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This paper summarizes the present understanding of the processes leading to precursor column formation in
cylindrical wire arrays on the 1 MA MAGPIE generator at Imperial College London. Direct experimental
measurements of the diameter variation during the collapse and formation phase of the precursor column are
presented, along with soft x-ray emission, and quantitative radiography. In addition, data from twisted cylin-
drical arrays are presented which give additional information on the behavior of coronal plasma generated in
wire array z pinches. Three stages in precursor column formation are identifiable from the data: broad initial
density profile, rapid contraction to small diameter, and slow expansion after formation. The correlation of
emission to column diameter variation indicates the contraction phase is a nonlinear collapse resulting from the
increasing on-axis density and radiative cooling rate. The variation in the minimum diameter is measured for
several array materials, and data show good agreement with a pressure balance model. Comparison of column
expansion rates to analytical models allows an estimate of column temperature variation, and estimates of the
current in the column are also made. Formation data are in good agreement with both fluid and kinetic
modeling, but highlight the need to include collisionless flow in the early time behavior.
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I. INTRODUCTION

A wire array z-pinch experiment displays several distinct
stages throughout its duration, from wire initiation to implo-
sion and x-ray generation. On longer current drive
��100 ns� machines the processes occurring prior to the im-
plosion of the main array mass comprise a significant pro-
portion of the drive time, which presents an opportunity to
study these in detail. One of the most interesting phenomena
to develop during this period is a remarkably uniform and
stable precursor plasma column on the axis of the array.
Since its first identification �1�, precursor column structures
have been observed in a large number of experiments and
within a wide range of array parameters �1–3�. The arrival of
this mass fraction on the array axis, preimplosion, is due to
the formation of a heterogeneous plasma structure from each
wire caused by the passing of the drive current: relatively
cold wire cores surrounded by a low-density hot coronal
plasma �4–7�. The radial J�B force accelerates the coronal
plasma towards the axis, while the cold wire cores are con-
tinuously ablated. It is the stagnation of this flow at the axis
which forms the observed precursor column.

This uniform and stable plasma object by itself deserves
some attention due to an interesting combination of plasma
physics processes occurring during its formation. These in-
clude a transition from collisionless to collisional regimes of
interaction of the plasma flow, the effect of radiation cooling
on the dynamics of the plasma, and the development of ion-
ization balance. In wire array z pinches, the converging
plasma flow is often sustained for a long time ��100 ns� and
in the precursor column these processes can develop in a
quasistationary situation. The high degree of the azimuthal
symmetry of the plasma flow in this system makes it an

almost ideal test bed for one-dimensional �1D� radiation hy-
drodynamic codes, and indeed is closely analogous to an
existing problem in hydrodynamics: Noh’s problem �8�. The
formed column is an interesting candidate for high energy
density physics �HEDP� experiments, and one can also note
a close analogy between the precursor formation in wire ar-
ray Z pinches and stagnation of plasma on axis of symmetry
in other systems with converging plasma flows, e.g., of the
plasma ablated from the walls of ICF hohlraums �9�.

The effect of the precursor plasma flow on the implosion
dynamics of wire array z pinches and on parameters of the
x-ray pulses generated by the implosion is actively debated
at present. Among reasons for this interest is the unexpected
remarkable performance of large diameter wire arrays, which
have relatively large interwire separations ��3 mm� �10�.
The core-corona plasma structure and the resulting inward
flow of coronal plasma is apparently important even for the
arrays with very small interwire separations ��0.21 mm�, as
follows from experiments �11� on the Z facility at SNL, in
which a very early arrival of the precursor plasma on the
array axis was detected. For these arrays it is difficult to
envision formation of a plasma shell this early in the current
pulse, and hence the discrete nature of the wires should play
an important role in their operation. The prefilling of the
interior of an array with the plasma should be taken into
account not only for understanding of x-ray pulse generation,
where the accretion of mass during implosion may reduce
instabilities at the accelerating plasma front, but also in the
design of different wire array z-pinch loads. This could be
especially important for the concepts of dynamic �12� and
static wall �13� hohlraums, where the precursor flow can sig-
nificantly change conditions of the foam targets installed on
the array axis �14�. To this end, accumulation of experimen-
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tal information on formation and behavior of the precursor
plasma in wire array Z pinches is required. Experiments with
relatively low currents and long rise times can help to high-
light important processes, and hence evolve a better under-
standing of the corresponding physical processes through
comparison with computer and analytical models, and should
be useful for establishing scaling laws.

In this paper we present an experimental study of the
dynamics of the precursor plasma formation in wire array Z
pinches at the 1 MA current level. The content of the re-
mainder of the paper is as follows. In Sec. II the experimen-
tal setup and diagnostics are described. Section III describes
the behavior of the precursor plasma and formation of the
compact precursor column in cylindrical wire arrays. Data is
presented on parameters of the coronal plasma flow in alu-
minum and tungsten wire arrays, as are discussions on how
the difference in the collisionality of the coronal plasma flow
for the two materials affects the dynamics of the plasma
accumulating on the array axis. Data demonstrating forma-
tion times, column diameters, stability time scales, and radia-
tion profiles for several different materials are presented and
discussed. In addition, an analytical approach is applied to
estimate the current in the precursor, based on the analysis of
stability of the precursor column. In Sec. IV data are dis-
cussed with reference to current MHD modeling �15� and to
a recently published kinetic description of the precursor for-
mation process �16�, which provide some insight into the
column formation mechanism. Section V describes experi-
ments with twisted wire arrays, which provide some addi-
tional information on the behavior of the coronal plasma
generated in wire array z pinches. Applications of the precur-
sor column are suggested in Sec. VI, and conclusions are
presented in Sec. VII.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

Experiments were carried out on the MAGPIE generator
�17� with a peak current of 1 MA and a rise time of 240 ns
�10% to 90% rise time is 150 ns�, which is closely recon-
structed by a sin2 wave form. Wire arrays 16 mm in diameter
and 23 mm long were used in all of the experiments, with
four current-return posts situated on a diameter of 15.5 cm.
The load area design allows both end-on �along the axis of
symmetry� and side-on �radially� diagnosis of the entire ar-
ray. Experiments were performed with arrays of 8, 16, 32,
and 64 Al or W wires of different diameters �10, 15, 50 �m
Al, 4, 5, and 7.5, 13 �m W�, and in some cases with Ni, Cu,
Ti, and Mo wires. Over-massed arrays �50 �m, Al, and
13 �m W� do not implode on the time scale of the experi-
ment, and are used to study the precursor on long time
scales. Where imploding loads were used, implosion times
for arrays with different number of wires were between 180
and 320 ns, as determined from the optical streak photo-
graphs and the onset of the x-ray pulse from the pinch.

In addition to standard cylindrical arrays, twisted arrays
are also investigated. For these, the top electrode holding the
wires was rotated by � /4, 3� /4, or � /2 relative to the bot-
tom electrode. Small angles of rotation do not disturb the
array behavior, and can be used to measure the azimuthally

averaged radial distribution of the coronal plasma inside the
array. For larger angles of rotation, the magnitude of the
axial magnetic field generated inside the twisted wire array
was large enough to affect the dynamics of the inward flow
of the coronal plasma and the formation of the precursor
column on the array axis.

Diagnostics used in the experiments included laser prob-
ing, optical and soft x-ray imaging, a range of filtered x-ray
diodes, time and space resolved XUV spectroscopy, and
x-ray radiography. Optical probing was performed using a
frequency doubled Nd-YAG laser �532 nm� with stimulated
Brillioun scattering �SBS� pulse compression �imaging pulse
duration �0.4 ns�, and images were recorded on CCD cam-
eras. The laser beam was split to provide simultaneous
end-on and side-on measurement, as well as multiple frame
times. End-on laser probing provides information about the
azimuthal structure and radial distribution of the coronal
plasma, and was achieved by installing a mirror into the base
of the cathode. The side-on optical diagnostics include laser
probing with interferometer, shadow, and Schlieren channels,
and a streak camera with its slit oriented along the array
radius. The timing of the laser pulse was registered on the
optical streak camera, which provided synchronization of op-
tical streaks with other diagnostics. X-ray diagnostics in-
clude three gated x-ray cameras �2 ns gate, 9 ns, or 30 ns
interframe time� �18�, XRD diodes with an aluminum photo-
cathode and photoconducting detectors �PCD� �19� with vari-
ous filters. The gated x-ray cameras had a spatial resolution
typically of 100–200 �m, and for measurements during the
run-in phase of implosion were filtered with 1.5–5 �m poly-
carbonate �transmission window between 150–290 eV�.
XUV spectroscopy in the range 50–400 Å was performed
using a grating �grazing incidence� spectrometer and tempo-
ral resolution was achieved by imaging the spectra onto a
gated MCP camera with an exposure time of �10 ns. The
use of an additional slit, which formed an image on the input
slit of the spectrometer, provided spatial resolution of
�0.5 mm in the radial direction.

III. PRECURSOR COLUMN

A. Precursor column formation

The precursor column is a compact, well defined, strongly
emitting object observed to form on the axis of a cylindrical
wire array prior to the main implosion phase. Figure 1 shows

FIG. 1. Radial optical streak photograph showing relative tim-
ings of precursor column formation, start of main array implosion,
and stagnation.
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a radial optical streak photograph of a 16 mm diameter alu-
minum array comprising 64 aluminum wires with a 10 �m
diameter. The formation of the precursor column on the array
axis occurs at �160 ns, the start of the implosion of the
array at 250 ns and the stagnation of the array on the axis at
300 ns.

The formation of the column is rapid, and observed on all
diagnostics at similar times. Figure 2 shows two side-on
XUV emission images for a tungsten array taken before and
after formation of the compact precursor column from an
initially broad emission region. This initial distribution is a
result of the interaction of the plasma streams from the indi-
vidual wires as they converge onto the array axis. The wire
cores are stationary at this time and slowly ablate, generating
coronal plasma which is continuously injected into the array.
In experiments, measurements of the inwards radial velocity
of plasma streams in aluminum arrays gives �1.5
�105 ms−1 �20�, with wire arrays made of other materials
yielding comparable values.

The rocket model �21� defines an “ablation velocity” as a
constant relating force and the mass ablation rate of the wire
cores, and sets this equal to observed plasma stream flow
velocity. Data from multiple experiments gives ablation rates
consistent with an approximately constant ablation velocity,
and the rocket model is widely used in analytical diagnoses
of wire array behavior. Computational and theoretical mag-
netohydrodynamic �MHD� models suggest that stream flow
velocity varies with several parameters, including radial po-
sition, but that the value as plasma reaches the axis is similar
to the ablation velocity inferred from experiment. Given this,
a constant ablation velocity can be taken as a representative
of the flow velocity where plasma streams interact close to
the array axis and the rocket ablation model will be deemed
a good approximation for the present study.

The apparent universality of this ablation velocity sug-
gests that the ion kinetic energies �Eion=0.5mionVabl

2 � for dif-
ferent materials vary considerably by virtue of their atomic
masses. Using Vabl=1.5�105 ms−1 from above, calculated
values are �3 keV for aluminum and �21 keV for tungsten.
The mean free path �mfp� for ion collisions will determine
the extent to which counterpropagating plasma streams inter-
act at the array axis, and this varies as the square of the ion
kinetic energy. The characteristic scale length of the experi-
ment is the array radius, which was 8 mm for all arrays. A
mean free path significantly shorter than this would indicate

that plasma streams would stagnate at the array axis, and a
value significantly larger would suggest a low level of inter-
action, and that counterstreaming behavior would occur.

Plasma streams ablated from the wire cores first reach the
axis at �105 ns, which is a combination of a �50 ns “dwell
time” �during which the core-corona structure is formed�,
and the time of flight from the array radius to the axis as-
suming fixed ablation velocity. The rocket model gives ion
number densities of �1017 cm−3 for aluminum and
1016 cm−3 for tungsten. The calculated mean free path values
at axis, at this time are then �0.5 mm for Al ions �assuming
z�6�, and �10 mm for W ions �assuming z�14�. The ab-
lated plasma streams for aluminum should therefore be
highly collisional on the scale of the array radius, whereas
tungsten streams should display a much lower degree of col-
lisionality. This is in good agreement with formation of
shocks where streams from adjacent wires collide, which are
seen on laser probing and XUV emission images of Al ar-
rays, and the absence of such features for comparable W
arrays �Fig. 3�. The plasma streams generate a density profile
which is peaked on axis, as a result of both collisions and the
convergent geometry, and which continues to rise with in-
creasing stream density during the experiment. During this
period, imaging diagnostics observe a broad object on the
array axis, with a diameter of several millimeters: i.e., a sig-
nificant proportion of the initial array diameter �Fig. 4�. At
some point, the plasma that has converged onto the axis un-
dergoes a rapid contraction in diameter and an associated
x-ray output is recorded. The appearance of a well defined
narrow column is observed and this is the compact precursor
column. The formation time scale of the precursor column is
typically �10 ns �22�, and diameter of the formed column is
characteristic of material, varying inversely with atomic

FIG. 2. Side on XUV emission image of a 16 wire tungsten
array showing formation of the compact precursor column.

FIG. 3. End-on XUV emission from 16 mm diameter arrays of
�left� 16�20 �m Al at 134 ns, and �right� 16�13 �m W at
134 ns. �White circles indicate positions of wires�.

FIG. 4. Laser interferogram of a 16 mm diameter, 16 wire W
array at early time and corresponding electron density plot.
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number. The column then remains stationary on the array
axis until plasma flow from the wire cores diminishes or the
main array mass implodes onto it.

To investigate these processes experimentally, the diam-
eter of the on-axis emission region was monitored for over-
massed �nonimploding� aluminum and tungsten cylindrical
wire arrays. Gated x-ray cameras were mounted both end-on
and side-on, and imaged through 100 �m pinholes that were
either unfiltered �h��40 eV� or filtered with 2 �m polycar-
bonate film �h��200–280 eV�. PCD traces, both unfiltered
and filtered with the same polycarbonate film, were also re-
corded during the experiments to correlate the array soft
x-ray emission with the XUV images. The diagnostics were
afforded a full view of the array in each orientation.

The variation of the diameter and typical PCD traces
taken over a series of experiments are given in Fig. 5. PCD
traces were observed to be repeatable to within ±5 ns, and
the features discussed below were reproduced in each experi-
ment. The variation in diameter occurs similarly for both
materials, and three distinct stages in the diameter evolution
can be identified: �i� broad initial density profile, �ii� rapid
contraction to small diameter, �iii� expansion of column fol-
lowing formation. The initial diameters are significantly dif-
ferent for aluminum and tungsten. In Fig. 5, aluminum

shows an increasing diameter from �110 ns, similar to the
first arrival of plasma at the array axis, and reaches a maxi-
mum of �3 mm before the rapid contraction phase. Tung-
sten, however, shows a diameter of �7 mm from early
times, which remains relatively constant until collapse oc-
curs. This is a direct result of the collisionality differences
discussed above. Tungsten ions are less confined to the array
axis and counterstream for some time, and so a broader emis-
sion region is observed. Aluminum ions essentially stagnate
at the axis, forming a more confined emission region.

The contraction phase and appearance of the precursor
column occurs noticeably earlier in the current drive for alu-
minum �150–160 ns� than for tungsten �160–175 ns�. This
process occurs over approximately 10–15 ns for both mate-
rials, and this corresponds to collapse rates of the order of the
ablation velocity, although present results do not allow an
exact measurement. The average collapsed diameters are
1.6 mm for aluminum and 0.6 mm for tungsten. Following
formation, both aluminum and tungsten columns are ob-
served to continually increase in diameter for the remainder
of the experiment. This expansion is discussed in more detail
in Sec. III B.

The x-ray signal from tungsten arrays shows several fea-
tures. A slow start to the emission begins at �100 ns and
rises increasingly rapidly to a peak at 175 ns. Following the
peak, the signal then drops rapidly to a low, but non-zero
level some 40 ns later. The FWHM of the signal is �25 ns.
Aluminum shows a similar rise, but has a double peaked
structure, with the first peak at 155 ns and the second at
180 ns. The FWHM of this is �70 ns, and the signal level
subsequently drops to zero. It should be noted that the stag-
nation of an imploding array on MAGPIE produces a signal
in this energy band 20–30 times greater than that of the pre-
cursor formation signal shown in Fig. 5.

The appearance of the compact precursor column, i.e.,
when the smallest diameter is observed, occurs at or shortly
after the first “formation” x-ray peak �within errors� in both
materials for the data discussed above. The formation
mechanism can be further examined by correlating the PCD
traces to end-on XUV images, both filtered with 2 �m poly-
carbonate film, taken during column formation. This is
shown for a tungsten array in Fig. 6. The first filtered XUV
image shows a large diameter �5.7 mm� object during the
initial x-ray rise. By the time of the second image, at 186 ns,
the x-ray emission is falling and this object has contracted to
�3 mm. Figure 5 indicates that the time of collapse is of the
order of 10 ns, as shown above, and so this contraction is
unlikely to have started prior to the x-ray peak at 170 ns.
This is confirmed by the unfiltered image taken at 168 ns on
the same shot, which shows the broad initial density profile
is still present at this time, and hence little contraction has
occurred by the time of peak x-ray emission. The filtered
XUV image at 216 ns shows a very narrow object with a
diameter of 0.6 mm, which shows only a low level of emis-
sion through the filter. This is the fully formed precursor
column.

Given that the formation of the precursor column is ob-
served to form in similar ways for both materials it is likely
that the radiation signature represents the same mechanism
for aluminum and tungsten, but that the material properties

FIG. 5. The variation of precursor diameter with time from
XUV imaging, correlated to soft x-ray emission for �top� 16 wire
tungsten and �bottom� 32 wire aluminum arrays.
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vary its exact form. With reference to the data presented in
Figs. 2–6 it is possible to construct a likely mechanism for
the formation process. At early times, the onset of collision-
ality between highly energetic ions, and subsequent energy
transfer to electrons, begins to heat the plasma on axis. If the
thermal pressure of the central plasma object is comparable
to the kinetic pressure of the ablated plasma streams, it could
not be compressed at this time and would remain at some
relatively large diameter. As the density of the incoming
streams increases with the drive current, the increased kinetic
pressure forces density at the axis to slowly rise. The sub-
stantial thermal pressure, however, does not allow a reduc-
tion in diameter of the central plasma object. The level of
radiation emitted from the central plasma will increase as the
density rises. Since the radiation loss rate is proportional to
the square of the ion density, the measured output would rise
increasingly rapidly. Eventually the energy being radiated
will exceed the energy thermalized by the incoming plasma
streams, and the central plasma object can begin to cool. This
effect will be greatest where density is highest, i.e., at the
axis in cylindrical geometry. Where cooling has occurred the
kinetic pressure can compress the plasma, generating higher
density and increasing the radiation loss, and a run-away
collapse process is initiated. The density profile would be
compressed onto the axis, generating the high density pre-
cursor column.

These mechanisms will be dependent on the array mate-
rial, which may alter the significance or timing of each event.
If this physical picture is correct, the total energy radiated by
the time collapse begins, i.e., by the peak of filtered x-ray
signal in Fig 7, should be comparable to the accumulated
stagnated kinetic energy of the plasma streams up until this
time. Quantification of the radiated energy loss can be

achieved experimentally by recording the emitted radiation
using unfiltered PCDs. These are sensitive to radiation in the
range �4 eV to �3 keV, and so record the total radiated
spectrum. Unfortunately this means that the detector satu-
rates rapidly during an experiment, and signals are reliable
only for the relatively early stages of the current drive. For
tungsten experiments it was possible to obtain unfiltered
traces which proved reliable up to the peak of the filtered
x-ray signals discussed above ��180 ns�. The recorded volt-
age traces can be converted to power, using the calibrated
sensitivity in Ref. �19�, and a scaling for the fraction of ra-
diation viewed by the detector gives a total radiated power
�assuming isotropic emission�. This is shown in Fig. 7. The
unfiltered PCD signal begins to rise at �85 ns and reaches
�4.5 GW/cm at the time of the peak in the filtered PCD
signal. For comparison, the stagnation of the main array on
MAGPIE produces several hundreds of GW/c of peak radi-
ated power. The integral of the power trace gives the abso-
lute radiated energy, and up to the peak in the filtered x-ray
signal this is �160 J. The calibration of the PCDs is not
necessarily exact for the devices used here, and is affected by
usage and damage. This figure may therefore be subject to
substantial errors, but is sufficient for an order of magnitude
estimation. For comparison to this, the rocket ablation model
�21� gives a total mass accumulated in the precursor at a
given time �see Eqs. �1�–�3� below�. The use of the constant
ablation velocity then allows a total “accumulated” kinetic
energy in the initial density profile to be calculated. For the
kinetic energy of all ions and assuming no energy losses, this
value is 185 J.

The energy loss which allows collapse and precursor col-
umn formation will comprise contributions from both the
radiation loss measured above and ionization processes. To
give an indication of the possible contribution from ioniza-
tion, one can calculate the energy required to ionize all the
tungsten on the axis at 180 ns from z=8 in the streams to
z=14. This value is �15 J, which is small by comparison to
the total radiated energy measured. Similar calculations for
aluminum suggest the contribution from ionization may form
a slightly larger proportion of the total expected, but is again
small by comparison to the radiated energy loss. In the
formed column the end-on radiation profile becomes hollow,

FIG. 6. Filtered end-on XUV images correlated to PCD trace
�with the same filter� during precursor column formation for a 16
wire tungsten array, and �single image right� unfiltered end-on XUV
image at peak x-ray signal, 168 ns, showing broad density profile.

FIG. 7. Total radiated power and filtered PCD signal for a 16
wire tungsten array during precursor column formation.
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as discussed in Sec. III B, and a high temperature �hence
higher z� region is only a fraction of the total column vol-
ume. In this case, the average charge state may not be sig-
nificantly different from the stream charge state. It is likely
that energy consumed by ionization processes contributes to
the column formation, but the present level of accuracy of
PCD calculations do not allow a clear determination of this.
More accurately calibrated radiation measurements are re-
quired to evaluate this contribution.

Once the collapse process has begun, compression then
continues until the final precursor diameter is reached. This
final diameter is likely to be determined by the balance of the
radiative loss and thermal pressure of the plasma with the
stream kinetic pressure. These parameters will again vary
with material, resulting in a different diameter for different
array materials. Further discussions of this are given in Sec.
III B below. The first peak in the filtered x-ray signal �Fig. 5�
indicates when the formation process is occurring, giving an
indication of when the precursor column is forming during
an experiment. The second peak is likely to be a result of
hydrodynamic bounce, or column compression, both of
which would vary with array material. A comparison to mod-
eling results is presented in Sec. IV in order to elucidate a
possible mechanism for the form of the x-ray pulse.

Experimental results show that the precursor column is
not formed simultaneously at all axial positions. Laser, XUV
and visible self-emission imaging all show that the precursor
column is initially formed at the anode �Fig. 8�, being
formed fully to the cathode several nanoseconds later. The
delay at different axial positions can be quantified during an
experiment by using multiple frame diagnostics to infer a
phase velocity of formation in the axial direction. This is of
the order �106 ms−1, assuming linear formation, but experi-
mental values are very limited at present. This delay in for-
mation with axial position is not strongly reflected in the
x-ray pulse measured during the formation of the precursor
column. Experiments have been carried out using a narrow
horizontal slit placed close to the pinch, in front of a PCD
with the same filtering and at the same distance as used pre-
viously. In this arrangement, the PCD views only a �2 mm

horizontal section of the array. If the axial formation delay
were significant, a narrowing and timing difference would be
expected relative to the x-ray traces presented in Fig. 5,
where the full array height is viewed. The resulting traces,
however, maintain their relative timings and forms.

It is possible that this difference in formation time is a
result of a variation in the wire ablation rate in the z direc-
tion. If it is assumed that mass ablation rate varies continu-
ously along the z axis, we can estimate the variation in ab-
lation velocity required to give a zippering of the precursor
column of a rate similar to experiments. For a difference of
approximately 0.5�105 ms−1, the time of flight to the axis
for the anode end and cathode end of the array would differ
by approximately 20 ns. So, for example, ablation velocity
would vary linearly between 1.25�105 ms−1 and 1.75
�105 ms−1 with the cathode end being the lower of these
two velocities. The slightly higher velocity at the anode end
would allow formation of the precursor column here first,
and the delay of formation at the cathode is then a result of
the extended flight time to the axis with a lower velocity.
This scenario gives a phase velocity of precursor column
formation to be of the order of 106 ms−1, similar to experi-
ments. Collisionality issues will also play a role for tungsten
arrays, and the lower velocity and greater mass ablated at the
cathode end would give a reduced period of collisionless
flow here. The phase velocity may therefore be higher than is
suggested by the argument above. In aluminum arrays, the
ablated plasma streams are collisional on the scale of the
array radius from early times, and the delay in formation is
directly related to the time of flight to the axis. To give the
same column formation phase velocity for both Al and W
arrays, the difference in ablation velocities between cathode
and anode would need to be greater for W than in Al.

B. Characteristics of the precursor column

This section investigates the behavior of the fully formed
precursor column. The rise of the x-ray pulse due to the
stagnation of the array on the axis begins when the implod-
ing sheath impacts the precursor �11,23–25�, not the bare
array axis, and so the precursor properties are important in
defining the final stage dynamics of wire arrays.

Following formation, the precursor column continues to
radiate in the range 40–200 eV for all the array materials
studied. The diameter of the precursor column immediately
after formation shows a dependence on array material, as
was noted for aluminum and tungsten in the previous sec-
tion. Several other array materials have been investigated on
the MAGPIE generator, and the observed minimum column
diameters are plotted in Fig. 9. The average diameter values
for each material are shown, with error bars representing the
standard deviation. Some materials have been investigated
only for a small number of experiments, and so statistical
analysis would not be meaningful. Values range from 3 mm
for carbon arrays to 0.25 mm for gold arrays. Significantly,
the values decrease almost monotonically with increasing
atomic number, suggesting that radiative cooling plays an
important role. Previous analysis of the variation in the pre-
cursor column diameter is presented in Ref. �22�, which

FIG. 8. Laser interferometer and shadow images from the same
shot, showing axial nonsimultaneity of a precursor column forma-
tion at 160 ns in a 16 wire tungsten array.
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leads to a description of how the precursor diameter varies
with atomic number. The method is derived from the rocket
ablation model which evaluates the mass ablated from the
wires in an array at time t as

�m�t� =
�0

4�VaR0
�

0

t

I2�t�dt , �1�

where Va is the ablation velocity, R0 is the array radius, and
I is the drive current which varies with time, t. From this
expression, the mass density inside a given precursor radius,
rp, at time t can be described. This is achieved by adjusting
the integral limits to account for the time of flight delay from
the wires to the required radius, t−R0 /Va, and dividing by
the precursor volume

�p�t� =
�0

4�2rp
2VaR0

�
0

t−R0/Va

I2�t�dt . �2�

To recover the precursor column radius, some simplifica-
tions of the physical situation must be made. After formation,
it is assumed that the column diameter remains at a radius
determined by the balance between the kinetic pressure of
the incoming plasma streams and the thermal pressure of the
column itself. To allow this situation to exist it must also be
assumed that all kinetic energy from the streams is radiated
away. The kinetic pressure is given by

Pkin =
Va

2�rp

dm

dt
�3�

and the thermal pressure is given by �z+1�NiT, where the ion
density can be replaced by the precursor density in Eq. �2�
divided by the ion mass. If these expressions are then evalu-
ated at the boundary of the precursor column, and so r=rp in
both cases, an expression for the equilibrium radius of the
column can be found

Req =

�
0

t−R0/Va

I2�t�dt

I2�t − R0/Va�
2�z + 1�T

Vamion
. �4�

Previous experiments on MAGPIE applied radially re-
solved XUV spectroscopy to estimate the plasma tempera-
ture for an aluminum precursor column �22�. These experi-
ments inferred an electron temperature of 50–60 eV, and
this value can be used as a guide in the above analysis. To
evaluate the relative variation in radius for different materi-
als, a ratio of the expressions derived from Eq. �4� for two
materials can be taken. For example, for tungsten and alumi-
num this gives

RW

RAl
=

�ZW + 1�TWAAl

�ZAl + 1�TAlAW
. �5�

For ZW=14, ZAl=6, TW=TAl=60 eV, a ratio of 0.31 is
calculated. This compares well with the value from experi-
ments of 0.37 �using the minimum radius values of RW
�0.3 mm and RAl�0.8 mm�.

This simple analysis can be extended to include all the
array materials investigated on MAGPIE, and this allows
comparison to the experimental data. The calculated varia-
tion with atomic number is given by the solid line in Fig. 9.
The values for charge states used for the comparison �assum-
ing T�60 eV in all cases� are ZC=4, ZAl=6, ZTi,Fe,Ni=7,
ZCu=8, ZMo=10, ZW,Au=14, which are consistent with co-
rona equilibrium �CE� ionization values �26�. Note that the
model is normalized to tungsten, and so the ratio in Eq. �5�
equates to unity for this material. The experimental column
diameter observed immediately after formation compares
very well to the diameters expected from this analysis, al-
though the diameter is slightly overestimated for most mate-
rials. Despite this, the similarity of experimental and model
results suggests that the precursor column is in approximate
pressure balance immediately after formation. The expansion
at later times discussed in the next section moves experimen-
tal values towards, not away from, the model values indicat-
ing that the column remains in, or close to, the pressure
balance assumed in this model.

Following the formation of the precursor column at its
“equilibrium” radius, two processes are observed. The col-
umn diameter slowly increases, and the center of the column
�viewed end-on� begins to show reduced emission. The latter
of these is shown in Fig. 10, which comprises a sequence of
end-on XUV images for a tungsten array taken during a
single experiment. The plot shows line outs of the emission
profile through the array diameter at the image times �note
that film contrast has been normalized to the emission ob-
served close to the wire position, at 1 mm and 15 mm, for
each image�. At 133 ns a broad initial emission profile occu-
pies a large portion of the array diameter, as was reported in
Fig. 5. At 163 ns, the highly emitting well-defined precursor
column is seen to develop from the broad emission profile,
and appears partially formed at this time. At 193 ns the col-
umn has been fully formed for �20 ns and the center of the
column radiates less than the region of high emission at its

FIG. 9. Variation of precursor diameter immediately after for-
mation with atomic number; Data ��� are shown with error bars
�absence indicates too little data for statistical analysis�, along with
analytical model estimations �solid line�.
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perimeter. This process is observed for both tungsten and
aluminum arrays.

The appearance of this hollow radiation profile could be
explained in the following way. Once the precursor column
has formed, its density is significantly greater than the
plasma streams which continue to impact it, and a classic
standing shock scenario is realized. The high rate of radiation
from the dense column allows rapid cooling of energetic ions
following impact at the shock front, i.e., the column radius,
and the rate of cooling at a given post-shock velocity yields
a cooling length. If the velocity is relatively constant with
time, the cooling length will then depend on the density of
the column and incident streams, and the ion energy on im-
pact. If the precursor grows in radius and/or density, the
cooling length may become shorter than the column radius
itself, and so a “hollow” radiation profile may be expected.

The XUV cameras used to image the precursor column in
Fig. 10 are sensitive to radiation above �40 eV. If the center
of the column has equilibrated and cooled to below this
level, it would be expected that emission at this position in
the image would be reduced, as is observed. The region
where ions are thermalizing across the shock is typically
�400 �m at times shortly after column formation. At
present, there is little data on the variation of this width with
time, although it is clear that this will continue to reduce if
density continues to rise and may therefore provide an indi-
rect measure of the change in column density with time. It
should be noted that this process appears analogous to the
radiation cooling signature observed in laser-generated jets
�27�.

The experimental results presented in Sec. III A show that
rather than remaining static at its minimum radius, the pre-
cursor column continuously expands for both materials in-
vestigated in detail. The variation in diameter after column
formation, �165 ns for Al and �180 ns for W, are plotted in
Fig. 11. The scatter in the data limits analysis to a simple
linear fit to give an average expansion rate over the time
scale investigated and fitted rates for tungsten and aluminum
are 2.5 �m/ns and 10 �m/ns, respectively.

Since the column is expanding with time, the analyses
presented above cannot be directly applied for times subse-
quent to moment of formation. We can, however, apply simi-

lar methods with slightly different assumptions. Despite the
requirement that the column is static, the above discussions
allow a good estimate of the precursor diameter at formation,
and suggests thermal and kinetic pressures are balanced. Af-
ter column formation, plasma streams continue to arrive at
the precursor column edge, increasing the mass accumulated
in the column. The evolution of the column can therefore
occur broadly in two ways: with constant radius and increas-
ing density, or constant density and increasing radius. The
former of these is clearly not occurring here and so the as-
sumption of constant density will be investigated for com-
parison to the observed expansion rates.

For a given precursor column radius an average density
can be calculated at the observed time of formation from Eq.
�3�. If density remains constant from this time on and the
column remains in approximate pressure balance, the column
will grow in radius as mass continues to arrive. Reference
�16� derives the rate of change of the column radius from the
rocket ablation model as:

�Rp

�t
= � �0

4�2miniVaR0
�1/2 �

�t��0

t−R0/Va

I2�t�dt�1/2

. �6�

�Note that the equation given in Ref. �16� has been cor-
rected by the original author to the above version.�. Due to
the lack of a reliable experimental measurement at present,
the ion density is taken at column formation from the model
described in the reference to be ni�3�1019 cm−3. If this
value is used, an expected growth rate can be found which
varies as the square root of the ion masses for different ma-
terials. The use of the model density is not ideal and will
clearly influence the calculated growth rate. The additional
experimental studies of density suggested below would be
valuable here, and would also provide direct experimental
evidence on whether constant density is a reasonable as-
sumption.

An alternative approach is to continue the pressure bal-
ance scenario resulting in Eq. �2�. An expression for the pre-

FIG. 10. Development of hollow radiation profile in tungsten
precursor column produced in a 16 mm diameter, 16 wire array.

FIG. 11. Observed growth rates for �top� aluminum and �bot-
tom� tungsten precursor columns after formation, with straight line
fits.
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cursor column radius is given by Eq. �3�, and this is inde-
pendent of the column density, which was problematic in the
method above. A temperature must be provided, but around
the time of formation this is �60 eV for aluminum, as dis-
cussed previously. If we assume this temperature remains
constant, the column radius will change as a function of the
mass accumulation described by the first term, and a rate of
change can be calculated for aluminum

�Rp

�t
=

2�z + 1�T
Vamion

�

�t
	�0

t−R0/Va

I2�t�dt

I2�t − R0/Va�

 . �7�

A rate for tungsten can be evaluated if it is assumed that
the tungsten precursor column also remains at �60 eV. The
ionization states used for Eq. �5� are again used here. These
two approaches can be compared to the experimentally ob-
served rates to examine which of the two cases is more likely
to be occurring in the precursor column expansion phase.
This is shown in Fig. 12.

Both models predict that the growth rate for aluminum
will be greater than that for tungsten, as a result of the dif-
ference in ion mass, and this is consistent with observations.
For aluminum, during the period 180–215 ns both models
show values which are within the errors of the experimental
data. Following this, the constant density model remains at
the limit of the errors on the data, while the constant tem-
perature model increasingly deviates from this. For tungsten,
the constant density approach consistently overestimates the
growth rate. The constant temperature model agrees at early
times, 180–200 ns, but again disagrees at late times. The
relatively large errors from the experimental measurements
do not allow a deduction of the trend in the precursor column
growth rate, which could feasibly distinguish between the
two simple models presented here. A more detailed study is
required to reduce these errors.

The fact that the constant temperature model increasingly
deviates from data in both cases suggests that this assump-
tion becomes more inaccurate, and hence that the column
may be cooling with time. This is consistent with the x-ray
signals and the XUV filtered images presented earlier. If the
tungsten precursor temperature is taken as lower than the
aluminum precursor, the constant temperature model curve
moves into closer agreement with experiment. If tungsten
and aluminum column temperatures are indeed comparable,
the agreement with experiment for tungsten is lost at an ear-
lier time, perhaps suggesting a greater cooling rate with re-
spect to the aluminum column. It seems likely that any in-
ferred temperature drop with time is associated with some
increase in the density of the column, and that both of these
factors determine the growth rate following formation. This
effect appears more pronounced in tungsten than in alumi-
num, where density may remain close to constant after for-
mation. Both these simple models vary as the inverse of the
ion mass, and so the majority of array materials would be
expected to display a precursor column expansion rate be-
tween that of aluminum and tungsten.

Since the discussion presented above suggests that the
precursor cools with time, an interesting approach is to use
the experimentally measured rate of column expansion pre-
sented in Fig. 12 to determine this temperature variation. If
these values are substituted for dRp /dt in Eq. �7�, and again
Va is 1.5�10−5 ms−1, the product �z+1�T can be recovered
for both aluminum and tungsten given the correct current
wave form, and a charge state. The variation of �z+1�T, and
the precursor temperature on MAGPIE assuming both coro-
nal equilibrium �CE� and local thermal equilibrium �LTE�
ionization models are given in Fig. 13.

Both materials show a decreasing temperature with time,
as may be expected from the discussion above. The initial
temperatures using LTE ionization are similar to the �60 eV
determined from aluminum experiments, with results from
CE ionization slightly higher than this. Both are quantita-
tively similar despite the use of a simple pressure balance
model. The difference of �20% in temperature between alu-
minum and tungsten does not appear unreasonable, and other
materials would be expected to fall between these two

FIG. 12. Experimental values for �top� aluminum and �bottom�
tungsten precursor column growth rates compared to simple models
assuming constant density and constant temperature. Bars represent
error ranges on experimental values.
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extremes. Between 180 ns and 280 ns after current start an
approximately linear temperature decrease occurs, and ap-
proximate cooling rates for Al are 0.55 eV/ns �CE� and
0.34 eV/ns �LTE�, and for tungsten are 0.65 eV/ns �CE� and
0.29 eV/ns �LTE�. As above, additional experiments to more
accurately determine the rate of expansion of the column
after formation as well as additional XUV spectral data
would increase the confidence in this determination of the
column temperature variation.

The use of nonimploding arrays with the relatively long
rise time and good diagnostic access afforded on MAGPIE
allows analysis of the expansion rates of the precursor col-
umn without the additional complication of the main array
implosion. For imploding loads, the main array mass snow
ploughs onto the precursor column and a large fraction of the
generated radiation is trapped inside this converging piston.
This will increasingly raise the thermal energy of the precur-
sor column, and therefore increase the column expansion rate
during the implosion phase. Cuneo et al. have investigated
this hohlraum effect on the precursor column for tungsten
arrays on the Z machine �11�. The high opacity of an implod-
ing 300 wire array causes a significant expansion of the pre-
cursor column, the start of which is coincident with the onset

of the main array implosion from its initial diameter. This
reference also develops an analytical model relating the pre-
cursor expansion rate to the radiated power of the imploding
piston, which matches closely with the experimentally ob-
served precursor column diameter change during implosion.

Direct measurements of precursor column density and
profile can be achieved using quantitative radiography. An x
pinch ��28� and references therein�, mounted in one of the
current return posts, provides high spatial resolution point
projection backlighting of the array axis. This image is pro-
jected onto a film pack comprising a radiation filter
�12.5 �m titanium transmitting 3–5 keV radiation� and a
film �Kodak M100� placed immediately behind the filter.
Quantitative measurements were taken for a tungsten array,
by comparing transmission through the precursor column to
that of a step wedge comprising 15 nm, 30 nm, and 45 nm
thicknesses of tungsten deposited directly onto the titanium
radiation filter. This is presented in Fig. 14. Spatial resolution
in this image is better than 5 �m, and exposure time is
�1–2 ns.

The timing of the radiograph is unclear from this experi-
ment, however a statistical analysis of similar x pinches on
MAGPIE gives an average value of 200±20 ns. Line outs of
the image at the indicated positions are also given in Fig. 14,
and the absorption profile gives an average areal density of
2�10−4 kg/m across the precursor column. The areal den-
sity sensitivity limit for the diagnostic is �1�10−4 kg m−2

�equivalent to 5 nm of tungsten at solid density�. The integral
of these mass density profiles yields a mass per unit length of
3.6�10−7 kg/m at this time, which represents approxi-
mately 3% of a typical imploding array �32�5 �m tungsten
wires�. Analytical calculations from the rocket model �22�
suggest the mass fraction in the precursor over this time
range is 6–18 %. This discrepancy may be due to several
factors. The lack of an accurate time for the radiograph is
problematic, and it is possible that the column is still at the
early stages of formation. This may account for the observed
differences in the radial profile of the column at different
axial positions. If the column is indeed fully formed at the
time of the radiograph in Fig. 14, some regions may be be-
low the sensitivity limit indicating a radial variation in den-
sity in the column. A study of the density profile of the pre-
cursor column would increase the current understanding of

FIG. 13. Variation of the product �z+1�T and precursor column
temperature with time using coronal equilibrium �CE� and local
thermal equilibrium �LTE� ionization models for �top� aluminum
and �bottom� tungsten.

FIG. 14. Radiograph of precursor column for a 16 wire tungsten
array with Line outs at indicated positions.
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wire ablation and precursor column formation, and provide
density values to compare to computational codes.

C. Current in the precursor

Previous work �22� noted the remarkable stability of the
precursor column over the duration of the experiment. Data
from the laser probing and soft x-ray imaging showed that
development of the MHD instabilities �M =0,1� in the pre-
cursor column are not seen for either aluminum or tungsten,
and the plasma column remains stable for 100–150 ns. More
recent studies show that at very late time W arrays do display
some level of instability. The filtered x-ray pulse �as in Fig.
5� for nonimploding tungsten arrays show a “foot pulse”
feature, at �320 ns. Laser shadowgrams taken at the peak of
this feature apparently show M =0,1 type-structures, as
shown in Fig. 15. Similar features are not observed in alu-
minum precursor columns, either in x-ray signals or imaging
diagnostics, at times as late as 300 ns after column forma-
tion. This information can be used to obtain an upper esti-
mate of the current which might flow through this plasma,
assuming that the growth time of the classical MHD insta-
bilities would be given by these time scales.

Characteristic growth rates of m=0,1 instabilities in a Z
pinch can be written as �29�

	 = � cA

r0
�
 , �8�

where cA= B

��

is the Alfven speed; r0 is the plasma radius;
and 
 is a scaling factor which depends on the instability
mode, kr0 and the distribution of current. Substituting for
B=�I /2�r0 and mass accumulated in the precursor �per unit
length� mpr=��r0

2 gives

	 = � cA

r0
�
 = � I

2r

 �

�mpr
�
 . �9�

The upper estimate of the current which might flow
through the aluminum precursor column could be obtained
using 1/	�300 ns, r0=1 mm, and mpr�4�10−6 kg/m,

which is �50% of the initial mass of a 16�15 �m Al wire
array. Taking the wavelength of any instabilities in the pre-
cursor to be determined by the coronal streams as 0.5 mm,
the minimum value of 
 is �0.9 �corresponding to a m=1
mode with uniform current distribution�. Hence, maximum
current through the precursor column is less than �23 KA or
��2.3% of the total current through the array. Here the
mass accumulated in the precursor is deliberately overesti-
mated, and the use of smaller mass will give a smaller upper
limit of the current. The laser probing measurements pre-
sented earlier gave the precursor mass equal to �2% of the
array mass at �150 ns, while later in time, this mass could
be as high as �10% �22�. Use of the smaller mass of the
precursor, corresponding to �10% of the mass of 16
�15 �m Al array, reduces the above estimate of the upper
limit of current in the precursor to �1% of the total current.
This is in good agreement with direct experimental measure-
ments of the current on-axis during 16 wire experiments, in
which a sensitivity limited value of �2% of the drive current
was obtained �30�.

In tungsten, the development of MHD instability struc-
tures are observed at late time, some 130 ns after column
formation. If we take the growth time to be 100 ns, r
=0.3 mm, and use 50% and 10% of the mass of an array, we
obtain �2% and �1% of the drive current respectively.
These current estimations are not sufficient to provide con-
tainment of the column, which is consistent with the assump-
tions in the pressure balance condition used in the previous
section.

The situation, however, could be different for some other
materials, resulting in a higher current fraction. This follows
from our preliminary experiments with Ni wire arrays com-
posed of 8 wires �31�, in which development of m=1 insta-
bilities with characteristic growth time of �50 ns was ob-
served in the precursor. This indicates that as much as �30%
of the total current could flow through the precursor column
in this case. This is consistent with the delay of the implosion
observed for Ni wire arrays, and the implosion time mea-
sured from optical streak photographs for Ni arrays was
�50 ns or 20% longer than it should be according to zero-
dimensional �0D� analysis. In contrast, both W and Al arrays
showed implosion times were in good agreement with 0D
prediction. Other factors may also influence the current frac-
tion present in the precursor. In 4-wire tungsten arrays on
MAGPIE, rapid development of instabilities in the precursor
column was observed after formation, in a similar fashion to
Ni arrays, indicating a significant portion of the drive current
on axis during the experiment �32�, in contrast to the 16 wire
results discussed in this work. When MAGPIE is operated
with a pre-pulse, comprising a linear ramp over
500 ns to 35 kA, current driven instabilities in the precursor
column are also observed �33�, and the variation in current in
the precursor column for nested �34� and mixed wire �35�
arrays is the subject of future investigations. It should be
noted that much work is currently being carried out to deter-
mine the current distribution in the various array configura-
tions, notably on the Zebra generator at the University of
Nevada, Reno �36� and on the Angara 5-1 facility at Troitsk,
Moscow �37�.

In summary, for 16 and 32 wire Al and W arrays the
current fraction in the precursor during experiment is low

FIG. 15. X-ray signals and laser shadowgraphy showing devel-
opment of MHD instability structures in tungsten precursor at late
time.
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��3% �, and this fraction appears to be slightly higher for
tungsten than aluminum. It is clear, however, that further
work must be carried out to determine the experimental array
parameters that control the transfer of current to the array
axis.

IV. COMPARISON TO COMPUTATIONAL MODELS

Both hydrodynamic �HD� and kinetic models were ap-
plied in order to further elucidate the formation mechanism
of the precursor column. The hydrodynamic model is a sim-
plified version of the three-dimensional �3D� Eulerian resis-
tive magnetohydrodynamic “Gorgon” code developed by
Chittenden et al. A full description can be found in Ref. �15�.
The code performs explicit hydrodynamics on a Cartesian
�x ,y ,z� Eulerian grid, using second order Van-Leer advec-
tion. The thermal and magnetic field diffusion equations are
solved implicitly by iterative solution of matrix equations.
The model is two temperature �electrons and ions� with local
thermal equilibrium �LTE� ionization and a simple recombi-
nation radiation loss model. The radiation loss model is
modified to include a probability of escape that allows a
smooth transition to blackbody emission in the dense plasma
regions. A cut-off density of 10−4 kg m−3 is used in order to
represent the vacuum surrounding the pinch.

For the current study, this code is used in 1D cylindrical
coordinates and magnetic field effects are neglected, and the
model is therefore purely hydrodynamic �HD�. A continuous
flow of plasma is introduced at the boundary with a flow
velocity and density consistent with the rocket model. An
artificial “filtered” radiation output can be generated by sum-
ming radiation from regions of plasma with a temperature
�45 eV, and this allows some comparison to experimental
x-ray signals. The temperature chosen here is rather arbitrary
in an attempt to more clearly discern the mechanisms at
work, but is not in significant disagreement with the experi-
mental measurements made at photon energies of
200–280 eV presented in Sec. III B. Cases for over-massed
aluminum and tungsten were investigated.

The electron and ion temperatures and mass density for
aluminum at selected times are given in Fig. 16. A 2 mm
radius from the array axis is shown in each case, and the
filtered radiation output for this run is given in the same
figure �note that in this configuration the array does not im-
plode�. At 130 ns, the plasma shows a relatively broad low
density profile as a standing shock develops. The electron
and ion temperatures towards the axis �axis at 0 mm� have
equilibrated, but the thermalization of streams at the shock
give a high ion temperature here. The electron temperature
towards the axis �70 eV and the radiation output is increas-
ing, as density slowly rises, towards the first peak in the
filtered x-ray signal.

At 155 ns, the first x-ray peak has been passed, and the
electron and ion temperatures at the axis have dropped to
�20 eV as a result of radiative loss. This cooling reduces the
plasma temperature to below the energy cutoff for the radia-
tion output, and so causes this signal to drop. The density
profile is then compressed by the incoming plasma streams
and begins to reduce in radius. The plasma on axis continues

to be compressed to higher density, and the precursor column
is present at 185 ns. As the column formation completes, the
incoming plasma streams compress it on the axis, resulting
in a small rise in the electron temperature, and this generates
the second x-ray pulse. At 250 ns the column is observed as
a stable shock, giving a high density object on the array axis.
The electron temperature on axis is low, �15 eV, and the
continued thermalization of plasma at the column edge gives
a temperature of �30 eV here. This is below the “filter” for
the radiation output, and so this remains at zero. Note that
this radiation profile will be “hollow,” i.e., low temperature
at the column center with higher temperature surrounding
region, in qualitative agreement with experimental observa-
tions.

The filtered x-ray output describes a two stage process for
aluminum. The first peak is a result of increasing radiation
loss due to a slow density rise. It is only following this peak
that the broad initial density profile contracts to form the
precursor column. The second peak is a result of compres-
sion of the column immediately after its formation by the
incoming plasma streams. The timing of the first x-ray peak,
at 142 ns, is similar to the experimental value of 155 ns, but
the separation of the peaks is far greater in the simulation
than observed in the experiment. It should be noted that the
exact timing of the simulated x-ray peaks are heavily depen-
dent of the radiation loss rate used in the model.

For a tungsten array simulation, the filtered x-ray output
signal is significantly different �Fig. 17�. The two stage sig-
nal from aluminum is not seen, and instead a single peak at
128 ns is generated. However, analysis of the density and
temperature profiles shows that the processes which deter-
mine the x-ray pulse for aluminum are indeed occurring in a
similar fashion for tungsten. The greater radiation loss rate
for the heavier material causes these two processes to be
almost simultaneous, and only a single peak is produced
which comprises contributions from both. The timing of this
signal is �50 ns earlier than is observed experimentally,
which is a direct result of the inability of a fluid code to
model the collisionless flow conditions in tungsten at early
times. Note that the timing for aluminum of this first peak is
much closer to the experiment. The aluminum plasma
streams are collisional from early times, and so the fluid
approximation is more appropriate and a reasonable agree-
ment results. To investigate the effect of collisionality com-
putationally, the application of a particle code is discussed
next.

The kinetic approach uses a hybrid model comprising a
particle description for ions and an electron fluid, and a full
description can be found in �16�. Ions are injected at the
array radius with a number density consistent from the rocket
mass ablation model, and the experimental velocity of 1.5
�105 ms−1, which is assumed to be constant. Again, over-
massed array configurations are used. Ions are advanced in
configuration and velocity space in the usual particle-in-cell
manner, and using a Monte Carlo collision algorithm. Inter-
action with the electron fluid is via a frictional force, which
incorporates the temperature inequality and the electron-ion
energy transfer time, representing the multiple scattering of
ions from a Maxwellian distribution of field electrons. The
radiation model used for the fluid code is utilized again here
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to determine cooling rates for aluminum. Due to the lack of
a simple reliable radiation loss model for tungsten, the same
model is used to calculate cooling rates in tungsten.

Figure 5 of Ref. �16� shows the evolution of density pro-
files for aluminum and tungsten arrays. Aluminum shows a

relatively well defined shock profile even at early times, re-
sulting from the stagnation of the ions streams as they reach
the array axis. Tungsten, however, shows a very broad flat
profile for a long time. This is a result of the collisionless
flow conditions of the ions streams at early times, and den-

FIG. 16. Plots from hydrodynamic model results showing �a� Mass density profiles for selected times, along with filtered x-ray output,
and �b� Electron and ion temperature profiles at selected times for simulated aluminum array. �Array axis is at 0 mm and the only first 2 mm
radially from axis are simulated.�.
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sity is peaked on axis due to the convergent flow configura-
tion, rather than stagnation of the plasma streams.

The collapse of this initial profile occurs earlier in alumi-
num, and the column is fully formed by 160 ns at a diameter
of �1 mm. This does not occur in tungsten until 175 ns, and
the formed column diameter is �0.5 mm. The maximum
density in both cases remains similar after formation, and
both columns grow in radius as a result of the accruement of
mass from the plasma streams. The on-axis ion temperature
is seen to reduce as column formation occurs for both mate-
rials. At late times, the ion temperature in low at the column
center, and a peak in the ion temperature at the edge of the
column is observed where ions continue to thermalize, in a
similar fashion to the fluid code results.

Both models show formation of a high density column
forming on axis from a broad initial density profile for both
aluminum and tungsten. In addition, after formation both de-
scriptions show a peak in ion temperature at the edge of the
shock which defines the formed column, while the column
center has equilibrated to the electron temperature. This sug-
gests a hollow emission profile as observed in the experi-
ment. The macroscopic dynamics of precursor column for-
mation appear to be well described in both cases.

The formation times, however, differ between the ap-
proaches. Aluminum column formation times agree reason-
ably well, but the HD code predicts tungsten column forma-
tion significantly earlier than observed either experimentally
or in the kinetic model. The kinetic description shows a
much broader initial density profile for W than Al, in line
with the experimental observations. The fluid model shows
the opposite case, the limiting factor being the onset of ra-
diative loss, which is more delayed for Al than W, allowing
the standing shock to grow to larger radii. These differences
are a result of collisionless flow in tungsten plasma streams
at early times, which fluid modeling is unable to account for.
This occurs for some 40 ns after tungsten plasma streams
reach the array axis, delaying the formation of the precursor
column and the peak in the x-ray signal. If this approximate
delay is simply added to the formation times and x-ray signal
for the HD model results, a far better agreement with experi-
ment is achieved. There is currently no x-ray signal compari-

son from the kinetic code, but column formation times for Al
and W agree very well with the experimental values of
150–160 ns and 170–180 ns respectively.

The formation mechanism, described in detail above for
the HD model, shows an inherently two stage process, the
timings of which are determined by the array material. Col-
lapse of the initial broad density profile occurs only after the
first peak of the x-ray signal, as is observed experimentally.
The second stage is a compression of the formed column,
resulting in a small temperature rise. The delay between the
two events is significantly smaller for tungsten than for alu-
minum, again in qualitative agreement with experiment. Ma-
terials of different atomic masses would be expected to fall
between these two extremes, and show an x-ray signature
with two peaks separated by a distance related to the radia-
tion loss rate of the material. Preliminary investigations us-
ing the HD model show this is indeed the case. Nickel, for
example, gives two filtered x-ray peaks separated by less
than is seen for aluminum but greater than for tungsten. The
absolute timing differences, however, are heavily dependent
on the details of the radiation loss routines applied in the
codes. These are notoriously difficult areas to clearly define,
and further work on both experiment and computational ra-
diation loss models is required.

The fluid approach is reasonable for the aluminum arrays
investigated in this work, but the collisionality of tungsten
plasma streams are fundamental to an accurate description. A
kinetic description is required in the early stages of plasma
stream interaction. At higher velocities, this may also be-
come important in aluminum and even lower atomic number
materials, and so is an essential part of the process. It may be
possible to include the effects of early time collisionless flow
in the fluid model by means of a collision operator, as de-
scribed in Refs. �38,39�, although this is essentially an ap-
proximation to the full kinetic approach. At later times, fol-
lowing the onset of collisionality, both the fluid and kinetic
descriptions show a similar formation mechanism, and this
correlates well to the experimental results.

On generators such as the Z machine, the distinction be-
tween materials is likely to be less significant. The higher
current level and faster rise rate leads to the ablation of a
considerably greater mass of material from the wires than on
MAGPIE. The plasma flow is therefore likely to be colli-
sional from early time, and for 20 mm arrays the interaction
at the array axis will be dominated by collisional flow. The
importance of collisionless plasma flow may increase signifi-
cantly if the plasma flow velocity is high. For lower mass
20 mm diameter tungsten arrays this may indeed be the case
�40�, and for 40 mm diameter arrays, the inferred velocity of
material streaming to the array axis may be as high as 4
�105 ms−1 �41�. Plasma may counterstream at the array axis
for a period of time, and therefore this behavior must be
included in the modeling of these arrays.

V. TWISTED WIRE ARRAYS

In this modification, a 2.3 cm long, 16 mm diameter wire
array was twisted at an angle of � /4, � /2, or 3� /4 by rota-
tion of the top electrode relative to the bottom electrode.

FIG. 17. Filtered x-ray output from hydrodynamic model for
aluminum �black� and tungsten �dashed grey�.
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Twisted wire arrays were considered as a method of mitigat-
ing Rayleigh-Taylor �RT� instabilities during the implosion
phase of an array, as was observed for uniform density gas-
puff experiments with an “hourglass” axial distribution �42�.
In this work twisted arrays are used to investigate properties
of the precursor flow inside the array.

The smallest angle of rotation can be used to measure the
azimuthally averaged radial distribution of the coronal
plasma inside the array. The twisting effectively removes the
azimuthal structures, formed by the collision of the streams
from different wires, from the end-on images �shocks shown
in Fig. 3�. For twisted arrays the shocks are not seen due to
averaging of the gradients along the probing path of the laser
beam. This is shown for a 32 wire aluminum array in Fig. 10
of Ref. �22�.

For arrays with larger angles of twist, the axial magnetic
field Bz, generated inside the array is large enough to notice-
ably affect the dynamics of the inward flow of the coronal
plasma. The precursor plasma column on the array axis is
still formed, but this happens later and the delay increases
with the twist angle. As this is increased, the distance �r
increases, and hence the distance from the wires to the array
axis at the mid-plane of the array decreases �Fig. 18�. The
time of flight for plasma ablated from the wires reduces ac-
cordingly and it is expected that the precursor column should
form at progressively earlier times as the twist angle is in-
creased. Figure 19 shows the time of the precursor formation
measured by radial streak photography in the middle of the
array for the different twist angles. The solid line represents
the predicted formation time from the reducing time of flight
to the array axis, assuming fixed velocity, and is normalized
to the experimental point for zero twist. The formation time
for � /4 is earlier than for an untwisted array, and very simi-
lar to the flight time prediction. This suggests that small twist
angles do not significantly disturb the plasma flow behavior
inside the array. At larger twist angles, however, the precur-
sor column formation time increasingly deviates from the
time-of-flight predictions. Both 3� /4 and � /2 twist angles
display a later column formation time than untwisted arrays,
despite wires being substantially closer to the array axis at
the array midplane. This observed delay of the precursor

formation could occur due to deceleration of the coronal
plasma by the pressure of the axial magnetic field �Bz� gen-
erated inside the array, although precise mechanisms are un-
clear at present.

For arrays with a � /2 twist, the axial magnetic field gen-
erated in twisted wire arrays was measured using two mag-
netic probes �with opposite orientation of the turns�, installed
inside the array at the axial position at the end of the array,
inside the hollow top electrode �43�. The measured value of
Bz at �150 ns was �1.5 T, which corresponds to a magnetic
field of �3 T in the middle of the array. It should be empha-
sized that this estimate of the magnetic field in the middle of
the array was obtained neglecting an effect of shielding of
the magnetic field at the position of the probe by the elec-
trode, and thus represents a lower estimate of the field inside
the array.

Calculated �magnetostatic� values of Bz for the twist angle
of � /2 suggest Bz�5 T at time �150 ns �assuming that the
current is flowing through or very close to the wires and
neglecting attenuation of the field by the currents induced in
the electrodes�. The fact that experimental and calculated
values are reasonably close may indicate that the calculation
assumptions are correct, in that the current flows close to the
wires. It is important to note that if current carrying plasma
from adjacent wires merged, current would be able to flow
directly axially and no Bz would be measured in the experi-
ment. If plasma streams remain discrete for a significant pro-
portion of the array radius, a considerable amount of the
drive current may be carried towards the array axis, and a Bz
field would still be measured. However, in untwisted alumi-
num cylindrical arrays, streams are observed to interact
�shock structures on Fig. 3� approximately 1 mm from the
wire position. The persistence of the axial magnetic field
therefore suggests that current primarily flows in regions no
closer to the axis than 1 mm inside the array radius.

VI. SCALING AND APPLICATIONS OF THE PRECURSOR
COLUMN

The precursor column demonstrates several interesting
plasma physics processes occurring during its formation, in-

FIG. 18. Diagram of a 32 wire array with a � /2 twist, showing
the reduction in radius along the z axis as a result of the twist.

FIG. 19. Variation of precursor formation time at the array half
height with distance of wires from array axis. Data ��� is shown
with error bars, and solid line represents predicted formation time
from time-of-flight variation at fixed velocity.
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cluding transition from collisionless to collisional flow re-
gimes, and the effect of radiation loss on the dynamics of the
plasma. On the MAPGIE generator, precursor column densi-
ties shortly after formation are of the order of
1019–1020 ions/cm−3 and temperatures of 80–100 eV are in-
ferred, which vary with array material. These values lie in
warm dense matter �WDM� regime. For the relatively long
time scales on which the precursor column has been ob-
served in this work ��200 ns� the constant or increasing
density and decreasing temperature ensure the precursor col-
umn remains close to this region. By studying the behavior
of the precursor column at different times during its lifetime,
several different regions of parameter space may be acces-
sible.

To investigate how the precursor column characteristics
scale with generator, we can attempt to extend previous
analyses to the Z Machine at Sandia National Laboratories
�20 MA, 100 ns rise time� to see how this compares with
published experimental data. Cuneo et al. �11� report that
precursor structures with a FWHM diameter of 1.5–3 mm
have been observed on axis at times �0.5 �stag �where �stag is
the stagnation time of the array on to the axis�. Observations
have not been made at times earlier than this at present. The
precursor remains at constant radius for �20 ns and then
expands as the main array implosion begins at �0.75 �stag, as
discussed in Sec. III B. Analysis of time resolved x-ray pin-
hole cameras �XRPHC� indicates precursor radiation bright-
ness temperatures of 25–30 eV at early time which rises to
�75 eV at the time that the main array mass implodes onto
it. The following discussion continues the pressure balance
approach, which describes the precursor column on MAG-
PIE well, for 20 mm diameter tungsten arrays on Z.

Section III C derived a relationship for the “equilibrium”
radius of the precursor column immediately after formation
as a function of the generator current, the ablation velocity
and the temperature �see Eq. �4��. This can be rearranged to
give the temperature as a function of the radius at a given
point in the current drive

�z + 1�T�t� = � I2�t − R0/Va�

�
0

t−R0/Va

I2�t�dt�VamionReq

2
. �10�

To determine the product �z+1�T at a given point in the
current drive, the equilibrium precursor radius, Req, and the
ablation velocity, Va, must be supplied. If the range of
1.5 to 3 mm given above is taken, the temperature product
can be calculated for a range of ablation velocities as a func-
tion of time.

At very early times this value will clearly be unphysical,
since the precursor column will not have formed. The onset
of the formation process results from increasing radiation
loss due to increasing on-axis density, which becomes com-
parable and then exceeds the kinetic energy flux from incom-
ing plasma streams allowing collapse of the density profile.
As the radiation loss rate is proportional to ni

2, it is therefore
the on-axis ion density which is central to the timing of the
precursor column formation. The ion line density at the array
axis as a function of time and current is given by the mass

arriving at the axis derived from the rocket ablation model
divided by the ion mass

nion�axis��t� =
�0

4�VaR0mion
�

0

t−R0/Va

I2�t�dt . �11�

In Al arrays on MAGPIE, ablated plasma streams are col-
lisional from early times as they reach the axis, as is ex-
pected to be the case for 20 mm W arrays on Z. A delay in
column formation occurs for W arrays on MAGPIE due to
the lower ion number density ablated �
1/mion� and a period
of collisionless flow at the axis. To give an indication of
when formation of the precursor column is likely to occur on
Z, we will therefore examine the ion density in aluminum on
MAGPIE at the time of formation observed in experiments.
The first peak in the soft x-ray signature for Al occurs at an
average time of 155 ns after current start �see Fig. 5�, and
this indicates when radiation-driven collapse and column for-
mation has begun. The ion line density at the array axis at
this time is �6�1018 m−1. If the column formation pro-
cesses described in this work on MAGPIE occur in a similar
fashion on Z, this represents a “critical” ion density, ni,crit, at
which point the formation processes are occurring and the
precursor column will form. The time at which ni,crit is
reached at the axis during an experiment therefore represents
the earliest time at which the precursor column is expected to
form.

The product �z+1�T for a fixed column diameter of
1.5 mm calculated from Eq. �11� is presented in Fig. 20 for a
range of ablation velocities. These calculations assume the
array configuration is again over-massed and that the main
implosion phase does not occur. The dashed vertical line is
the time at which the ion line density at the axis first exceeds
the critical value of 6�1018 m−1. Values to the left of this
line �i.e., earlier in time� are prior to column formation and
therefore unphysical. The value of �Z+1�T at ni,crit is greatest
for the largest ablation velocity, and this decreases with de-
creasing velocity. Rapid cooling is apparent for all ablation

FIG. 20. Calculated variation of the product T�Z+1� with time
for a precursor column of fixed diameter �1.5 mm� for three abla-
tion velocities. Dashed vertical lines indicate expected precursor
column formation time �see text�.
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velocities and the plots converge to similar values after
�100 ns.

The time at which the precursor column is expected to
form varies considerably with ablation velocity. The forma-
tion time for the lowest velocity �1.5�105 ms−1 gives 77 ns�
is 30 ns later than for the highest velocity �3�105 ms−1

gives 47 ns�. This difference represents a third of the current
rise time on Z and is therefore highly significant in the un-
derstanding of pre-implosion processes in these arrays. It
should be noted that the line of ni,crit assumes collisional flow
dominates interaction at the axis, and this would move later
in time for a given ablation velocity if collisionless flow is
important. It should also be noted that the ni,crit line position
in time is relatively insensitive to changes in the current
shape for Z. The fast high current rise dominates the process,
and changes in the peak current reached �18–20 MA� and
the inclusion of the experimental 1 MA “foot pulse” changes
this position by �2 ns. In addition to these features there is
also a prepulse current which rises to �45 kA over 300 ns.
If the ablation velocity and plasma streaming behavior are
similar during this period it is unlikely that the mass ablated
during the prepulse will affect the time of formation of the
precursor column, however experiments to investigate this
early time behavior are required to clarify this.

To estimate a temperature for the precursor column the
coronal equilibrium model used in the MAGPIE calculations
is again used here, and the resulting plots are given in Fig.
21. The temperature of the precursor column at ni,axis
�ni,crit varies significantly with the ablation velocity as-
sumed. For the lowest velocity the temperature is �600 eV
at formation �77 ns� and drops to �200 eV by 130 ns. In-
creasing this velocity by a factor of 2 gives a precursor col-
umn which forms at 47 ns with a temperature of �900 eV
and which again drops to �200 eV by 130 ns. The calcu-
lated temperatures shortly after formation do not contradict
experimental observations on Z �see Figs. 4 and 7 in �11��.

The above estimates are obtained using a precursor col-
umn diameter which is constant in time to allow a solution in
the equilibrium situation. The real variations in the precursor

column temperature after formation may be different due to
changes in the precursor diameter with time during the ex-
periment, and this should be investigated to further this in-
terpretation. To provide some indication of the variation of
the calculated temperature with column diameter, Eq. �11�
can be evaluated for 1.5 mm and 3 mm diameter columns
using a fixed ablation velocity of 1.5�105 ms−1 and again
using a CE ionization model to recover a temperature. These
plots are given in Fig. 22. The change in precursor diameter
does not affect the time at which ni,crit is reached during the
current drive, but the larger precursor is formed with a higher
temperature. The pressure balance model used here dictates
that the larger precursor is required to maintain a higher tem-
perature in order to balance plasma stream kinetic energy. At
formation the 3 mm diameter precursor is �950 eV, while
the 1.5 mm diameter column is �600 eV, and even at late
times the difference in temperature is �50 eV.

It is interesting to compare the time at which the “critical”
ion density at axis is reached for these estimations with the
experimental times at which precursor structures have been
observed for 20 mm diameter tungsten arrays on Z. The av-
erage stagnation time for these arrays is 95.5 ns, and so the
timing of the earliest observation of the precursor structures
at the array axis corresponds to �48 ns on the plots in Figs.
20–22 in this paper. The time at which ni,crit is reached, and
hence the time at which the precursor column should form
and be observed �dashed lines on plots�, is calculated to be
later than the experimental results above for both of the two
lower velocities investigated. Only the highest velocity of
Va=3�105 ms−1 yields a timing comparable to observa-
tions. For comparison, one can also consider the time of
flight �TOF� of ablated plasma from the array radius to the
axis for each of the ablation velocities investigated here. For
the lowest velocity this TOF is 67 ns, and no ablated material
will have reached the axis by the time of the experimental
observation of a precursor structure at 48 ns �0.5�stag�. Simi-
larly for Va=2�105 ms−1 the TOF is 50 ns, and plasma has
barely reached the axis by the time precursor structures are

FIG. 21. Calculated variation temperature with time for a pre-
cursor column of fixed diameter �1.5 mm� for three ablation veloci-
ties, using a CE ionization model. Dashed vertical lines indicate
expected precursor column formation time �see text�.

FIG. 22. Calculated variation temperature with time for precur-
sor column of 1.5 mm and 3 mm diameter using fixed ablation
velocity. Dashed vertical line indicates expected precursor column
formation time �see text�
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observed. The velocity of material streaming towards the ar-
ray axis must therefore be greater than 2�105 ms−1 even if
the precursor column forms immediately as streams collide
at the axis. For the highest velocity, however, the TOF is
33 ns which allows a brief period of increasing on-axis den-
sity before ni,crit is reached, and the precursor column is ex-
pected to form at �47 ns ��0.5�stag�.

This high ablation velocity fits well with the formation
time of the precursor column from experiments, but is sig-
nificantly higher than has been calculated in �11�
�1.4±0.3 ms−1� and references therein. This would give an
anomalously low mass ablation rate at the wires which is
inconsistent with the fitting of implosion trajectories carried
out in �11�. One explanation for this discrepancy could be
suggested by comparison to experimental observations of the
ablation dynamics of wire arrays. It has been reported by
many authors �e.g., �21,44,45� and references therein� that
the plasma ablated from wires and ejected towards the array
axis is periodically modulated in the axial direction—the
“ablation wavelength.” For tungsten, this wavelength is
250 �m. In addition, experiments demonstrate that gaps in
the wire cores are subsequently formed indicating that mass
ablation is not uniform axially, and mass ablation is greater
at some points than at others. Some points along the wire
length may eject material with a high velocity, which would
then satisfy the early formation time of the precursor col-
umn, but there must then also be regions where mass abla-
tion is high to facilitate wire breakage and the start of the
implosion.

From the rocket model, the mass ablated at time t can be
written as

�m =
1

Va
�� �0

4�R0
��

0

t

I2dt� . �12�

For each wire in an array, the values in square brackets in
Eq. �13� are the same for all points along the wire in the axial
direction, and the mass ablation rate therefore scales as 1 /Va.
As the simplest approximation, we can consider that the ve-
locity of the plasma flow is two component: some fraction of
the wire length f is ablated with a high velocity V1, and the
remainder of the wire length is then ablated with a lower
velocity V2. In order to be consistent with the trajectory fits
presented in �11� the average mass ablation rates resulting
from these two velocities must be equal to the overall abla-
tion rate reported by the average ablation velocity �V�. Given
the 1/V scaling above this can be written as

f

V1
+

�1 − f�
V2

=
1

�V�
. �13�

As an example, we can apply this two-component model
to the 20 mm arrays on Z. The fraction ablating can be taken
as 0.5 since the axial modulation of ablated plasma streams
is observed to be periodic. If the mass ablated from the high
velocity regions becomes evenly distributed in the axial di-
rection as it reaches the axis, the time at which the precursor
will form is then ni,crit / f =2ni,crit. The rapidly rising current
pulse means that this value is reached shortly after ni,crit itself
and an ablation velocity of 3.5�105 ms−1 allows the precur-

sor to form at 0.5 �stag. This velocity is the minimum re-
quired to match the experimental observations of precursor
formation. The average ablation velocity �V� can be taken
from �11� to be 1.4�105 ms−1. For this situation, the lower
ablation velocity V2 can be determined by rearranging Eq.
�14� and setting f =0.5

V2 =
�V�V1

2V1 − �V�
. �14�

For the values discussed above V2=0.9�105 ms−1. From
Eq. �13�, this velocity component accounts for 85% of the
mass ablated up to the start of the implosion of the array
��0.6�stag�. The use of a two-component flow velocity can
be used to explain both the relatively early time formation of
the precursor column and the observed implosion trajectory.
It would be useful to examine 20 mm arrays earlier in time
than 0.5 �stag in order to place an upper limit on V1, and the
expected high collisionality of the ablated plasma streams is
likely to give a good indication of the experimental time of
flight from emission based diagnostics. As this velocity tends
to very large values, the velocity V2 tends to �V� /2 and the
wires will burn through completely at the positions with a
high mass ablation rate. To further investigate these ideas,
comparisons to data from different generators and with dif-
ferent array diameters must be carried out, and this will be
the subject of future studies.

The high contrast in density between the precursor col-
umn and the plasma flow may allow studies of radiating
shocks, and in particular cooling lengths across the shock,
which was clearly measurable in the experimental results
given in this study. Such a stable area radiator may have
applications in opacity measurements as an alternative to the
secondary hohlraum method used in �46�, as large area soft
XUV backlighter, or as part of a Ti collisional laser as sug-
gested by several authors including in �47�. The absorption
spectroscopy of well-characterized warm dense matter tar-
gets is also of considerable interest, and the use of different
material columns to provide different characteristics �diam-
eter, temperature, electron/ion density� gives good flexibility
for this system. The precursor column remains stable for
�200 ns in the work presented here, and properties such as
the variation in absorption spectrum as the column cools can
therefore be measured in a single experiment.

The lifetime of the precursor column depends directly on
the drive current rise time. For some applications it may be
possible to utilize long rise time machines, to produce an
even longer-lived source. When used in conical geometry,
the continuous injection of mass towards the array axis forms
a conical shock and drives a plasma jet significant distances
beyond the array height �48�. These well collimated, high
Mach number experimental jets are hydrodynamically scal-
able to astrophysical objects such as young stellar object
�YSO� jets. Experiments on MAGPIE studying their behav-
ior in different ambient conditions �49,50� have effectively
demonstrated the flexibility and astrophysical relevance of
these experiments �51,52�. Using a long rise time generator
�e.g., Atlas �53� 30 MA, 4 �s rise time� very high aspect
ratio jets could be produced to study the effect of multiple jet
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target interactions on dynamical properties including jet col-
limation and internal shock formation. A further interesting
possibility is the use of spherical geometry as has been in-
vestigated on MAGPIE �54,55� and computationally for con-
ditions on the Z generator �56�. Spherical precursor plasma
flow produces a central object, analogous to the cylindrical
array precursor column, of significantly higher density than
in cylindrical geometry.

VII. CONCLUSIONS

The phenomenon of the compact precursor column in
wire array z pinches occurs due to an intrinsic feature of the
plasma formation process from the initially solid wires. At
the very beginning of the current pulse the wires are rapidly
converted into a heterogeneous structure with dense cold
cores surrounded by a low-density hot coronal plasma. This
coronal plasma is continuously formed from the wire cores
and injected by the J�B force towards the axis of a wire
array. Stagnation of this plasma flow at the array axis creates
a dense and stable precursor plasma column.

The precursor column formation process shows three dis-
tinct stages: �i� Broad initial density profile, �ii� rapid con-
traction to small diameter, �iii� slow expansion following for-
mation. The timing of these stages and the form of the
associated x-ray signal are a direct result of the collisionality
of the ablated streaming plasma. For wire arrays from differ-
ent materials the velocity of the coronal plasma flowing to
the array axis appears approximately the same from experi-
ment. The corresponding kinetic energy of the ions, however,
is significantly higher for materials with higher atomic num-
bers, and the interaction of the plasma streams near the array
axis remains collisionless for a longer time. This leads to a
delay between the first arrival of the plasma to the axis and
the formation of a dense precursor column, as well as a
variation in the diameter of the on-axis plasma at early times:
collisionless W streams give a broader initial profile than
collisional Al streams.

The rapid contraction of the broad initial density profile
occurs when the total energy radiated from the plasma ap-
proximately equals the kinetic energy accumulated at the
axis. Correlation of soft x-ray emission to gated x-ray camera
images confirms that the small diameter fully formed column
appears only after the peak of the formation x-ray signal. The
resulting rapid contraction occurs over �10 ns for both Al
and W, and the fully formed precursor column results.

After formation, the dense precursor plasma column re-
mains remarkably stable until the final stagnation of the array
for imploding loads, and does not show development of m
=0,1 MHD instabilities for a significant period of time for
overmassed loads. Typical time scales are �100 ns for W
and �300 ns for Al. This absence of MHD instabilities pro-
vides an upper estimate of the fraction of the total current
which might flow in this plasma column as being �1% and
�2% for Al and W, respectively. A larger degree of instabil-
ity, inferring larger proportions of the drive current in the
precursor, is observed for some materials �in particular Ni�
and for low wire number arrays. The magnitude of current in
Al and W precursor columns is not sufficient for the mag-

netic confinement of the precursor plasma column, the con-
finement is instead provided by the kinetic pressure ��V2� of
the radially converging flow of the coronal plasma. A simple
model for scaling of the equilibrium precursor radius imme-
diately after formation with atomic number developed from
pressure balance considerations shows good agreement with
the experimental data for wire arrays formed from nine ma-
terials �C, Al, Ti, Fe, Ni, Cu, Mo, W, and Au�.

The continuous accumulation of material in the precursor
implies that ablation of the wire cores continues throughout
the current drive time which indicates that a significant por-
tion of the current remains in close proximity to the wire
cores. This conclusion is supported by the experiments with
twisted wire arrays, in which generation of an axial magnetic
field inside the array was detected. This magnetic field could
only persist if the current follows close to the wire cores and
is not convected towards the axis by the coronal plasma
stream, which merge at large radii. When the measured axial
magnetic field is sufficiently high, the inward motion of the
coronal plasma is affected resulting in a delay in the forma-
tion of the precursor plasma column. This delay increases
with twist angle, indicating that the plasma flow to the axis is
increasingly inhibited by the increasing axial magnetic field.
The mechanism for this is unclear at present. The small in-
crease in current in W array precursors over Al array precur-
sors, and the large increase observed in Ni precursor col-
umns, indicates that plasma flow conditions vary
significantly with array material and that this requires further
investigation.

The expansion rate of the precursor column after forma-
tion is greater for aluminum than for tungsten. Values are
similar to those predicted by two simple models, one assum-
ing constant density and another assuming constant tempera-
ture, but the increasing deviation from the constant tempera-
ture model suggests the column is cooling with time. Using
the experimental expansion rates and a coronal equilibrium
�CE� charge state model, the temperature variation with time
for Al and W can be calculated. Initial temperatures are simi-
lar for local thermal equilibrium �LTE� ionization and
slightly higher for coronal equilibrium �CE� ionization than
the range inferred from previous XUV spectroscopy data.
Following formation cooling rates are approximately
0.55 eV/ns �CE� and 0.34 eV/ns �LTE� for Al, and
0.65 eV/ns �CE� and 0.29 eV/ns �LTE� for tungsten.

Both kinetic and fluid computational models describe the
formation of the precursor well, but collisionality at early
times is essential in the description to reproduce the experi-
mentally observed formation times. Modeling suggests that
the formation mechanism is an inherently two-stage process.
The first stage shows increasing radiation as on-axis density
increases. The rapid collapse phase then occurs and the sec-
ond part of the x-ray signal is a result of a compression of the
formed column by the ablated plasma streams. The soft x-ray
emission during precursor column formation comprises con-
tributions from both these processes, and again it is array
material which determines their relative timings. Aluminum
arrays show discrete peaks for each stage, which are rela-
tively widely separated in time, whereas tungsten shows only
a single peak as the two processes are nearly co-incident.
This mechanism is in good qualitative agreement with the
experimentally recorded x-ray signals.
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The aluminum and tungsten arrays studied in detail in this
work represent two extremes with regard to the atomic num-
ber and mass of materials commonly used for wire array z
pinches. Other intermediate materials would show different
precursor column formation time, formation x-ray signa-
tures, and expansion rate following formation. On MAGPIE,
these materials would be expected to display behavior which
is intermediate between aluminum and tungsten, due to the
fact that the determinate processes are dependent on mass
and atomic number. The formation time depends on the
atomic mass to determine collisionality, and on atomic num-
ber which determines the rate of radiative energy loss. The
atomic number dependence of the radiation loss rate also
determines the separation of the formation x-ray peaks as
elucidated from hydrodynamic modeling. The rate of expan-
sion following column formation also varies inversely as the
atomic mass. This expected variation was clearly observed in
the trend of the minimum diameter of the precursor column
observed for several different materials in this study. The
precursor column behavior on other generators would be ex-
pected to vary in a similar fashion.

The rocket ablation model �21� generally gives a good
description of the mass ablated from array wires cores during
an experiment, and has been widely used in analytical esti-
mations and computational modeling, including in this work.
Predictions from this model do not always accurately de-
scribe the data, and a better agreement with precursor col-
umn data from the Z machine at Sandia National Laboratory

is achieved using a 2 ablation velocity rocket model. This is
a direct indication of the requirement to more fully under-
stand the ablation behavior of wire array z pinches. Further
investigations must be carried out to more clearly define the
parameters of the plasma flow conditions, including how the
plasma flow velocity, temperature and density varies with
time, configuration, and array material. More importantly,
the details of the ablation phase of wire arrays must be de-
termined as it is from this that all subsequent processes are
derived. It may then be feasible to accurately model the en-
tire array experiment with sufficient accuracy to allow reli-
able extrapolation to future higher current generators.
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