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Two- and three-dimensional MHD simulations are used to provide a theoretical description of 2 wire
molybdenum X-pinch experiments. The initial evolution from solid wires to the formation of supersonic
jets and a central micro-Z pinch is found to result from the slow rate of wire ablation and from the
distribution of the Lorentz force. The growth of m = 0 instabilities triggers the formation of micron sized
regions of intense x-ray emission with plasma pressures in the Gbar range. A simple analytical model is
used to predict how the maximum density and temperature scale with material and current.
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X-pinch plasmas are formed when a fast rising current of
a few hundred kA is applied to two or more thin metallic
wires which are mounted so that they cross and touch at a
single point in the form of an “X”. The magnetic field
strength at the point where the wires cross is sufficiently
strong to force a rapid compression of the wire material to
form a transient high density and temperature plasma,
which is an intense source of soft x rays. Initially, work
on X pinches was concentrated upon their development as
versatile laboratory radiographic tool [1-4]. The micron
scale source size, the keV photon range and the short 10—
100 ps burst duration make the X pinch an ideal source for
point-projection radiography of rapidly evolving objects.
As a consequence they have been extensively used to
provide quantitative areal density measurements of wire
array Z pinches [5] and other high density plasmas. Indeed,
in experiments where two X pinches are used in parallel [6]
the x-ray burst from one X pinch can be used to radiograph
the second X pinch, revealing both plasma jet structures
between the legs of the X pinch and a central micro-Z
pinch (300400 pm long) in which the micron sized point
source is formed. More recently, fast streaked spectroscopy
has revealed that this intense burst of x ray comes from a
plasma with material densities close to solid and electron
temperatures in the keV range [7,8]. In other words, it is
possible, using university experiments of a modest scale, to
produce materials of almost unprecedented thermal pres-
sure and energy density.

In this Letter we describe a theoretical investigation of
the three phases of X-pinch evolution. We use as an ex-
ample, experiments on the X P pulser at Cornell University
where a current rising to 460 kA in 40 ns was used to drive
two X pinches, each comprised of two 17 wm molybde-
num wires [6]. Using the GORGON [9] 3D resistive magne-
tohydrodynamics (MHD) code we show how the formation
of plasma jets and the structure of the micro-Z pinch result
from the magnetic field topology and the slow rate of wire
ablation. Higher resolution simulations of the micro-Z
pinch then show how the axial transport of mass resulting
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from the m = 0 instability combined with strong radiative
losses produce a micron sized high intensity source whose
parameters are consistent with experimental observations.
These results are then consistent with a simple model of a Z
pinch in pressure and energy balance in the presence of
axial mass loss, which allows an examination of how the
peak densities and temperatures vary with current and
material.

As with other pinches formed from metallic wires, the
flow of current generates a low density plasma, or “co-
rona’’, on the surface of the wires early in time, with the
majority of the mass remaining in a cold, dense, wire core.
Since the core is highly resistive, the vast majority of the
current flows in the surface corona and therefore the rate of
energy deposition into the core is very slow and so is its
ablation rate [5,9]. To model this system we use the
3D MHD code GORGON, using a similar setup to that de-
scribed in Ref. [9]. For this application we use a Cartesian
grid of 10 pwm cubic cells which models the central 1.5 mm
of the X pinch. Figure 1(a) shows the magnetic field
topology after 10 ns. By this stage the wire cores (shown
in gray) have expanded to ~100 wm but still contain the
vast majority of the mass. Here the magnetic topology re-
sults from the superposition of a local field component due
to the current flowing in each wire and the global compo-
nent generated by the total current, which is centered on
the axis of the X pinch. The color contours in Fig. 1(a)
show that far away from the cross point the local field
dominates. On each wire, the field direction reverses from
one side of the wire to the other and there is a field null
(B =0, in green) located near the wire core. Nearer the
cross point, however, the wires are too close to allow field
reversal to occur between the wires, the global field domi-
nates and the only field null lies on the axis of the X pinch.
The j X B vectors in Fig. 1(a) therefore show that far away
from the cross point the plasma is in part pinched towards
the center of each wire, but within =300 wm of the cross
point, the plasma is accelerated only towards the central
axis of the X pinch. The subsequent evolution of the
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FIG. 1 (color online). Slices through the plane of the wires,
showing (a) contours of B, from —10 (blue) to 10 T (red) and
vectors of j X B at 10 ns, (b) mass density contours from 10~*
(blue) to 103 kg/m? (red), and vectors of velocity at 26 ns.

plasma is predetermined by this magnetic topology, with
the length of the micro-Z pinch being approximately given
by the positions of the field nulls earlier in time.

In practice, the field reversal around the wires is not
sufficient to prevent the coronal plasma from flowing in a
direction perpendicular to the wires. Further ablation of the
wire cores continuously replenishes the corona as it is
removed, resulting in a steady stream of plasma arriving
on the central axis [see Fig. 1(b)]. Since the flows are
moving perpendicular to the wires, however, they retain
an axial momentum which is conserved when the streams
collide and thus two axial jets are formed propagating
away from the cross-point at around 10° m/s. A strong
radiative cooling rate means that the thermal energy gained
by the two flows stagnating on one another is rapidly lost
and the temperature remains low. Thus the jets have a high
Mach number and low divergence and are similar to jets
formed in conical wire array Z pinches [10,11].

The rate of wire core ablation is determined by the
global magnetic field strength [12] and is thus a strong
function of the axial position. Figure 1(b) shows that by
26 ns the wires cores within =120 wm of the cross point
are full ablated and that this region has begun to implode
towards the central axis.

This zippered implosion tends to result in an axial
pressure gradient (9 P/dz) which produces a flow of mate-
rial away from the cross-point. In addition, as the cross
point begins to collapse, the current flows axially along this
collapsing Z pinch but then radially across the ends of the

cylinder, resulting in a j, B, force which accelerates mate-
rial axially, away from the cross point. By 28 ns this axial
flow has depleted the mass per unit length of the collapsing
Z pinch to 20% of its original value, transporting the mass
to form two disklike plasma electrodes at =150 um (see
Fig. 2). The velocity vectors in Fig. 1(b) show that each
central plasma jet has both a wide region within ~300 xm
of the cross point (comprised of material transported by the
axial dP/dz and j.B, forces) followed by a thinner jet
region formed by the plasma flow perpendicular to the
wires.

Figure 2 shows the structure just before, during and just
after peak compression and comparisons of synthetic ra-
diographs (areal density maps) with experimental data [6].
As time progresses a longer length of the wire core ablates
and compresses to the axis and this combined with the
axial j,By force serves to elongate the cylindrical micro-Z
pinch that forms at the cross point. The combination of
radiative cooling and axial mass loss, however, means that
this pinch rapidly collapses to small size. The mass per unit
length of the micro-Z pinch is smallest where the axial
JBg force is largest, i.e., at the ends of the Z pinch and,
consequently, in a simulation without any perturbation, we
obtain two tightly compressing regions at the ends of the
micro-Z pinch, with an isolated island of plasma at the
center. By 30 ns, parts of the micro-Z pinch have collapsed
below the resolution of the 10 wm simulation. The evolu-
tion of the rest of the X pinch, however, is still consistent
with experiment. Late in time, the axial j,.B, force drives a
strong shock into the plasma electrode structures. Since the
magnetic field is largest on axis, the center of the electrode
reaches higher velocity than the edges producing a char-
acteristic quasispherical shock wave as observed in experi-
ment [6].

To model the formation of the micron sized x-ray source
requires higher resolution than the 10 pwm used in the 3D
calculations. Fortunately, the simulation results and the
experimental radiographs indicate that the micro-Z pinch
has good azimuthal symmetry. We therefore model the
collapse using a cylindrical 2D(r, z7) MHD simulation
which solves the same equations as the 3D code but has
a radial resolution varying from 5 pum at the outer edge
down to 50 nm on axis and with a fixed 1 um axial
resolution. Figure 3 shows the mass density contours
from a 2D(r, z) simulation of a 300 um long micro-Z
pinch initialized at 28 ns with 20% of the initial mass
and a radius of 100 wm as predicted by the 3D code. A
long wavelength (200 pwm) harmonic velocity perturbation
is introduced to initiate an m = 0 instability eigenmode
and produce a single neck.

Normally, in high density Z pinches, the neck of an m =
0 instability will undergo a radiative collapse, where strong
radiative cooling prevents the build up of thermal pressure
and allows the magnetic field to continue compression. At
these densities however the plasma starts to become opti-
cally thick and radiates like a blackbody (which sets an
upper limit to the loss rate in the codes). The plasma then
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FIG. 2 (color online). 3D surfaces of constant density
(1 kg/m?), mass density contours in the plane of the wires,
synthetic and experimental [6] radiographs.

approaches an equilibrium where the energy lost to black-
body radiation is approximately balanced by Ohmic heat-
ing. This condition can be combined with the Bennett
relation to derive the equilibrium radius and x-ray power

[9].

r=1213Xx 107181714/9374/3f13/9N10/9 lnAl/?a (m)’ (1)
P=6.7X 1022134/9B8/3f—11/9N—14/9 lnA1/3 (Wm_l),
(2

where N is the ion line density (ions per meter), InA is the
Coulomb logarithm, 8 is the ratio between the radiation
and electron temperatures (here 8 ~ 1), and f comes from

an approximate form for the ionization level; Z* ~ f Tel/ 2,
For molybdenum, we choose f = 2 and InA = 5. Since
over the time scale of the collapse, the current (/) is
essentially constant, the principle parameter determining
the plasma radius is the ion line density. In both 3D and 2D
calculations, the plasma at the center of the micro-Z pinch
is in approximate pressure and energy balance. It is the
dP/dz and, more importantly, the j.By force which then
determine the rate of axial mass transport away from the
neck region and thus determine the radius of the collapsing
plasma.

In the long wavelength case shown in Fig. 3, once the
length of the neck region becomes long compared to its
radius, both the dP/dz and the j,B, forces are large at the
ends of the neck region and negligible at the center. Mass
depletion at the center therefore ceases and this region
stops collapsing. The ends of the neck region start to
form two identical, smaller, collapsing necks. This “‘bifur-
cation” [13] or “‘cascading™ [14] of the neck regions
continues until § or 16 necks are formed, depending on
the resolution. In experiments, such a symmetric perturba-
tion will not occur, so while this process may explain why

multiple x-ray bursts are often observed [6], the bifurcation
process is unlikely to repeat itself to the extent seen in
simulation.

If a more localized, wv-shaped, short wavelength
(50 mm) perturbation is applied, the neck remains short
and does not bifurcate, allowing the plasma parameters to
be followed at a single point, throughout a continuous
implosion. In all of these calculations the axial flow veloc-
ity away from the neck is given roughly by the local sound
speed. Under these conditions we can write a simple form
for the time dependence of the ion line density and there-
fore solve Eq. (1) and the Bennett relation nonlinearly to
obtain the average plasma parameters as functions of time
and to compare them to the results of the short wavelength
2D simulation.

Since the line density asymptotically approaches zero at
some characteristic ‘“‘opening time’’; Fig. 4 plots the
plasma parameters from the two models as functions of
the time left before opening. This then gives characteristic
time scales for the different sets of plasma conditions. For
this example, the nonlinear solution of Eq. (1) provides a
fair representation of the collapse region as modeled by the
2D code. Equation (1) predicts that as the line density tends
to zero, the plasma in the collapse region approaches zero
radius and infinite density. A number of physical processes
will prevent the plasma from reaching this point. One such
effect occurs, in this example, when the line density of the
plasma drops below ~0.2% of the original value. Beyond
this point we would expect the drift velocity of electrons to
exceed the ion sound speed, a condition which initiates the
growth of microinstabilities and results in resistivity values
far in excess of the Spitzer value. This produces a sub-
stantial increase in Ohmic heating, which causes an ex-
plosion of the micro-Z pinch and thus terminates the
collapse. By using the Bennett relation, the condition of
drift velocity equal to sound speed can be used to derive a
critical  line density N = 13X 108A/Z*2 (m™!).
Assuming Z* ~ Z ~ A/2, this yields a unique mass per
unit length of ~8 X 10™° kg/m, which represents a limit
to the collapse process. This point is indicated in Fig. 4 by
blue squares. To see the effect of this limit in MHD
simulations an anomalous resistivity term based upon the
lower-hybrid drift microinstability [15] was introduced
into the 2D code. The red line in Fig. 4 then shows that
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Mass density contours from 2D(r, z)
0 in micro-Z pinch.

FIG. 3 (color online).
simulation of m =
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FIG. 4 (color online). Radius, peak density, temperature, and
radiation output of the collapse region versus time before open-
ing, from Eq. (1) (blue), 2D simulation (black), and 2D simula-
tion with anomalous resistivity (red).

collapse follows the previous result before undergoing a
spontaneous termination at around the point when the mass
per unit length in the neck falls below 8 X 107° kg/m.

In order to compare these data to experimental observa-
tions it is important to note that the plasma parameters
determined from experiments are dependent on the tem-
poral resolution and wavelength range of the instrument.
There is, however, a clear trend in the experimental mea-
surements towards smaller source sizes and shorter x-ray
bursts as the wavelength at which the observation is made
decreases. This is entirely consistent with the theoretical
model of an m = 0 neck where axial mass transport allows
the temperature to rise as the radius decreases. The recent
results using fast streaked soft x-ray spectroscopy [7,8]
have now revealed the plasma parameters close to peak
compression. If the anomalous resistivity provides the
mechanism to terminate collapse, then both models predict
that at peak compression the plasma has collapsed to a
micron in diameter and has reached solid density, the
temperature is 2 keV the output power is 5 GW and the
lifetime is 2 ps. These five parameters are then consistent
with the faster time scale diagnostic results presented in
Refs. [7,8].

The minimum mass per unit length provides an estimate
for the peak compression that can be obtained which

appears to be adequate for the present 100 kA class ma-
chines. For example, the minimum radius scaling as r ~
[14/97710/9 suggests that in order to reach a radius of less
than 1um requires a current of 100 kA for molybdenum,
516 kA for aluminum, but only 45 kA for tungsten, which
is roughly consistent with experiments at Cornell Univer-
sity [6—8], at Pontificia Universidad Catdlica de Chile [16],
and at Imperial College [17]. Scaling the driver current up
to 1 MA however, the strong radius (/~'%/?) and density
scaling (I1%3/?) suggest a 30 nm sized object at 1290 times
solid density. It seems more likely that other processes such
as a lack of azimuthal symmetry will terminate the collapse
before reaching the minimum mass per unit length. If
instead we assume that the symmetry of convergence
places a lower limit on the radius of 1 um, then Egs. (1)
and (2) suggest an 80 GW molybdenum source at 10 times
solid density can be achieved using a 1 MA drive current
and a 3.4 TW source at 250 times solid density at 10 MA.
These results suggest that the phenomenon of radiative
collapse in X-pinch plasmas can potentially be extrapo-
lated to produce material under extremes of pressure and
density far higher than those already achieved. It remains
to be seen whether sufficient symmetry can be retained
during implosion to reach such plasma conditions.
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