Three-Dimensional MHD Simulations of Co- and Counter-Helicity Spheromak Merging in SSX using the HYM Code
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Spheromaks and Field-Reversed Configurations (FRCs) belong to the Compact Torus (CT) subset of e The currents in the two merging spheromaks are attractive, so the FRCs will be Run parameters: e The currents in the two spheromaks now repel each other, which means that the Run parameters:
magnetic fusion configurations. The magnetic field in spheromaks has both toroidal and poloidal pulled together and reconnect quasi-axisymmetrically. e Physics parameters: spheromaks will not merge without first becoming unstable. e Same physics parameters as the counter-helicity simulation.
cpmpionents, v;/hcllle thﬁ Elhelil éﬂ FRCs |s:c pulrely |:>_olt0|dal.I Both iontflgura‘cthnihar_e self-oz_ganlzed aP_d e The system has zero total helicity, so the reconnection process is expected to By, — 1.0 kG R. — 20.3 cm 7o =~ 0.1 us Pe ~ 500 . $Ee systtehm ha}s notp—zero magnetic rI;ellaty, SO Taylortr_ela?hatlfc__)_n |is etXI’?etheSH o irl’:ltla| con_dltlo?s andSI;)(undary conditions are designed to closely model
S|mp|y connected such that they must rely on internal currents to sustain their respective magnetic annihilate the toroidal field such that the configuration will settle into an FRC-like o = 10 cm3 [. — 61.0 cm tao ~ 2.9 s  ~ 1000 ough the r?. axation pLocelzsbmaK Ievery asymmf1 rll_c{ e final state of the - e expsrl?wleggsxzr;XBZ. -
topologies. state with only poloidal field remaining. vio ~ 70 km/s ¢/ = 0.7 cm tam =~ 200 pis = magnetic configuration shou e the lowest energy helicity-conserving eigenstate. un grid o (zXrxo)
Spheromak merging is a process by which two spheromaks in close proximity combine via mag- e The configuration that is observed in both the simulations and the SSX experiment e Initial & boundary conditions closely model the experiments on SSX.
netic reconnection in order to reach a lower energy state. Experimentally, this process is studied is a partially merged compact torus with residual toroidal field (the “"Doublet CT"). e 257x129x32 (zxrx) grid used to resolve the midplane reconnection region.
by launching two spheromaks at each other inside a flux conserving shell.

Poloidal Initial Configuration & Early Time Evolution The “Slingshot Effect”

Fieldlines

e Due to the magnetic topology of the attractive-current counter-helicity merg-
ing geometry, the fieldlines near the reconnection region have sharp kinks
(see the first set of figures below).

Flat Pressure Profile
e The initial magnetic configuration (see left)

has a private flux region for each spheromak
and a public flux region that has only poloidal

e The reconnection process releases the tension in these kinks, which allows the

Helical Toroidal field. fieldlines to straighten as they move away from the reconnection region. Cycle 15 Cycle 30 Cycle 40 Cycle 50 Cycle 67
Fieldlines Current _ S o _ _ _ R _ _ _ | t= 14.1 tag t = 28.2 tag t = 37.6 tag t = 47.0 tag t = 63.0 tag
_ | | _ _ _ e The x-point that is visible in the intial configu- e The straightening fieldlines toroidally “slingshot” the plasma in opposite t = 41.4 us t= 82.9 us t =110.5 us t =138.1 us t =185.1 us

Spheromak Field-Reversed Conflguratlon Merging Conflguratlon ration is the seed point for reconnection as directions (Yamada, et al., 1990).

the two spheromaks are pulled together.

Toroidal Flow

Co-Helicity Counter-Helicity There are several possible spheromak merging geometries due Cycle 01 Channels
t= 0.0 ta
t= 0.0 us

to the availability of spheromaks with both right-handed (RH) oressure Velocity
@@ @@ and left-handed (LH) helicity. Each merging geometry leads

to different behaviors based on the total helicity in the system
@@ @@ and the direction of the currents in each spheromak. The two

configurations highlighted in red are those that were studied g

here.
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e The initial spheromak currents ohmi-
cally heat the plasma early in the
simulation. This causes the plasma

% _ _ o _ ) i i i Cycle 15 Cycle 30 Cycle 40 Cycle 50 Cycle 67
. RH@QH R@@H The configurations with “attractive currents” are expected to tpvzeosif;r;etg g#l’(c:lfleylg:csti (see the first Reconnecting — t= 14.1 tyo t = 28.2 tao t = 37.6 tao t = 47.0 tao t = 63.0 tao
£ merging axisymmetrically, while those with “repulsive currents” ~" ' Fieldlines t= 41.4 us t= 82.9 us t =110.5 pus t =138.1 us t =185.1 us
will not merge without instability. e After just a few Alfvéen times (~5), srecrine.
A the spheromaks begin to reconnect in  py *
Motivation for studying spheromak merging: ” thetmldpl)lane._ A _pl_‘lcj)lno_un;:ﬁd relcmjt- l_:Z;:
e Slow formation of high-flux FRCs (counter-helicity) C nfgﬁllgn(“?{ﬁ;':e\é';'qdefr?me)e velocity 0:”58
e Magnetic reconnection physics in all merging experiments . P g lo_m
e Taylor relaxation physics (co-helicity) t= 6.6 = 19.3ps e Att~ 13t,, the reconnection outflow  yecgze

peaks, with the maximum velocity Proudocolr
reaching ~15% of the Alfvén velocity. -
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The HYbrid Magnetohydrodynamic (HYM) Code

— 0.07250

A
e The high reconnection flow is almost - .
A

.‘--..__‘_.

t= 14.1 txo t = 37.6 tao t 2N47.0 tao t = 63.0 tao

The HYM code was developed at PPPL by Elena Belova to study FRC formation and stability. exclusively in the toroidal direction. Cycle15 .~ ./, 1S Cycle 30 ' Cycle 40 £ —110.5 115 Cycle 50 £ 13801 yis Cycle 67 1851 18
HYM is a fully explicit nonlinear 3D code with three primary modes of operation: Tlhis PthtHOflpetna iStdiSCUSStid in tr?te l_mo - — — Time
1) Resistive MHD (sinale fluid & Hall MHD (two fluid SIINGSNOT errect section on e rignt. vox: 00 S reconnecte elalines move away rom the -pOIﬂt,t ey VIO enty ) ) o
Ezg Hybrid (fluid eléctrcg)ns with PIC ions) ( ) t=13.2 44 = 38.7 ps straighten out and “slingshot” the plasma in the toroidal direction. As the time series above shows, co-helicity

merging in this geometry is complex.
(3) MHD/Particle (single-fluid thermal plasma with an additional kinetic ion particle distribution 9ing J Y P

Includes self-consistent equilibria with kinetic ion effects. The Metastable "Doublet CT" Configuration Late Time Instability ;Zi,ﬁg:ﬁ;gggIiser;iciggfggean;:;?c;:gtzz_m-

o0 O

. . . _ . Pressure Velocity Pressure Velocity .
Fully parallelized with 3D domain decomposition/MPI and good processor scaling. e Reconnection dominates from t ~ 10-30 t. . such The colors in the _ _ _ _
. . . o . . . - - AO _ fwo f . . . Topologically, the reconnecting poloidal field
Code is designed to run with realistic initial and boundary conditions for experimental modeling. A that at t ~ 30 t,, the two spheromaks have partially WO Trames on Final state The spheromaks must first tilt in order to have their cur- becomes a single magnetic axis that threads the
. . . . . simuilation . . . .
ViS:IaIIiEZE"tti'on:HYM S . L) euitable for 20 - — . ,:::1dthtlrs]epg;gthraecrc;rll:aeicr]t;oiﬂ gasaiL?;Yﬁldnigrglglganqua_ _empha_ls_ize the tilt Th|e| tll’F begr:ns. a.rc.)ulnc.lI hal:]way ;ch.I‘OL:g: ;Che SI'mU|at'°_n' In orde_r for the tor_oidal field to reconnect, it must twist Non-axisymmetric
V?(sltsja:lr?gation r\wléssuﬁc;\fvalal(e)gnr(;isgﬁile(d to)?flgluasineg tohre Vi:Intav»i/::JSalization software package - — stable state with some remaining toroidal field - - L Instability. Following the initial tilt, the poloidal field (blue) begins to into a figure-8. This model roughly explains the lowest Reconnection Region

reconnect asymmetrically. energy helicity-conserving Taylor state (see below left).

t=27.3t4s = 80.1 us t=50.7 ty = 149.2 us

.

e Some of the plasma pressure is now shared within Late in time, before
the reconnected fieldlines, but the highest pressure m the toroidal fields
contours remain confined to the original spheromaks can be completely

e This metastable configuration that has zero net ’ annihilated, the

o
e HYM data was ported to the SILO binary database format for use with VisIt
o Vislt facilitates 3D fieldline tracing and 3D rendering of other variables (pressure, velocity)

Working on further quantitative analysis (local Fourier mode activity, energy & helicity evolution). Close Examination of Final Taylor State Summary of CO'HE'ICIty Results

Cycle 67

: : \ t = 63.0 tag - : - Conclusions:
i, The final state of the simulation
- helicity but it still maintains some toroidal field is configuration be ' t=185.1 s . . . .
The Swal‘thmOI‘e SpherOmak Experlment (SSX) caIIIe::IYcheu“[l)oullalet Cll-" (ICothran etrall 2063) ! - e comes unstable and can be compared to ideal MHD e The Co-he||c|ty merging geometry undergoes a tilt-then-
. . . . . . ! o tilts away. eigenstate calculations and ex- il % reconnect process that is very asymmetric.
Merging experiments were first started by Yamada & Ono at the University of Tokyo in 1990. t=36.6 ts =107.7 s £=62.0 6 =182.3 s ‘Reduce the perimental data (see left). : . .
Studies of spheromak merging have continued on the Magnetic Reconnection Experiment (MRX) * The magnetic configuration of the Doublet CT is shown below. fieldline count . 'tA‘ S|n|1pll_f|e|d ?odel h_astllaqeen constguctedf_to extplalndthg
at Princeton (M. Yamada, S. Gerhardt), on the Swarthmore Spheromak Experiment (SSX) at Fieldlines from both private flux surfaces with TF (left) and = = ‘?)L =N *’|L Summary of Counter-Helicity Results The figure-8 form of the calcu- oo 59178 - 1anges i HHE MAagnett Fontghration eHirng
' ' hared surfaces without TF (right) can be found. The closure |[— "~ ., Z— N, 2 = lated ideal eigenstate (PSI-TET) the simulation.

Swarthmore College (M. Brown, et al.), and elsewhere share (right) = = = = :

| —o= A ' 7 | . of the fieldlines in the shared surface is an open question. 1 = =z =t 1 = = =t Conclusions: s also seen in the HYM simula- The final Taylor state matches well with both the PSI-TET
The HYM simulations discussed here were set up to closely match the initial and boundary . The 2D vector plots on the right compare of the Doublet CT ERE SIS e This counter-helicity merging geometry reconnects in a quasi- tion. The other magnetic axis ideal eigenstate calculations and SSX experimental data.
conditions of merging experiments on SSX with a 3:1 flux conserver. data from the HYM simulations and from SSX experiments SSX ) ) axisymmetric configuration to form a Doublet CT. was difficult to locate. Future Work:
SOSX l;s(;jesotwnc;ecoahzilgl_chTlang‘]Il;eti_lzqed pelgli‘tn;? _geu;\s t0 launch spheromaks at each other (in both the The agreement between the two is remarkable. s W * The "slingshot effect” Is observed during reconnection. ' e Expand analysis to include Fourier mode activity as well as
co- and counter-helici rgi ries). : 62.4 pis

) 4 9ing 9 Magnetic e The toroidal field of each spheromak is not entirely annihi- g_D VeCt%rSpé&ts of HYM S'L“Ur:a' — = . = energy & helicity time evolution.
SSX measures the mag- a Probe Arrays lated (likely due to high ion viscosity) and private flux 1015 al experiments have | .. = 7 4 [ = J3i F  yl» : - - _
netic topqlogy of the | Lo kg 62.4 us surfaces persist until the configuration becomes unstable. many similarities (see right). _; é % % § §_ ) iréi:/eezsebe’crr:sv?glg resolution fo ook at changes in the 05
pL&c]JTan;sa tvt\:latpagree5 mI:cg:chelt;(’é N ::i " LZ SN :jf;;zz; e Excellent agreement is observed between HYM simulations The OPPOSINg _toro_ldal twist of the S =
pProbe = P . = = — = = and SSX experiments figure-8 is visible in the east and |HYM | |
a variety of axial, radial, 7T e 25 ST west r-8 projections. 9 The authors would like to thank the SSX experimental group (M.
and toroidal locations. e L T Future Work: . . ’ Brown, T. Gray, C. Cothran, et al.) for their contributions to this
HYM e . . . . ; . A paper detailing the experimen- ! ! . ! .
SSX also has an Ion e Expand analysis to include Fourier mode activity as well as - ——— tally observed final co-helicity | work. Vye_ would _al_sc_) like to_t_hank M. Shaffer of G_eneral_ Atomics
Doppler Spectroscopy ¢ N\ | Cycle 30 Cycle 30 energy & helicity time evolution. %_"56““" Ideal Taylor Eigenstate ctate has been submitted for providing the initial conditions for these HYM simulations and
- = 30.8 ta = 30.8 to . . . 3 i i i i

(IDS) system to measure =L £ 9005 i £= 205 4t e Scan the viscosity to more closely match SSX timescales and (PSI-TET, G. Marklin) (Cothran, et al.). G. Marklin O.f t_he PSI_Center at the Un!ver5|ty of Washington for
line-integrated velocities. instability growth E r - the use of his ideal eigenstate calculation from the PSI-TET code.




