would be con- _ 1 2
served. This means that more plasma current is induced in ©=2v| &8 S(V K (20

the system, namelyu| is increased by decreasing [see
Eq. (6)]. Thus, the energy and helicity, respectively, normal- o _

ized by (Wo/L,)? and‘PS/LX are increased. According to the o2

1

v 0"1)])
—+ .

21
(9XJ' (7Xi ( )
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FIG. 5. Evolution of the magnetic energy and helicity. Solid line shows the
Taylor state. Marks representing simulation results are plotted at evgry 5

the magnetic islands collide with each other, and merge into
a larger one. AsV is decreased further, the single island
grows more and covers the whole system, as is predicted by
the Taylor state analysis in the last section. Through several
simulations with differenty from 5x 10 * to 1xX10 2, we
have found common features in their time evolutions, such
as detachment of the “private” flux, merging of the two
F_IG. 4.‘ Cont_our plots of poloi_da_l flux at diffe_rent time steps in the MHD islands, and growth of the merged island.

simulation with a constant resistivityp=1Xx103). . . .

In Fig. 5 we have plotted the normalized magnetic en-
ergy versus the helicity resulted from the MHD simulations
with 7=1x10"3 and 5x10 *. For =5%x10 %, we have

The suffixp denotes a poloidalx;y) component of a vector. used 20k 281 grid points. A solid line in the figure shows
Velocity v is set to be zero on the boundaries. We have usethe Taylor state given by Eq7), while marks represent the
a perfect conductor for the outer boundary, witle=0 and  simulation results at every# . Here, the energ and he-
E,=0.01 on the inner boundaries that correspond to the FQicity H are, respectively, normalized by¥(/L,)? and
coil surfaces. All of physical quantities are normalized by theklfg/Lx_ One finds that, following the Taylor state, the nor-
typical lengthL,=1, a characteristic poloidal magnetic, field malized energy and helicity are increasedlasis decreased
Bpo="Vo/Ly=1, and the initial density,=1. The Alfven
velocity Vo given by Byy and pg is equal to 1. Time is
measured by the Alfwetransit timer,=L,/Vo. The initial
pressure is set to bp=0.2. Viscosityv and ratio of the
specific heatd™ are, respectivelyy=1x 102 andI'=5/3.
First, we have performed the MHD simulations with a
constant resistivityy, adding infinitesimal random perturba-
tions ofv att=0. Starting from the initial condition with the
boundary condition given above, Egd2)—(16) are inte-
grated in time by the fourth-order Runge—Kutta—Gill
method!®1® Spatial derivatives are calculated by the second-
order finite difference. Figure 4 shows contour plotslofat
different time steps forp=1x10"3, where only an area
nearby FC coils is plotted for clarity. The Lundquist number
Sis equal to the inverse of, that is, 18 in this case. Total
grid points of 101X 141 including FC coils are employed in
this simulation, while a convergence check using finer grid
points of 201X 281 gives the same results. Two circles on
top and bottom of each figure represent the FC coil surfaces.
Decreasing of¥, on the FC coil surfaces causes a plasma
flow which drives magnetic reconnection at the X-point,
while an induction current is enhanced around the FC coils.
The increased current detaches a part of the “private” flux
from each FC coil surface, and forms magnetic islafsge a
plot att=157,). The formation process of the islands is the
same as that of the S-1 spheromak using a FC'8d(IThen, FIG. 6. Same as Fig. 4 but with a nonuniform resistivity.
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T IV. CONCLUDING REMARKS

Tay|lor staaeI -
o M=SXI0T, Cy=20 In this study we have investigated the magnetic island
formation in the MRX discharge. The Taylor state analysis
shows that two types of solutions with and without a mag-
netic island belong to the lowest branch which continues
from =0 to |u|=\;. Quasistatic transition of the field
configuration along the branch can explain growth of the
Ni=0 magnetic island during the poloidal flux is “pulled” into the
FC caoils, since the normalized helicity, namely, is in-
creased by decreasing the PF coil currents. It is also deduced
from the Taylor state analysis that no magnetic island is
formed in the counterhelicity injection. While the theoretical
FIG. 7. Same as Fig. 5 but with a nonuniform resistivity. analysis gives an understanding on the global evolution of
the system, a detailed process for appearance of the island
needs a more realistic consideration, that is, the nonuniform
L . .resistivity. The inhomogeneous resistivity such as %)
in time. Thus, the magnenc |_s|and appears and grows. It nablesythe induction ?:urrent to concer¥[rate in thea%entral
also seen that the time evolution BfandH for smaller is plasma region rather than around the FC coils, and thus, to
close;‘to tEe Tay!or slta_te. | lai h h of form the magnetic island apart from the coil surfaces. The
The above simulation result explains the growth o Asimulation result using the MHD model with the nonuniform

magnetic !sland found in the MRX cohelicity dls'charge. In rFsistivity can successfully explain the cohelicity injection of
the experiment, however, the island appears in a central oy in the “pulling” operation mode

plasma region apart from the FC coil surfaces. Namely, it is
created when a mean poloidal flux remains in the “private” ACKNOWLEDGMENTS
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n=1no[1+C, exp{—(r—rc)?/r3}], (22)
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