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Introduction 
The observed gross stability and self-contained structure of compact 

toroids (CT'S) gives rise to the possibility, unique among magnetically 
confined plasmas, of translating CT's from their point of origin over distances 
many times their own length. This feature has led us to consider magnetic 
acceleration of CT's to directed kinetic energies much greater than their 
stored magnetic and thermal energies.' A CT accelerator falls in the very 
broad gap between traditional particle accelerators at one extreme, which are 
limited in the number of particles per bunch by electrostatic repulsive forces, 
and mass accelerators such as rail guns at the other extreme, which accelerate 
many particles but are forced by the stress limitations of solids to far 
smaller accelerations. A typical CT has about a Coulomb of particles, weighs 
10 micrograms and can be accelerated by magnetic forces of several tons, 
leading to an acceleration on the order of 10'' gravities. 

A CT accelerator would find many applications where high power and energy 
density are required since it acts as a power amplifier, converting energy from 
a fairly slow medium (e.g., highly capacitive or inductive capacitor banks or 
high explosive generators) to either kinetic energy of the CT or inductively 
stored magnetic energy behind the CT which may be released very abruptly. 
Possible applications include inertial fusion, a fast opening switch and 
compression of microwaves to very high-energy density. 

Studies of acceleration of CT's reported earlier^ have recently been 
extended by (1) analytic (long-thin) and numerically generated CT equilibria 
in an accelerated reference frame and between coaxial electrodes, (2) 3-D 
ideal MHD stability of the numerically generated equilibria, (3) non-linear 
2-D MHD simulations of formation, compression and acceleration as well as 
simulation of accelerator variants such as the fast opening switch, and (4) 0-D 
calculations of CT acceleration including impurity radiation, compression and 
resistive drag from the conducting walls. 
Equilibrium and Stability 

If we assume steady (or at least slowly varying) acceleration of CT's in 
a translationally invariant system, then we are free to transform to the 
accelerated frame iii which the ring is stationary, and examine equilibrium and 
stability in this frame. In^the accelerated frame there is a uniform 
"gravitational" field g = - JJ. Taking 2 as the direction of acceleration, the 
MHO equilibrium equation becomes: 

puz + VP - O^x B = 0 (1) 
*Work performed under the auspices of the U.S. Department of Energy by the 
Lawrence Livermore National Laboratory under Contract Ho. W-7405-ENG-48-
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For ax 1 symmetry we can define a poloidal flux, i>, and 

B - ^ V * x $ + j [ . f {*)$ (2) 
where $ is the azimuthal unit vector and R is the major radius. Taking 8 • 
the force equation gives: 

-uz/c? , T, + ZT 
P - »(*)e s , c| s 1

 m
 e (3) 

i.e., each flux surface obeys an "exponential atmosphere" law and at strong 
accelerations, the matter in the CT tends to clump at the bottom end (away 
from the direction of acceleration). Taking Viji • the force equation gives a 
modified Grad-Shafranov equation: 

R 2 V . J_ v^ + R 2 | p(^, z) + f (*)!_. f (t) = o (4) 
K 

where <|i derivatives are taken with z held f i xed . 

Equation (4) can be solved analyt ica l ly in the l im i t that the CT's are 
long in the axial d i rect ion compared to the i r radia l width (3 2 /3R 2 » 3 2 /3z 2 ) 
and for special p ro f i les : 

ffJ-uVusl? (5) 

2E- - y e " " 2 ' ' ' 

The constants a, y are small compared to u 2(a = y = 0, u 2 ̂  0 corresponds to 
the axisymmetric Taylor state). The CT's under consideration are then nearly 
force free. We require the equilibrium to lie between coaxial_conductors at 
radii R],R2_and for simplicity assume large aspect ratio X « R where 
X = R - t, R = (R-j + R2)/2. Solving through second order in the long-titin 
parameter e ~ (3/3Z)/(3/3R) gives 

<i - ty sech2 | Z sin | X (6) 

where A = (8a/9ir l^o) 1/ 2 a n d A = R 2 " Rl- Finite B and acceleration have been neglected in this case. 
If we set a = 0, i.e., require strict adherence to the Taylor condition, 

7 x B = uJ3, then the equilibrium becomes axially unbounded, so some deviation 
from the Taylor state is required to find confined equilibria. Finite pressure 
and acceleration allow for bounded equilibria, even in the case a = 0: 
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where k 2 * (w/A) 2 - u 2. Long-thin analytic equilibria without acceleration 
and between conducting cones are also possible, giving Airy functions for the 
axial dependence. 

In cases where the long-thin expansion is invalid and also for the 
purposes of determining stability, we generate numerical solutions to Eq. (4). 
A typical equilibrium using the profiles given in Eq. (5) is shown in Fig. (1), 

Zl. 
Fig. 1 Flux Surfaces for an accelerated equilibrium between 

coaxial cylinders. Dimensions are in cm. 
where acceleration is in the positive Z direction. An initial value code is 
used to investigate stability of the equilibria by integrating the linearized 
ideal MHD equations including the "gravity" terms forward in time. The limited 
number of equilibria studied to date have all been found unstable to tilt-like 
perturbations, although strong acceleration appears to be a stabilizing 
influence. Experimental evidence^ as well as nonlinear 3-D MHD simulations^ 
suggest that if it occurs, the tilt mode does not destroy the CT in this 
configuration (i.e., no guide field and a large center conductor). 
2-P Simulations 

The accelerator configuration we have explored in detail is the coaxial 
rail gun. The CT is accelerated (and/or radially compressed if conical 
electrodes are used) by the pressure of a purely azimuthal field with the CT 
acting as a moving short. Using the 2-D, nonlinear and resistive MHD code, 
HAM, we have simulated the formation and compression of a CT in this geometry. 
After a nearly self-similar compression between conical electrodes by a factor 
of 5 in radius, at which point most of the capacitor bank energy is stored 
inductively behind the CT, the CT enters a straight section and is allowed to 
accelerate, as shown in Fig. (2). The observed acceleration is in good 
agreement with that predicted by a 0-D model that balances the accelerating 
field pressure against the inertia of the CT. 

The 2-D code has been used to study blow-by of the accelerating flux when 
the accelerating field pressure exceeds the field pressure in the CT, and 
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Fig. 2 A 2-0 MHD Simulation of ring acceleration. The ring mass is about 
5 x 10* grams and the acceleration is about 4 x lo'3 cm/sec*-. Distances are 
in cm and time in microseconds. 

ablation of matter from the electrode surfaces. For the ablation problem we 
have taken a case where the walls expel matter at a rate given by 

Mablate= F M C T V C T / L C T (8) 

where VQJ, Lr,y, M^j are the CT velocity, length and mass, which corresponds 
to 10 monolayers at hydrogen for a 10 ug, 5 cm long ring moving 10 9 cm/sec. 
The rate given in Eq. (8) could slow the ring down within a few times its own 
length if the ablated mass coupled strongly to the ring momentum. The code 
shows, however, that the ablated matter remains close to the walls and does 
not significantly degrade the CT velocity. 

The 2-D code has also been used to simulate a fast opening switch. For 
the fast opening switch, energy from a slow source is converted to inductively 
stored azimuthal field energy behind the CT during a compression phase. The 
CT then accelerates in a straight section and moves across a gap, transferring 
the current flowing behind the ring to a load located in the gap. In the 
simulation, a current of 15 Mamps is switched in several nanoseconds by a CT 
moving about 10 9 cm/sec. 
0-D Calculations 

Rate equations for determining ionization states and line radiation have 
been added to the 0-D code that now integrates the CT energy balance equation, 
including PdV work done by compression and ohmic heating, as well as the CT 
equation of motion. Pure nitrogen rings have been found to either stay clamped 
at about 10 eV or else burn through to high temperatures depending on the 
initial temperature and the rate of compression. 
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