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Three-dimensional, electromagnetic computer simulations are presented showing the
evolution of colliding columnar plasmas. The interaction leads to a spiral configuration

during which radiation is emitted.
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The behavior and interaction of colliding plas-
mas is a problem which has been under investiga-
tion for twenty-five years. The salient point of
these investigations is that plasmas which are
generated and fired at each other from plasma
guns or sources do not merge and decay in a sim-
ple manner. Instead, a rather dramatic configu-
rational transformation is observed during which
the emission of radiation is recorded. Bostick!''?
first coined the term “plasmoid” to describe the
magnetic-field—carrying structure which he ob-
served and photographed. Figure 1 depicts time-
resolved Kerr-cell photographs and illustrates
the attraction/repulsion property of interacting
plasmoids. The winding and dragging of the plas-
moid’s magnetic fields leads to the creation of a
spiral formation.

Renewed interest in colliding plasmas is pri-
marily due to two device-oriented research appli-
cations; fast plasma shutters for high-power
glass lasers and radiation source emission from
colliding exploding-wire plasmas in high-power
pulseline generators. Inthe first case, a dense
(>10* em™?) propagating plasma produced from
an exploding wire is used to shield the final out-
put amplifiers from target-reflected laser light.
In the second case, a load consisting of an array
of exploding wires is strung between the anode
and cathode of a multiterawatt generator diode.
X-ray pinhole-camera photographs of the radia-
tion from the colliding vaporized-wire plasmas

often show a distinct helical form. At times,
dense plasma columns, or filaments, which are
apparently those of the original wire plasmas,
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FIG. 1. Kerr-cell photographs of two plasmoids fired
from sources 10 cm apart across a magnetic field of
4.7 kG (into paper) (Ref. 1).
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are observed within the helix.® In addition, less
dense radial structure appears in the time-inte-
grated x-ray photographs. We have observed
the above phenomena in the collison of two wire
plasmas, the minimum number required for in-
teraction. A much reduced fluence is recorded
when the load consists of a single wire.
Theoretical analyses of this problem are based
upon the use of the virial theorem for deriving
conditions of dynamical stability. This theorem
was first used in magnetohydrodynamics by Chan-
drasekhar and Fermi to establish the condition
for dynamic stability of cosmic gravitational
masses balanced by gravitational, magnetic,
and kinetic pressures.* The basic geometry un-
der consideration by Chandrasekhar and Fermi
was cylindrical as was that of Shafranov,’” who ex-
tended the use of the theorem in order to investi-
gate equilibrium configurations for current-car-
rying plasma columns. Shafranov has shown that
the simplest equilibrium configuration in which
the plasma pressure is taken up by a magnetic
field is a cylindrical plasma pinch. Confinement
is obtained by means of an azimuthally directed
magnetic field resulting from electrical current
flow through the plasma. In this case, the ther- l

mokinetic force is balanced by the TXE force rath-
er than the gravitation force. The stability of the
equilibrium state of the plasma or the transition
to an equilibrium state from a columnar state is
treated by assuming a perturbation of the form £
=&(r)exp i (k2 +m@ — wt) where k, and m are the
axial and azimuthal wave numbers, respectively,
and w is the angular frequency of mode oscilla-
tion. Shafranov obtained a solution to the mag-
netostatic equations in terms of flux function, ¥,
from which all other quantities may be derived
(e.g., p=p+C¥, I=1,+Cpp, B=B +Cp), etc.,
where the subscript zero pertains to the unper-
turbed pressures, currents, and magnetic field
and C,, C;, and Cy are constants). For an azi-
muthally symmetric configuration, ¥ (»,z) is

IP=JJ - Cp7’4/8“0"cz7'2(% ln'r—%), (1)
~ _sin .
I=5 0 (k2 W C ik ),

where u, is the free-space permeability and C,
can be a linear combination of Bessel and Hankel
functions of order 1, the type of which is deter-
mined by the boundary conditions imposed on P,
For an azimuthally asymmetric configuration
Y(r,¢,z) is

V=9 — Cor®(k,2r?+2m2)/8u,— Cr¥z lnw — 5 )+ C(zk 2r? +mw) — 3k 32 /m, (2)
-~ sin sin ,
V= osBB) o MP)TCL (k) (m#0),

where C is an arbitrary constant. Contours of
constant ¥, each of which represent surfaces of
constant current and magnetic field, define the
configuration, or plasmoids, form. We have
generated these contours from Eqgs. (1) and (2)
and, for m =0, find nested toroids enclosed with-
in spheroids. Tnus, Eq. (1) predicts the exis-
tence of both toroidal and poloidal components of
I and B within the plasma [Hill’s vortex® is recov-
ered from Eq. (1) when k,~0, C;=0, C,=84,,
and ¥ is a degenerate solution]. For m =1, heli-
ces (also having toroidal and poloidal componets
of I and B) are computed from Eq. (2). The tran-
sition to a state of dynamical equilibrium as rep-
resented by Eq. (1) or (2) by a cylinder unstable
to a perturbation £ generally occurs after the
pinch perturbation has grown sufficiently large.
This process begins after the current flowing
through the column exceeds the Bennett current.”
Murty, in deriving instability growth rates, has
found that a fluid cylinder is stable to all modes
m >1 when the axial current density is distributed
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Ithroughout the conducting volume.® In the absence
of an external magnetic field, the m =0 mode pre-
dominates, while when this field is present,
there exists a critical product of axial current
and longitudinal magnetic field which determines
whether the m =0 or the m =1 mode will be mani-
fested first among the possible instabilities.

When two such current-carrying plasma col-
umns are present the Biot-Savart force due to
parallel axial currents is attractive (cc—7"1)
while the force between the counterparallel toroi-
dal currents, due to column spin in the presence
of an axial magnetic field, is repulsive (cc+7~3).
The repulsive component of force is amplified af-
ter the pinch-induced equilibrium state is reached.
In close proximity, the attractive and repulsive
forces can be of comparable magnitude.®*°

In the first three-dimensional fully electromag-
netic simulation of a Z pinch, Nielsen, Green,
and Buneman observed fluid behavior with the
particle code SPLASH.'"'*? In particular, they
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found a rapid development of an m =1 equilibrium
with vortex behavior after the pinch of a colum-
nar plasma immersed in a strong longitudinal
magnetic field. The simulation here consists of
two plasma columns of electrons and ions with
Gaussianlike radial density profiles of width 10Ap
where Ap is the Debye length. A large external
magnetic field (8=3 to 10%) is applied uniformly
throughout the column and simulation region with
the field lines parallel to the axis of the column.
With regard to computer economy, the time
scale of the evolution is speeded up as fast as re-
solution reasonably allows; the mass ratio is
m,/m,=16 and the electron temperatures are in
the kiloelectronvolt range. A strong uniform
electric field is applied so that the electrons and
ions are accelerated in opposite directions. On
the order of 100000 particles were used in these
simulations. The current was large enough to
confine the plasma, but did not exceed the helical
transition threshold. Single-frame photographs
of the electrons are shown in Fig. 2.

Initially (w,?=0 where w, is the angular plas-
ma frequency), two identical columns are placed

FIG. 2. Single-frame photographs of simulation elec~
trons vs w,t (Z out of paper). (a) Initial plasma columns
spaced four radii apart. (b) Initial plasma columns
spaced two radii apart.

four radii between centers [Fig. 2(a)]. The col-
umns spin in a counterclockwise (CCW) direction,
a result of the z-directed magnetic field. The Bi-
ot-Savart force law for this initialization of fields
dictates an interaction between the two columns
whose cross sections are deformed into ellipces
(w,t between 50 and 100). This interaction pro-
duces a bulk clockwise (CW) rotation of the “dou-
ble-elliptical” pair which ultimately determines
the CW rotation of the spiral. However, the CCW
spin is retained by the columns throughout this
stage of the transformation. As the columns
elongate radially into a “head-tail” configuration,
the spin becomes a CCW electron flow with faster
electron velocities at the configuration surface.
Beyond w,f =300, the configuration changes into a
“pbarred sprial.” The last frame in this sequence,
w,t =325, shows the heretofore distinct plasmoids
starting to coalesce at the center.

Figure 2(b) depicts frames from a movie of a
simulation similar to that used to create a barred
spiral except that the columns have been initially
placed closer together so that the phenomen as-
sociated with coalescence is stronger. Again,
both columns spin in a CCW direction but eventu-
ally produce a spiral whose bulk motion is CW.
Throughout this simulation, components of these
individual spins may be identified within the struc-
ture but the interaction between these flows leads
to some rather dramatic configuration transfor-
mations. When w,t is between 25 and 100, “two-
discs-in-contact” to “irregular” to “figure-eight”
or “dumbell” forms are identifiable. Beyond w,t
=100 the frames show a rather uniform but slow-
ly evolving regular spiral.

Some of the behavior shown in Figs. 2(a) and
2(b) were anticipated from the earlier experimen-
tal and theoretical work. What was unexpected
was the unusual clarity and insight given to under-
standing previous photographic data. The movies
allow a frame-by-frame study of the particle dyn-
amics and bulk cluster evolution that are unavail-
able by any other means. One unforseen result
was the rapid formation of spirals from colliding
plasmoids.

In summary, we find that colliding plasmoids
of circular cross section lead to configuration
transformations and ultimately to spirals. The
shape or type classification of these spirals are
strongly influenced by the plasmoids’ poloidal-
toroidal magnetic field distribution.

One of the authors (A.L.P.) has benefitted from
his associations with Professor H. Alfvén and
Dr. J. W. Shearer. Two of the authors (J. G. and
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Studies of surface-enhanced Raman scattering from pyridine adsorbed on Ag surfaces
in ultrahigh vacuum show a strong dependence on both surface roughness and pyridine
coverage. The observation of enhancement (10%) for physisorbed pyridine multilayers
in addition to the first molecular layer implies that the enhanced effect is electromag-

netic rather than chemical in origin.

PACS numbers: 78.30.Jw

Recent observations of Raman scattering from
adsorbed molecules near Ag surfaces have been
interpreted in terms of a giant enhancement (~10*
~ 10°) of the Raman cross section of molecules in
the first monolayer in contact with the Ag surface.
These experiments have been performed with
solid-solid interfaces® (i.e., tunnel-junction geom-
etries), solid-liquid interfaces? (i.e., electro-
chemical cells), and more recently solid-vacuum
studies in ultrahigh vacuum (UHV).® The last
geometry has some specific advantages because
of the possibilities of iz sifu surface character-
ization and continuous variation of surface cover-
age. Both of these features are important to test
several of the proposed theoretical mechanisms
of the surface-enhanced Raman effect. We have
studied surface-enhanced Raman scattering
(SERS) by performing UHV measurements on a
variety of Ag surfaces characterized by Auger-
electron spectroscopy (AES) and low-energy elec-
tron diffraction (LEED). Both surface-roughness
and adsorbate-coverage dependences have been
measured which suggest that the dominant con-
tribution to SERS is electromagnetic rather than
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chemical in origin.

The apparatus used for Raman measurements
was a multiple-technique UHV chamber which
has been previously described.* The Raman scat-
tering was performed primarily with the 4880-A
line from an Ar-ion laser although some meas-
urements were also performed at 5145 and 4965
Ato verify the inelastic scattering nature of the
main features observed. The laser light was di-
rected at the Ag sample at 6, =65° angle of inci-
dence; it was p polarized and the scattered light
was collected in a ~40° cone near the surface
normal, This geometry is similar to that pre-
viously used in most electrochemical cell experi-
ments, The scattered light was analyzed by a
double-grating spectrometer and photon counting
detection operated with a resolution typically ~8
cm™t,

Pyridine was deposited with sample tempera-
ture T'=135 K by filling the experimental chamber
with pyridine vapor to a pressure 10°7-107¢
Torr and the coverage was determined from con-
densation kinetics measured by AES measure-
ments at a pressure of 107° Torr.® Figure 1
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FIG. 1. Kerr-cell photographs of two plasmoids fired
from sources 10 cm apart across a magnetic field of
4.7 kG (into paper) (Ref. 1).



FIG. 2. Single-frame photographs of simulation elec-
trons vs w,t (2 out of paper). (a) Initial plasma columns
spaced four radii apart. (b) Initial plasma columns
spaced two radii apart.



