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Abstract

We are engaged in conducting complex, 3-D simulations in support of the on-going experimen-
tal program, FIREX (Field-Reversed Ion Ring Experiment) launched at the Cornell University
to produce an ion ring magnetic field-reversed configuration by injecting an intense annular pro-
ton beam across a plasma-filled magnetic cusp region into a neutral gas immersed in a ramped
solenoidal magnetic field. Our previous axisymmetric PIC simulations performed with the FIRE
code have demonstrated that strong ion rings (with a self-magnetic field large enough to reverse the
applied field on axis) can be created using this technique on the equipment designed and assembled
at Cornell. We have created a new, parallel, object-oriented, 3-D, hybrid, PIC code, FLAME to
study questions of extreme importance to the success of the FIREX program, namely, the 3-D
injection of a powerful ion beam into a strongly magnetized plasma, formation of a field-reversed
ring, and the stability and equilibrium of such rings to toroidal perturbations. Using FLAME
we have investigated the stability of the ring formation during the injection phase and at later
times when the ring is virtually stopped and the applied magnetic field is nearly reversed. Our
simulations have revealed the effect of toroidal aberrations in the axially ramped magnetic field
on the ion ring formation.

1. In t roduct ion

Ion rings [1] consist of energetic ions with gy-
roradii of order the plasma major radius, and
carry enough azimuthal current to generate a
self-magnetic field to maintain a self-consistent
equilibrium [2].. The project FIREX is cur- ,0HnmWITHFUSIONPLASMA
rently underway at Cornell to experimentally
create an ion ring with large field reversal factor
C = 6B/B > 1 (SB is the diamagnetic self-field
on axis and B is the external magnetic field).
When C exceeds unity the resultant field at the
axis of the ring is opposite in direction to the
external field. Such a configuration is called a
Field Reversed Configuration (FRC) (Fig. 1) and
has good properties for plasma confinement. In
FIREX ion rings are prbduced by injecting a
strong proton beam (with the number of parti-
cles Ni, ~ (2-r5) x 1017) through a magnetic cusp
followed by a ramped solenoidal field (Fig. 2).

The effect of the radial component otthe cusp
magnetic field acting on the particles results in
the conversion of a substantial fraction of their
axial energy (initially ~ 1 MeV) into the az-
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Figure 1: Schematic drawing of ion ring mag-
netic field reversed configuration.
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Figure 2: Applied magnetic field structure (field Figure 3: 3-D (Cartesian) snapshot of the rotat-
lines are plotted at the poloidal planes, 6 = ing ion beam; spikes indicate particle positions
0,n/2,ir,3n/2). on the injection surface.

imuthal energy of particle gyration around the
center axis with radii R ~ 15 cm, leading to the
formation of a cylindrical layer of rotating ions
advancing into the solenoidal field (Fig. 3).

The formation of FRC's by an energetic pro-
ton beam, and their long-time stability are the
primary issues for analytical and computational
research in support of FIREX. Two particle-in-
cell (PIC) codes have been developed to study
these problems.

The 2^-D (axisymmetric), hybrid, PIC code,
FIRE was developed at an early stage of the ex-
perimental program, and provided a deep insight
[3] into the dynamics of the formation of a strong
magnetic field reversed ion ring. Particularly, it
was found that:

• the ion beam is trapped and bunched into
a ring on a fast timescale (of the or-
der of several ion cyclotron periods) by
the self-generated magnetic compressional
waves propagating predominantly in the ra-
dial direction;

• the ring has a compact form and may con-
tain up to 70% of the total number of in-
jected particles;

• the field reversal on axis (with C > 1.5) oc-
curs on the collisional diffusion timescale of
several microseconds;

• once closed lines of force are formed the ring
and the background plasma act as a collec-
tive entity with the result that the energetic
ion momentum is shared with plasma ions.
Thus the ring is significantly decelerated
on reflection in the ramped solenoidal field
compared to free particle motion, which
gives enough time to switch an upstream
mirror to trap the ring.

2. Computational Model

A new 3-D, hybrid, PIC code, FLAME has
been created recently to simulate plasma phe-
nomena in the 3-D, cylindrical (r,6,z) geom-
etry. It is based on the same principles of
physics as the 2^-D FIRE code, i.e. it follows
low-frequency, quasi-neutral plasma motions de-
scribed by the Maxwell equations with displace-
ment current totally neglected:

V x B = y ( (1)
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= -cVxE, (2)

where j e , j , - are the electron and total ion current
densities. The multiple ion species are repre-
sented by macro-particles (whose motion is gov-
erned by the Newton-Lorentz equations), and
the electrons are modeled as a cold massless fluid
obeying a generalized Ohm's law:

enec
a =

^ (3)

In (3) upe and ne are the electron plasma fre-
quency and number density; vei and uen are the
characteristic frequencies of elastic electron col-
lisions with background ions and neutrals, re-
spectively. We use a finite-difference represen-
tation to discretize all spatial operators in the
poloidal plane (r,z), and exploit the periodic na-
ture of the toroidal, ^-direction by representing
all physical quantities as finite Fourier series and
using a fast Fourier transform (FFT) algorithm
to switch between the cylindrical mode and con-
figuration spaces. The magnetic field B compo-
nents are defined on the staggered poloidal grid
mesh (commonly known as the Yee lattice) to
ensure the conservative form of a discrete diver-
gence analog, V • B. The electric field, E in our
model is not advanced in time as it is normally
done in fully electromagnetic codes, but instead
is found from its relation to the electron den-
sity and current (3). To avoid significant nu-
merical errors that can result from nonlocal op-
erations performed in spatial regions with large
plasma density gradients we introduced two grid
vector fields, corresponding to the physical elec-
tric field, E. The primary field is computed via
Ohm's law and defined along with the quantities
describing plasma response (the ion and electron
charge, pe, pi, and current, j e , j , - densities) on the
Yee Eff-grid. The secondary electric field is con-
structed by a spatial averaging of the primary
field, and defined together with a discrete curl
operator, VxB at standard Yee's vertices. Thus,
the resulting spatial finite-difference operators
are accurate to the second order of mesh spac-
ing, conserve V • B identically (with computer

arithmetics precision) and provide an explicit al-
gorithm for computing the self-consistent, low-
frequency, electromagnetic field.

Boundary conditions for E, B on axis are sat-
isfied in m-mode space by taking advantage of
the known asymptotic behavior of each particu-
lar mode. The electric field, E and the normal
component of the magnetic field, B are assumed
to vanish at all conducting surfaces (the short-
ing out of the normal component of E can be
validated either through the assumption of sur-
face charge quasineutrality at the plasma-metal
interface due to an "infinite" electron supply by
the conducting wall at high magnitudes of the
electric field that could result under experimen-
tal conditions, or by assuming infinite permit-
tivity of the wall material, «). The tangential
component of the magnetic field then suffers a
discontinuity across plasma boundaries (it van-
ishes inside conductors). Particle boundary con-
ditions absorb (beam species) or reflect (back-
ground ions) particles at all rigid boundaries.

FLAME has been designed to run on mas-
sively parallel facilities. The parallel computing
is achieved, as usual, by partitioning the global
computation domain into subdomains, assigning
grid and particle data to each subdomain, and
processing them concurrently [4]. The numeri-
cal algorithm alternates the time advances of the
magnetic field and particle positions as well as
the particle charge deposition with acts oftrans-
fering grid and (if necessary) particle data be-
tween the neigbouring subdomains. The parti-
tioning of the global computation region is done
only in the poloidal plane so that FFT's are al-
ways local to processors. The general (object-
oriented) communication algorithm we have de-
veloped assigns an arbitrary number of subdo-
mains to any particular processor and makes
possible the transfer of grid and particle data
across the processors using similar (in spirit)
techniques.

3 Results

We have applied FLAME to study the 3-D sta-
bility of ion beam injection and ring formation
phase. The important point of this study was to
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determine whether the presence of toroidal fluc-
tuations in the beam density and current, caused
by static toroidal aberrations of the ramped ap-
plied magnetic field, m ^ 0 may amplify per-
turbations to such an extent that they have a
disruptive effect on a ring trapping and the for-
mation of a field-reversed configuration.

The results hint the good toroidal stability
properties of the rings previously observed in the
axisymmetric (2^-D) simulations. In particular,
we have studied the "quiet" injection (Fig. 3) of
an unperturbed ion beam into a ramped applied
magnetic field distorted by static dipole (m = 2)
radial and toroidal harmonics of the order of sev-
eral percent of the radial component of the ax-
isymmetric solenoidal field at the characteristic
beam injection radius.

We have found that this symmetry-breaking
factor does not significantly interfere with the
beam trapping and ring formation mechanisms
previously studied under the assumption of ax-
isymmetric evolution of the beam-plasma sys-
tem. The beam is trapped by the self-field on
the same spatial and temporal scales previously
derived from the axisymmetric studies (Fig. 4).
However, the 3-D simulation reveals that the
beam modulation at m = 2 (which develops
during the ring formation and disappears later
on due to the phase mixing of the large-orbit
beam particles), results in an increase in the ra-
dial beam temperature and an additional radial
beam spread compared to the axisymmetric case.

We have discovered that the maximum
toroidal perturbations of the ring-generated
magnetic field are of the order of 20% of the aver-
aged self-field strength at the ring location after
1 /zsec. However, the self-field that diffuses to
the axis remains much more uniform through-
out the simulation. The temporal evolution of
the maximum field-reversal factor follows very
closely the time history during the axisymmetric
formation of the ring (obtained in 2j-D simula-
tions), and even speeds up thereafter due to the
closer proximity of the ring to the axis.

We intend to verify further these important
issues through a thorough investigation of the
stability of a stationary, field-reversed ring with
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Figure 4: Superimposed 3-D simulation snap-
shots of the total magnetic field and the ion ring.

respect to the tilt and precession modes. The
results of our research are expected to provide
further insight into the general theory of equi-
librium and stability of field-reversed configura-
tions.

This work was supported by U.S. DOE Con-
tract No. DE-FG02-93ER54221, and was done
using the IBM SP2 system of the Cornell Theory
Center.
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