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Simulated and experimental compression of a compact toroid
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(Dated: May 6, 2009)

We present simulation results and experimental data for the compression of a compact toroid
by a conducting nozzle without a center electrode. In both simulation and experiment, the flow
of the plasma is greatly obstructed by even modest magnetic fields. A simple mechanism for this
obstruction is suggested by our simulations. In particular, the configuration of the plasmoid’s mag-
netic field plays a significant role in the success of the experiment. We analyze two types of plasma
configurations under compression and demonstrate that the results from the simulations matches
those from the experiments, and that the mechanism predicts the different behaviors observed in

the two cases.

Plasmoids!, or self-contained magnetized plasmas,
hold much promise as a mechanism for energy transport?.
In particular, many groups have studied the accelera-
tion of spheromak-like configurations such as compact
toroids (CTs)* 5. In the U.C. Davis Compact Toroid In-
jection eXperiment (CTIX)S, a plasma is created from a
neutral gas, seeded with a poloidal magnetic field from
a solenoid, and then allowed to equilibrate to a quasi-
force-free configuration. This plasma is then accelerated
between two concentric electrodes with magnetic pres-
sure maintained by currents discharged from a capacitor
bank. The plasma can achieve velocities near 200 km/s,
and the peak number density is typically around 10'% /cc.
The maximum velocity of the plasma is limited by the
circuit and possibly by the blowby instability3, so raising
the density of the plasma seems a better way to deliver
more energy.

One way to increase the density is to compress the
plasma after it has been accelerated. To this end, the
CTIX group has constructed a conical compression nozzle
with an area ratio of 10:1. This nozzle is placed after
the terminus of the center electrode, so the compression
occurs while the plasma is drifting freely. In this letter we
present the results of our simulations of the compression
and the corresponding experimental observations.

We simulate the plasma with Spasmos, a resistive mag-
netohydrodynamics (MHD) code that uses Smoothed
Particle Hydrodynamics (SPH). The details of the al-
gorithm will appear in J.J.’s forthcoming PhD Thesis”
with more information about this experiment. In short,
the code solves the Lagrangian single-fluid MHD equa-
tions
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We have written the momentum equation in terms of the

hydromagnetic stress tensor
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The quantities are defined on discrete points, or nodes,
in space. Each node ¢ represents a Lagrangian fluid el-
ement with fixed mass m; moving at a fluid velocity v;
possessing specific thermal energy w;, magnetic field B;,
and electrical resistivity 1. There is no computational
grid connecting the nodes; they connect to their closest
neighbors dynamically. In SPH, spatial derivatives are
defined in terms of a spherically-symmetric smoothing
kernel W(x — x’; h) of finite extent h so that the spatial
derivatives on a node are approximated by sums of neigh-
bor contributions weighted by their kernel gradients. In
Spasmos, the MHD equations are reduced to the nodal
ordinary differential equations
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where the subscripts identify quantities on the nodes
{j} that neighbor a node i, v;; = v; —v;, W; =
W(Xi — Xj;hi), VWZ = VW(XZ — Xj;hi), and VWij =
(VIV; +VW;)/2 is a gradient that is symmetric between
nodes ¢ and j. In particular, the mass density is mea-
sured by the number density of the nodes weighted by
their masses. The specific thermal energy is evolved by
assuming that the change in purely hydrodynamic kinetic
energy is balanced by a change in the thermal energy®,
after which Joule heating is applied.

The plasma is initialized as a toroid of axial length L
and inner/outer radii 71 and r9 with a uniform density po,
uniform energy per unit mass ug corresponding to tem-
perature Ty, and a uniform axial velocity v = (0,0, vg).



FIG. 1: Simulated plasma within the compression nozzle
(quadrant). |B| contours demonstrate strong magnetic field
(bright blob) in the center.

The magnetic field is set to a force-free state in which
(V xB) x B = 0 when the toroid is confined by conduct-
ing wallsat 2 =0, z = L, r = 7, and © = r3°. This is
the well-known Taylor force-free state and is an idealized
configuration, but is routinely used in modeling CTs in
the literature. We use an ideal gas law for the plasma
pressure with v = 5/3 and a Spitzer model for the resis-
tivity in which n = 5.2 x 107°ZIn A T-3/2. Since the
compression nozzle sits beyond the accelerator region, we
do not model the center electrode in CTIX. The nozzle
has maximum and minimum radii R4z, Rmin, and 7o
is typically set to R,q.- Table I shows typical values for
these parameters in our simulations, which were chosen
to match their experimental values.

Rpaz| 0.06391 m || Rmin
1 0.0318 m || By
L 0.05 - 0.5 m||po
To 20 - 100 eV ||vo

0.02013 m
01-1T
1077 — 107° kg/m*®
100 - 200 km/s

TABLE I: Typical values for parameters in compression sim-
ulations.

Our simulations show that the above magnetic config-
uration can obstruct the flow of CTs through the noz-
zle, even when the field is not particularly strong. As
the plasma expands, a strong magnetic field develops at
the center of the vessel, pushing the plasma out against
the nozzle and hindering its travel. Figure 1 shows this
strongly magnetized region in the vessel, which develops
shortly after the plasma leaves the center electrode.

The development of this strong magnetic field can
be explained by magnetic reconnection. As the plasma
leaves the center electrode, it begins expanding radi-
ally inward, carrying with it the internal magnetic field.
When the plasma reaches the z axis, the magnetic field
reconnects with itself. In a compact toroid, the field on
the inner radius is strong and has both toroidal (By) and
poloidal (B,) components. The toroidal components of
the field add to zero at the center. However, the poloidal
components are all aligned, so they produce a large mag-
netic field.

To illustrate this reconnection, we have run some pla-
nar 2D simulations of plasmoid cross sections for both a
CT and a plasma jet in which B = (0, By, 0). Figure 2
shows the intensity of B in the plasmas as the observer
looks along the axis of the simulated CTIX device, both
before the expansion and at later times. As we expect,
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FIG. 2: 2D simulations of a cross section of an expanding
plasmoid. (a) and (b) show a CT initially and after recon-
nection (¢ = 0.1us). (c) and (d) show the initial and final
configurations for a toroidal jet.

the CT field reconnects and magnetizes the center of the
vessel very quickly, repelling the plasma before most of
the material is allowed to inflow. The field in the jet ex-
hibits no such reconnection, and the plasma flows inward
uninhibited.

CTs generated by CTIX have magnetic fields whose
strength is estimated to be between 0.5 to 1.5 T. Our sim-
ulations predict that even a 0.5 T field will not allow a CT
through the nozzle at a muzzle velocity vo of 150 km/s.
Weaker fields of 0.1-0.2 T still produce magnetic peaks
in the center, but do allow a CT with vy = 150 km/s
to pass. Meanwhile, plasma jets with much larger mag-
netic fields seem able to pass through the nozzle without
much difficulty. Unfortunately, such jets are not spatially
localized and make poor energy vehicles.

To validate these simulations, we ran compression ex-
periments on both compact toroids and jets on CTIX. For
shots involving CTs, we produced plasmas with various
magnetic field strengths and accelerated them. Lang-
muir probes along the outer electrode and nozzle mea-
sured the strength of the plasma’s field and verified its
toroidal structure. As plasma emerged from the nozzle
into a viewing chamber, its light was captured by a CCD
camera. This light was used as the measure of the suc-
cess or failure of the plasma to escape from the nozzle.
To form toroidal plasma jets instead of CTs, we deacti-
vated the solenoid that seeds the poloidal magnetic field
in the formation section.

The data from these experiments matches our simu-
lation results in the sense that none of the accelerated
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FIG. 3: Several shots of plasma emerging from the nozzle at right. (a) - (d) show CT shots, while (e) - (h) show jets with

toroidal fields.

CTs were able to make it through the nozzle. Because
the velocity of the CT depends on its internal magnetic
field strength, it appears unlikely that CTIX can gener-
ate a weakly magnetized CT with sufficient velocity to
escape the nozzle. Jets, on the other hand, emerge read-
ily even when strong magnetic fields are present. Figure
3 shows photos taken by the CCD camera for several
CTs and jets. During these shots, the sensitivity of the
camera was adjusted so that ambient light would not be
detected. To give the plasma ample time to make its
way through the nozzle, the shutter on the camera was
allowed to remain open for 1 ms, a timescale that exceeds
that of a typical plasma’s journey by an order of mag-
nitude. Table II shows estimated values of the magnetic
fields for the plasmas shown in Figure 3.

Shot a | b c d e f g h
B. (T)[0.27]0.13]0.068|0.24|0.0018|0.0180.053|0.15
By (T)[0.20{0.14| 0.17 |0.27| 0.32 | 0.53 | 0.40 |0.32

TABLE II: Estimated peak magnetic field measurements for
shots in Figure 3. These fields are measured as the plasma
enters the nozzle.
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We have used Spasmos, an SPH resistive MHD code,
to simulate the unaccelerated compression of magnetized
plasmas in the CTIX device, obtaining results consis-
tent with those of experiment. The simulations predict
a reconnection mechanism that disrupts the flow of the
plasma by strongly magnetizing the center of the ves-
sel. The reconnection is associate with poloidal magnetic
field, since the axial components from the field lines are
aligned. This suggests that unaccelerated compression is
not a promising approach for plasmoids with appreciable
poloidal magnetic fields, such as CTs and reverse field
configurations.

A more attractive means of compression may be to con-
tinue the acceleration of the plasma into the nozzle. In
this scenario, the inner electrode would continue into the
compression section and taper as needed. The presence of
a center electrode within the nozzle would disallow the re-
connection that impedes the flow of the plasma, and the
added kinetic energy would help against the magnetic
pressure under compression. The simulation of such a
process can be explored in the near future.
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