/AIP Biiimas

Magnetic reconnection process in transient coaxial helicity injection
F. Ebrahimi, E. B. Hooper, C. R. Sovinec, and R. Raman

Citation: Phys. Plasmas 20, 090702 (2013); doi: 10.1063/1.4821974
View online: http://dx.doi.org/10.1063/1.4821974

View Table of Contents: http://pop.aip.org/resource/1/PHPAEN/v20/i9
Published by the AIP Publishing LLC.

Additional information on Phys. Plasmas

Journal Homepage: http://pop.aip.org/

Journal Information: http://pop.aip.org/about/about_the_journal
Top downloads: http://pop.aip.org/features/most_downloaded
Information for Authors: http://pop.aip.org/authors

ADVERTISEMENT
7 1pm-thick LPCVD
\‘ Ve SURFACES AND
. . L : INTERFACES
Ap pl Ied Physlcs ; Focusing on physmal,chenrﬁical’biolugircal.
Letters B e, o ..

EXPLORE WHAT'S ] NENERGY CONVERSION

energy conversion, energy storage, photovoltaics,

N EW I N Ap L ans 4 Focusing on all aspects of static and dynamic

solar fuels, batteries, capacitors, thermoelectrics,

SUBMIT YOUR PAPER NOW! b > and more...

Downloaded 27 Sep 2013 to 198.125.229.230. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://pop.aip.org/about/rights_and_permissions


http://pop.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/96767268/x01/AIP-PT/PoP_CoverPg_082813/APL_HouseAd_1640_x_440_r2_v1.jpg.jpg.jpg/6c527a6a7131454a5049734141754f37?x
http://pop.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=F. Ebrahimi&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://pop.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=E. B. Hooper&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://pop.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=C. R. Sovinec&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://pop.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=R. Raman&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://pop.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4821974?ver=pdfcov
http://pop.aip.org/resource/1/PHPAEN/v20/i9?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://pop.aip.org/?ver=pdfcov
http://pop.aip.org/about/about_the_journal?ver=pdfcov
http://pop.aip.org/features/most_downloaded?ver=pdfcov
http://pop.aip.org/authors?ver=pdfcov

@ CrossMark
& click for update

Magnetic reconnection process in transient coaxial helicity injection

F. Ebrahimi,’® E. B. Hooper,? C. R. Sovinec,® and R. Raman*

"Department of Astrophysical Sciences, Princeton University, Princeton, New Jersey 08544, USA
2Lawrence Livermore National Laboratory, Livermore, California 94550, USA

3 University of Wisconsin, Madison, Wisconsin 53706, USA

“University of Washington, Seattle, Washington 98195, USA

(Received 30 July 2013; accepted 2 September 2013; published online 17 September 2013)

PHYSICS OF PLASMAS 20, 090702 (2013)

The physics of magnetic reconnection and fast flux closure in transient coaxial helicity injection
experiments in NSTX is examined using resistive MHD simulations. These simulations have been
performed using the NIMROD code with fixed boundary flux (including NSTX poloidal coil
currents) in the NSTX experimental geometry. Simulations show that an X point is formed in the
injector region, followed by formation of closed flux surfaces within 0.5 ms after the driven injector
voltage and injector current begin to rapidly decrease. As the injector voltage is turned off, the field
lines tend to untwist in the toroidal direction and magnetic field compression exerts a radial J x B
force and generates a bi-directional radial Ejoridat X Bpoloidat Pinch flow to bring oppositely directed
field lines closer together to reconnect. At sufficiently low magnetic diffusivity (high Lundquist
number), and with a sufficiently narrow injector flux footprint width, the oppositely directed field
lines have sufficient time to reconnect (before dissipating), leading to the formation of closed flux
surfaces. The reconnection process is shown to have transient Sweet-Parker characteristics. © 2013

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821974]

Non-inductive current formation is a major physics objec-
tive in NSTX as an advanced Spherical Torus (ST) and in
future ST-based fusion devices.! The ST confinement concept
is projected to operate at very high values of the toroidal beta
and bootstrap current fraction and is a potential candidate for
a Fusion Nuclear Science Facility (ENSF).! However, due to
the restricted space for a central solenoid in an ST, elimination
of the central solenoid is likely necessary for an ST based re-
actor or a component test facility. This could also simplify a
reactor based on the tokamak concept. Coaxial Helicity
Injection (CHI) is a promising candidate for plasma start-up
and may also have the potential for edge current drive during
the sustained operating phase.>® Here, we numerically exam-
ine the physics of transient CHI for start-up in NSTX
(for implementation of CHI on NSTX see Fig. 1 in Ref. 4).
Our results reveal the fundamental mechanism for closed flux
generation in transient CHI discharges. We find that it also
has some universal aspects of reconnection physics.
Specifically, closed flux surfaces during transient CHI could
be explained through 2-D Sweet-Parker type reconnection,’
and 3-D non-axisymmetric modes do not appear to play a
dominant role. There are similarities between the transient
Sweet-Parker reconnection found here and that reported in
forced-reconnection laboratory plasmas.®’

A CHI discharge is initiated by driving current along open
poloidal magnetic field lines that connect the lower inner and
outer divertor plates that are electrically separated from each
other. In CHI terminology this region is referred to as the injec-
tor and the opposite end of the machine containing the upper
divertor plates, the absorber. The initial magnetic flux connect-
ing the lower divertor plates is referred to as the injector flux.
It is produced by driving current in the lower divertor coils.
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After the injector current exceeds a threshold level such that
the Jpoi X Bior €xceeds the field line tension of the injector
flux, the injector flux gets stretched into the vessel.

Unlike driven CHI (edge current drive) where non-
axisymmetric MHD activity is required to relax the current
inward, in transient CHI only axisymmetric reconnection is
believed to be adequate for generating a high quality closed
flux start-up equilibrium. In transient CHI, on the time scales
needed to fill the open flux plasma into the vessel, the injec-
tor current is rapidly reduced in magnitude. This has the
effect that the injected poloidal flux is no longer being sup-
ported by the J x B forces and rapidly begins to pull back
into the injector. Experimentally, it has been observed that if
the injector flux footprints are sufficiently narrow, then dur-
ing the poloidal flux decay phase, the injected poloidal flux
can reconnect near the injection electrodes and result in the
formation of closed flux surfaces.* Formation of closed flux
surfaces is essential for subsequent non-inductive current
ramp-up to the levels required for sustained operation in an
FNSF.! While some aspects of transient CHI, including scal-
ing of CHI generated current with injector and toroidal fluxes,
has been simulated using the 2-D TSC code,8 detailed recon-
nection physics has not been studied. Understanding the fun-
damental physics, which leads to field line reconnection,
during transient CHI, is the primary purpose of this paper.

To understand the physics of reconnection and flux clo-
sure, and to more fully model the transient CHI process, we
perform resistive MHD simulations of CHI for an NSTX-like
discharge using the NIMROD code.” Resistive MHD simula-
tions have been used to study helicity injection physics in
other configurations,'®'? and is well suited for studying the
initial dynamic phase of a transient CHI discharge. To study
the underlying physics, using the NSTX vessel geometry,
we start with a simplified configuration. In these initial

© 2013 AIP Publishing LLC
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FIG. 1. Time histories of (a) injector current (RB above the injector slot)
(b) total toroidal current for simulations at y = 8 m?/s(T, ~ 14eV), and
n=3.5m?/s(T, ~24eV).

simulations, we use constant poloidal field coil currents to
generate the injector flux (fixed boundary flux simulations).
Resistive MHD simulations with time-varying boundary
conditions arising from poloidal-field coil changes in
the experiment have been performed and produce closed
surfaces.'* However, the more complete physics model
therein complicates a full understanding of the reconnection
and closed flux process. The present work addresses this
physics using a simpler model, allowing a fuller and more
detailed determination of this physics, which is important
for transient CHI scaling to future devices. Under these
conditions, the injector voltage is adjusted so that the J x B
force sufficiently overcomes the field line tension'® and
open field line plasma fills the vessel. Then, as in the
experiment, the injector current is rapidly reduced, by turn-
ing off the applied voltage across the injector. Magnetic dif-
fusivities similar to those in the experiment are used.
However, we use an arbitrary injector flux (‘¥jy;) of about
70 mWb that results in a toroidal current of about 700 kA.
Since the objective is to understand flux closure, the actual
magnitude of plasma current which is expected to scale as
‘ijg is not important here.

The results described below provide a detailed explana-
tion of the response of the plasma as the CHI drive is rapidly
switched off, and offer insight to the experimental observa-
tions as well as the reconnection physics.

In our initial simulations, axisymmetric time-dependent
resistive MHD simulations for a zero pressure model are evolved

Phys. Plasmas 20, 090702 (2013)

p(%—\;+v.vv) =JxB—V.I, (1)
OB

e —V xE, )

E=-VXxB+nul, (3)

tod =V x B, )

where 7 is the magnetic diffusivity. The unmagnetized part of
the stress tensor IT is treated as —pr' V>V, where v is the vis-
cous diffusivity. To avoid currents flowing along the top sur-
face of the domain, a layer of large resistivity is used and the
viscosity is enhanced by a factor of 30. A similar condition is
imposed across the injector flux footprints and the gap in the
injector region to aid numerical resolution of the boundary
layer. The magnetic diffusivities used in these simulations are
in the range of 3 —400m?/s. The kinematic viscosities are
chosen to give a Pm=7.5 (Prandtl number = v//#) for all the
values of magnetic diffusivities used here. The viscosity is not
playing a significant role in understanding the qualitative dy-
namics of reconnection.

A simplified waveform of injector voltage with a con-
stant voltage (=1kV) is applied at 6 ms and turned off at
9ms. For the chosen conditions in the injector and divertor
coils, this allows adequate injector current to flow along the
injector flux and an open fieldline discharge fills the vessel.
Current flow across the absorber gap is kept zero by setting
ABy = 0 in the region between the upper divertor plates.
The boundary fields and flux are kept constant (t = 0—14 ms).
To give converged results higher order finite elements of
45 % 90 fourth and fifth orders are used.

Using simulations at zero pressure, we first investigate
the effect of magnetic diffusivity (or Lundquist number) on
the physics of flux closure. Simulations with large magnetic
diffusivity n = 400m? /s (equivalent to T, = 1eV) show no
flux closure. A small volume of closed flux forms at mag-
netic diffusivities of about  ~ 40 — 20 m?/s. The volume of
closed flux surfaces increases as the magnetic diffusivity is
reduced to 1 ~ 8 m? /s (equivalent to T, = 14 eV). Time his-
tories of injector current and total plasma current for two sets
of simulations, 7 ~ 8 m?/s and 5 ~ 3.5m? /s (equivalent to
T, = 24¢eV) are shown in Fig. 1. Both simulations reach sim-
ilar values of injector current of about 36-37 kA at the time
that the voltage is turned off. About 1 ms after the voltage is
turned off, the injector currents drop sharply to about
10%—-20% of their maximum values during the injection
phase.

The formation of an X point and closed flux surfaces is
confirmed with the field line tracing of the Poincare plots
shown in Fig. 2(a). An X point starts to form at around
t=9.005ms and simultaneously closed flux surfaces begin
to form. The flux closure with large volume occurs around
t=9.25ms. The flux closure persists to about t=10ms.
Poincare plots of flux surfaces at t=9.4ms is shown in Fig.
2(a). Toroidal current in the closed flux surfaces is about 8%
of the total plasma current at t=9.4ms (at the beginning of
flux closure) and reaches a maximum of about 11% at around
t=9.8 ms. Similar reconnection process and flux closure
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FIG. 2. Poincare plots soon after the flux closure for the two cases (a) with
7 =8m?/s at t=9.4ms (b) with = 3.5m?/s at t =9.66 ms.

also occur at lower magnetic diffusivity (higher tempera-
ture). However, a larger volume of closed flux is formed at
lower magnetic diffusivity 1 ~ 3.5m?/s (Fig. 2(b)). Flux
closure with large volume starts at around t=9.3ms and
also persists to around t= 10ms. The toroidal current in the
closed volume of flux surfaces is about 13% of the total cur-
rent at t = 9.5 ms and increases to about 15.5% at t=9.8 ms,
which is larger than the lower temperature case.

These simulations have further elucidated the funda-
mental physics mechanism of flux closure and reconnection
process. The formation of the X point can be explained
through the Lorentz forces and flows at the reconnection
site. We first examine the radial component of total Lorentz
force, (J x B), = —V(B} +B? +Bj})|,/2uy + (B~ VB)|, /1y,
which consists of the force from magnetic compression and
the magnetic curvature term, (first and second terms, respec-
tively). We should note that field consists of a fixed back-
ground field and evolving axisymmetric fields (B = By + B)
during helicity injection. We calculazlte the quadratic terms
with evolving fields, i.e., BoB and B~ terms, since B% terms
are fixed before and after the reconnection and cannot
explain the reconnection process. The poloidal curvature
term also does not enter in the total force (the radial part
(B,B..), cancels out with the radial part of the compression
force and the vertical Z part, B.dB, /dz has numerically been
calculated to be very small). We therefore have the two main
contributions to the total force, which are —V(B? + Bi) /21t
and —Bé/ ru, and have been plotted before and after X point
formation in Fig. 3(a). The magnetic compression force from
poloidal magnetic field, —V (B?) /2y, is also calculated, but
has a smaller contribution to the total force. We find that the
toroidal field compression force cancels out the toroidal cur-
vature term and results in a small radial force before the
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FIG. 3. Profiles of (a) —V(Bj))/l,uo and —B?p/r,uo terms (b) induced toroidal
electric field, (c) radial flows around the injector region (z= —1.4) before
and during X point formation. All the fields are total including vacuum and
evolving fields.

reconnection. However, as the injector voltage is turned off
and the evolving toroidal magnetic field decreases in the in-
jector region, the compression from the toroidal magnetic
field exerts an effective bidirectional pinch force that brings
the oppositely directed fields together to reconnect. It should
be noted that the poloidal field compression may also con-
tribute equally to the force when the helicity drive is
reduced.

Consistent with the bidirectional pinch force, as the in-
jector voltage is turned off, a radial pinch E x B flow is gen-
erated, where the electric field (loop voltage) in the toroidal
direction induces the poloidal-field evolution that leads to
reconnection. An induced positive loop voltage during the
decay phase of CHI has also been shown in TSC simula-
tions.® Here, our simulations show that oppositely directed
magnetic flux (primarily the poloidal magnetic field, Bz)
around the injector region collapses together through this
oppositely directed flow Vr ~ E4B7 and causes reconnection
to occur. The radial profiles of induced toroidal electric field
[Ey = —(V x B)d)] around the injection region (z=—1.4)
before and after reconnection are shown in Fig. 3(b). This to-
roidal electric field that induces the evolution in poloidal flux
reflects the important generation of pinch flow. The radial
flow before reconnection time (t=8.99 ms) and the bidirec-
tional pinch E x B flow during reconnection (t=9.01) are
shown in Fig. 3(c). The radial pinch flows that result in the
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FIG. 4. (a) Elongated current sheet and (b) scaling of the current sheet layer
with 7 during the X point formation. Diamonds and crosses obtained using a
fit to a Harris type profile and half width of the vertically averaged profile,
respectively.

formation of an X point at around z=—1.35m causes the
local poloidal flow to become very small.

To further investigate the nature of the reconnection pro-
cess, we have performed a scaling of current sheet width with
magnetic diffusivity. During the X point formation, local cur-
rent density is further localized to form an elongated current
sheet (Fig. 4(a)). We have calculated the width of this current
sheet density around the injector region for a few values of 5
with the same injector current. We first have performed a
coordinate transformation to coordinates aligned with the cur-
rent sheet (shown with dotted black line in Fig. 4(a)) and we
have confirmed that the reconnecting field (B,) fits well with a
1-D Harris sheet type profile [ox tanh(R/5)]."> Using this fit,
we have then calculated 0, the width of current sheet, which
scales with magnetic diffusivity close to 5'/2. This suggests
that the reconnection process during the X point formation in
transient CHI may be a Sweet-Parker type reconnection. We
should note that, because of the transient nature of the process,
the distinction between reconnection and diffusion is lost at
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higher values of 1 (values above # o ~ 40m?/s for our
parameters). This emphasizes the importance of a narrow flux
footprint width.

These new results from the NIMROD simulations are
now able to provide a much better physical understanding of
some of the experimental observations. First, we find that
there are two conditions that may suppress the effective
reconnection during transient CHI. If the voltage is not being
rapidly reduced to zero, the injector voltage still dominates
and any residual effects from the decaying poloidal flux are
too small to cause reconnection. Second, if resistivity is large
and the footprints are far apart, even in the presence of pinch
flow, reconnection does not occur. This is because the time
scales for the oppositely directed field lines to come together
are longer than the poloidal flux decay time due to high resis-
tivity. Finally, through direct numerical calculations of the
radial forces, we found that as the injector voltage is turned
off, a radial bi-directional pinch flow causes the field lines to
reconnect.
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