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Computer simulation of neutral injection into a mirror machine shows the existence of
stable two-dimensional (y, g) field-reversed mirror configurations. The code follows ion
orbits in self-consistent magnetic fields; all electron currents have been ignored. For
small systems only a few gyroradii in extent, it is only necessary to focus the neutral
beam off axis. Stability to the Alfven ion cyclotron mode is due in part to finite-length
effects. Some steady states for large systems have also been observed.

The concept of reversing the magnetic field
lines within a magnetic mirror machine is a rela-
tively new one, ' although it is a well-known con-
cept for high-P plasmas. The advent of high-pow-
er neutral beams has made it possible to consider
high-P plasmas and possibly reversed magnetic
fields within standard mirror machines. The
closed field lines should greatly improve particle
containment and thus improve its efficiency as a
fusion device. There is currently a major experi-
mental attempt at producing a reversed-field mir-
ror plasma, in the 2XIIB device at Lawrence Liv-
ermore Laboratory.

In this paper I present the first results of a nu-
merical simulation of field-reversed mirror
(FRM) configurations. In the past the original
Superlayer code, an electromagnetic code with
relativistic electrons, developed for the Astron

program, predicted reasonably well both the fail-
ure to achieve field reversal by multiple injection
of electrons in the Astron experiment and the suc-
cess achieved at Cornell University by injecting

2 4a single, high-current pulse. Revised to simu-
late neutral injection, this code is being used to
study buildup to field reversal in a mirror ma-
chine and to determine properties of the steady
state. The FRM concept, particularly when the
ion gyroradius, p, , is comparable to the plasma
length, L, and radius, a, is exceedingly difficult
to describe with analytic methods because of the
complexity of the ion orbits in magnetic fields
that reverse direction in lengths comparable to
p, In contrast, computer simulation of such ef-
fects is fairly straightforward.

In the following I discuss the numerical algo-
rithm along with a general discussion of the code's
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attributes and defects. I then present the data to
support the following conclusions: (i) Apparently
stable, steady-state high-P configurations are ob-
tained for a variety of injection conditions.
(ii) Stability to the Alfv6n ion cyclotron (AIC)
mode' is due, in part, to finite-length effects.
(iii) Given sufficient injection current, field re-
versal occurs with a minimum of attention to the
details of the beam focusing. This is particularly
true for small systems only a few gyroradii in
extent, L/p, ~ 2; for larger systems some form
of programmed injection may be necessary.
(iv) There a,re also some results showing stable
r, z equilibria for large size systems, L/p, »l..

Complete stability will require examination of
modes with azimuthal variation, which this Letter
does not discuss.

The new code, Superlayer II, is a two-dimen-
sional (r, z} Darwin model, designed to examine
low-frequency (&u s ~„.) phenomena. The code's
main function is to calculate the self magnetic
field generated by the ions and the ion orbits in
this field as a function of time. The code allows
five phase-space dimensions in the ion motion.

Ee= —BAe/af, E„=E,=O, (2}

dv, /dt = (e/. m)(E+ v &&8).

In the following, superscripts denote finite-dif-
ference time levels. Starting with positions (r,z)"" and velocities (v„,e„v~)""+ the code can
obtain (Ae, B„,B,)"", since with the use of con-
servation of canonical momentum the current
Je" +' is known in terms of A~" +'. Equation (I)
becomes a more complex equation,

The code ignores all electron currents, space
charge, and electrostatic fields. It also allows
only one component of the vector potential, Ae.
At this level of description the code is identical
to a previous code of Dickman, Morse, and Niel-
son. ' The details of the algorithm differ, how-
ever. Also this code accurately models neutral
injection into a plasma, including ionization,
charge exchange on the beam, and electron drag
(a fixed electron temperature, T, , is assumed).
The equations solved are (in MES units}

18 8Ae—(rAe) —,= p,Je, A„=A, =O, (l)

j a ~l 8 O'A e——(zA} — + "A =QE"",
~Z C l (4)

where the K, for each particle is a known quantity
depending only on position. We use boundary con-
ditions A. z

——0 at conducting walls in both x and z.
The equation is finite-differenced and solved iter-
atively.

In order to be free from problems of inaccura-
cy at the singularity at x= 0 in cylindrical coordi-
nates, the particle mover dispenses with the use
of conservation of angular momentum and, in-
stead, uses the Boris technique, which uses a
rectilinear coordinate system for the velocity
push and then rotates the velocity angle to account
for the cylindrical coordinates. ' This procedure
requires explicit use of Ee, which is known from
a time difference of Ae. The mover is in a pre-
dictor -corrector form.

The code's main defects at present are azimuth-
al symmetry, lack of electron currents or space-
charge effects, and accelerated time scales. Im-
posing symmetry suppresses possible modes of
instability. The absence of electron currents and
electrostatic fields is more fundamental. For
small levels of self-field, one analytic model'
predicts cancellation of electron return currents

on an Alfvdn transit time. Even for large cur-
rents space-charge neutralization by line tying
on open lines would appear to effectively suppress
electron currents; yet at field nulls or on closed
lines this process does not operate and electron
currents should then appear. Codes including
electron physics effects are under development
both at Lawrence Livermore Laboratory' and at
Cornell University. " The use of accelerated time
scales refers to a rather severe approximation:
The relevant time scales, T, such as the drag
time or filling time, are shortened considerably,
typically by factors of order of 10-100. The
product IT is kept consistent with the experiment
(where I is the injection current and 7 is the elec-
tron drag time), and an attempt is made to keep
T long compared to an axial bounce period.

Even with these assumptions, the code should
be able to examine the ~-z equilibrium, i.e., the
balance between the self-consistent magnetic field
forces, which depend on the ion currents, and the
ion pressure. The code includes effects of the
mirror-tearing mode'" and the Alfvdn ion cyclo-
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tron mode, ' an electromagnetic mode with k~= 0.
As of this writing most of the computer runs

have concentrated on parameters similar to those
in the present 2XfIB experiment (L/p, =2).. The
code properly simulates neutral injection where
newly injected particles are deposited along the
entire beam path, leading to an extended plasma
of size a/p, . =2. The code operates either with
pulsed injection or with continuous injection bal-
anced by loss of hot ions due to electron drag.
In either case, after a transient buildup period,
the code predicts that reversal is possible provid-
ed the beams are focused off axis; high P~& 1 is
obtainable regardless of the focusing. This con-
dition, however, is accompanied by a slow but
steady axial loss of particles (this did not occur
with ringlike injection). This loss is persistent,
but its cause is not understood. However, the
loss rate is sufficiently slow that it may not pre-
vent buildup in a system with realistic time con-
stants: The loss rate is of the same order as the
actual real-time loss rate of hot particles due to
electron drag:

v&„, /„=10 ' and &q„g/&u„. ~10 '

for

n=10'~ cm ', T, =100 eV.

For 2X-like parameters (E= 15 keg, fI„„=7

kg), the code predicts a stable, strongly reversed
steady state for 5=600 A. Shown in Fig. 1 are
typical field lines in an z-z cross section indicat-
ing a central core of closed field lines. The ex-
ternal-field-mirror ratio over the occupied re-
gion is only 1.05; that is, the self-field alone
confines the axial pressure. The plasma has ex-
panded radially to a radius r= g, somewhat be-
yond the injection radius r„and most of the plas-
ma samples both open and closed fieM lines.
Smaller orbit systems should confine the plasma
more on closed field lines.

The above result: requires only sufficient cur-
rent and focusing the beam off axis a distance y
s p, If the beam is focused on axis, the code
shows that field reversal does not occur. Rather
than forming a uniformly directed current layer,
on-axis injection tends to form dipole current
layers, which arise from the greater radial ex-
pansion caused by on-axis injection, coupled with
the natural tendency for cancellation of currents
due to overlapping orbits.

Stability (to 8 symmetric modes) is self-evi-
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FIG, 1. An y-g cross section showing particle posi-
tions and field lines for a field-reversed case. The in-
jection region is a uniform rectangle of extent xo in
radius and 4yo in the axial direction. Also shown are
radial and and axial profiles B, (r), f as', and Jgsdr.

dent since the system develops a steady state.
Marginal stability to the tearing mode, a mode
with zero real frequency, is identical to the con-
dition for an equilibrium in a finite-length sys-
tern. Stability to the AIC mode, a mode with real
frequency += co„, is more subtle. For the above
case we observe temperature anisotropy T~/T „
=5.0. In this case charge exchange off the neu-
tral beam is a strong factor in keeping the. ener-
gy distribution more peaked to the injection an-
gle, i. e. , perpendicular to B. Even when the
code is run without charge exchange the observed
anisotropy is &~/&~~ = 2. 5. Both cases are far
from isotropy and are unstable to the AIC mode
according to the simple infinite-medium criterion.

We have evidence that small axial scale lengths
can add strong stabilizing effects. Figure 2

shows results from a linearized particle code"
that models instabilities about a given equilibri-
um. Here we compare results from an infinite-
medium model and a finite-geometry model, for
linearly polarized AIC modes. The latter is one-
dimensional a slab (z variation only) and includes
an external quadratic potential well which creates
a localization in z of the plasma. We find com-
plete stability for a case with &~/&~~ = 10. 0, L/
p;= 1.5, whereas the infinite-medium result
gives a growth rate y/~„= 0. 16. However, this
stabilizing effect rapidly disappears as the plas-
ma length is increased. This result is consis-
tent with the idea that stability occurs when the
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FIG. 2. Linear growth rates for the Alfven ion cy-
clotron mode. Comparison of infinite medium and
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plasma length becomes shorter than one-half of
the minimum unstable wavelength or Lk~„&s';
the theory for T'~/T

~~

—10 shows k~ = 2. Also,
the simulation result near marginal stability
shows a mode shape with only a one-half wave-
length. Consistent with this result, most of the
Superlayer code runs to date have been restricted
to systems with only a small number of gyroradii
(a/p;, L/p; & 2), and a major question is the per-
sistence of these results for large L/p, , a/p;
systems.

Longer axial systems can result if the injec-
tion region is extended. Very long systems are
subject to breakup due to collisionless tearing
modes, but, even here, we have examples where
the plasma finally finds a steady state with the
individual plasma bunches coalesced into one.
A ringlike plasma originally injected over a
length of 64 0 tears apart into multiple bunches
and finally coalesces into a single bunch with
mean length I- = 2(b"0. Coalescence is a well-
known phenomenon, having been observed for a
variety of models. "" But in this case there is a
new important result: Only a minimal amount of
axial loss was observed.

One example of a system moderately large in
the radial direction, a/p;= 4, is shown in Fig. 3.
A reversed-field steady state occurs with the cur-
rent peaked at the field null. In this case the
plasma length was again comparable to the radi-
us, L = a. For large systems the question of ex-
istence of an equilibrium becomes more obvious-
ly distinct from the question of how to achieve or
build up to that equilibrium. For small systems
we found that it was only necessary to focus the
beam above axis to achieve field reversal. In
contrast, long axial systems may want to tear
apart, at least initially. Large radial systems
tend to form dipole current layers. Some form
of programmed injection may prove necessary in

5cm
r

FIG. 3. Radial profiles of J„and gg, for a several-
gyro orbit -system, a/p; = 4. The current peaks at the
field null. The density also peaks at the field null and
has a shape similar to that of Je.

the general case.
It may not be necessary to have an extremely

large system. To have an economically viable
reactor, initial studies indicate that L/p», a/p;
= 5-10 may be sufficient. " Our present work
suggests that moderate-size two-dimensional,
r-z equilibria do exist. The persistence of these
configurations in dependent on the stability to
azimuthal modes.
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Specific heat C& and thermal conductivity s measurements between 0.1 and 10 K on the
superconducting (T, = 2.53 K) and structurally disordered metal Zro YPdo 3 exhibit an ap-
proximately linear term in p& and a T"~ dependence of z below Tc. The magnitudes of
these terms are close to those found for insulating glasses, thereby suggesting that dis-
order-induced localized excitations exist at similar densities in very different classes of
disordered solids,

Metallic glasses present a unique opportunity
for understanding how the basic low-temperature
thermodynamic properties and phonon and elec-
tron transport of metals are affected by structur-
al disorder. For example, although there is di-
rect evidence' for a preferential softening of
transverse phonons in the disordered state rela-
tive to the crystal, leading to an enhanced phonon
specific heat at low temperatures, there is no
way to predict with any certainty the correspond-
ing changes of the electronic specific heat. Re-
cent measurements of thermal conduct. ivity, '
sound velocity, ~4 and resonant acoustic absorp-
tion4 in metallic glasses indirectly suggest that
there may exist extra localized excitations at en-
ergies below. 1 K similar to those found in insulat-
ing glasses. ' ' Direct evidence in disordered
metals for these excitations, usually described
as two-level configurational or tunneling sys-
tems, ~' would support the intrinsic nature of these
states in the amorphous phase, "particularly
since metallic glasses, unlike insulators, pos-
sess rather closely packed structures with mass
densities only a few percent lower than those in
their crystalline phases.

In the present work, we have measured the

specific heat Cp of a bulk disordered metallic
a,lloy, ~""a-ZrQ 7pdQ 3p between 0. 1 and 10 K.
Since this material is suPerconducting helot 2.58
K, it is possible to evaluate the individual contri-
butions to C~ in this temperature region. We
find that the observed specific heat cannot be ac-
counted for solely by the phonon a,nd electron con-
tributions. An additional contribution, approxi-
mately linear in &, is observed, whose magni-
tude is strikingly similar to that observed below
1 K for insulating glasses. In addition, we ob-
serve a thermal conductivity in the superconduct-
ing state whose temperature dependence is T",
also remarkably similar to that found in insulat-
ing glasses. We suggest that there are no funda. -
mental differences between the disorder-induced
excitations found in this disordered metal and
those found in insulating glasses.

The sample of ZrQ 7pdQ 3 was prepared in bulk
form from the melt" as a ribbon of cross section
0. 085&&0. 0032 cm. X-ray diffraction measure-
ments yielded results similar to those found pre-
viously. " A 1.2 m length of ribbon (0. 259 g)
was wound into a spiral of 1 cm o. d. and glued
with a minimum amount of GE 7031 varnish onto
the sapphire-plate sample holder of a calorim-
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