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Abstract—We present data from experiments using nested
wire-array Z-pinches where the wires of one of the arrays (the
outer or inner array) are inclined to produce a cone. The use of
these nested conical arrays can potentially provide a valuable tool
in X-ray radiation pulse shaping for Z-pinch-driven high-yield
inertial-confinement-fusion schemes. Conical nested arrays can
produce a zippered implosion which broadens the main radiation
pulse and, possibly, the pulse associated with the interaction of the
two arrays. Results from experiments at current levels of 1 MA
(240 ns) and 18 MA (100 ns) are presented and compared. Experiments at 1 MA with a conical outer array indicate broadening of
the full-width at half-maximum of the main stagnation radiation
pulse, with results at 20 MA showing a similar result. Conical inner
arrays do not broaden the main radiation pulse because a longer
inner array ablation time offsets the earlier interaction time of the
outer array with the inner array. Although array dynamics data
suggest that a conical inner or outer array can potentially provide
control of the interaction radiation pulse, this was not observed.
Observations are consistent with a wire-array trajectory model
incorporating outer and inner array ablation, snowplow physics,
and a simplified array interaction model.
Index Terms—Plasma measurement, plasma pinch, X-ray
measurement.

I. BACKGROUND

W

IRE ARRAY Z-pinches are an extremely powerful
(∼200 TW) laboratory X-ray source and have been
explored as a potential driver for inertial confinement fusion
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(ICF) [1], [2]. One strict requirement for any ICF capsule
driver is the ability to shape the X-ray drive pulse to implode the capsule on a low adiabat and minimize the energy
required for fuel compression [3]. For Z-pinch-driven ICF, it
is possible to engineer the wire array in order to create this
pulse. Many pulse-shaping tools have previously been developed using nested wire-array Z-pinches [1], [4] and with foam
targets on axis [1]. Specifically, utilizing the interaction pulse
as the outer array passes the inner array and the radiation pulse
generated as plasma first collides with a CH foam on axis prior
to fully collapsing to provide a “foot pulse” and a “first step” is
discussed below [1].
Fig. 1 shows the controls that are required in order to
achieve ignition and high-yield fusion [5]. Control is needed
of the intensity and duration of the foot pulse (Tf oot and τf oot ,
respectively). For the Z-pinch pulse-shaping scheme described
by Cuneo et al. [1], this is achieved using the interaction of
the outer array material with the inner array. Next, control is
needed of the intensity and timing of the first step (Tf irst and
τf irst , respectively), which is achieved by the interaction of
the imploding material with an on-axis foam. Finally, control is
needed of the timing and duration of the main peak (Tmain and
τmain , respectively). Ideally, control over these requirements
could be achieved independently with different parameters.
Previous data have demonstrated the good control of the radiation pulse shape, approaching the necessary controls required
to achieve ignition [1]. One notable exception is that the pulse
length of the main pulse is too short [1]; a temporal compression
of electrical energy into the load to the stagnation radiation
pulse of 40:1 is achieved with nested arrays, with a full-width
at half-maximum (FWHM) of the stagnation pulse as short as
2.5 ns. While future longer-rise-time generators may achieve a
similar compression ratio, and hence a longer main pulsewidth,
it is desirable to have an independent control of the FWHM.
Here, we investigate the added control achieved by tapering
one or both of the nested wire arrays, to produce conical nested
arrays.
The implosion time of a wire-array Z-pinch is strongly
dependent on the array diameter (along with the mass, current
pulse, and many other factors) [6]. This can be seen by simply
considering that the implosion time τimp is proportional to mr02
[6], where m is the mass per unit length of the array and r0
is the array radius. If r0 is varied with axial position z (as
is the case in a conical wire array), the implosion time will
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TABLE I
E XPERIMENTAL S ETUP FOR C ONICAL N ESTED S HOTS ON Z.
A LL W IRE A RRAYS A RE 10 mm TALL

Fig. 1. Temperature profile needed for ignition and high yield with the doubleended hohlraum [5]. Control of the timing, intensity, and duration of the foot
pulse, the first step, and the main pulse.

also vary as a function of z, leading to a zippered implosion
and temporally longer X-ray pulse. This will be true even with
wire ablation, as is demonstrated hereinafter using a snowplow
implosion model. Gas puff Z-pinches often experience an axial
zipper through axial variations in both the mass per unit length
and the radial density distribution. In a conical array, different
axial locations have different effective radii (r = r(z)), and this
will alter the implosion time of these different axial positions,
thus temporally spreading the emitted X-ray pulse. Previous
work on conical wire arrays has utilized this configuration to
model astrophysical jets [7]–[12] or, more recently, to study
the implosion dynamics of single conical arrays [13], [14].
Imploding single conical array experiments have demonstrated
the utility of conical arrays to broaden the main radiation
pulse [14].
In this paper, we extend previous work to study the implosion dynamics and radiation pulse-shaping capability of nested
conical wire arrays in a nested wire-array configuration. In
the next section, we discuss experimental setups and described
predictions of changes to the pulse shape. Following this, we
described experiments with a conical outer array and, then,
with a conical inner array. Finally, we summarize by comparing
the predictions made in the next section to the experimental
data.
II. D ESCRIPTION OF E XPERIMENT
A. Experiments on the Z Facility
Nested wire-array implosion dynamics are more complex
than single wire arrays, with inductive and resistive current
distribution between the arrays [1], [4] and the potential for
the arrays to pass each other semitransparently [4], [15], [16].
Here, we investigate whether a modification of the nested wire
array, where the wires of one of the arrays (outer or inner) are
inclined with respect to the axis, can be used to control the
radiation pulse shape from a nested wire array. The wire-array
setups used on the Z generator consist of a conical outer array
with a cylindrical inner array, a cylindrical outer array with
a conical inner, and the standard cylindrical outer and inner
arrays, as shown in Fig. 1. The anode and cathode diameters

of the outer and inner arrays are specified in Table I. For all
shots, the anode configuration is kept the same, with a 20-mm
anode diameter, identical to the standard compact array setup
described by Cuneo et al. [1]; however, the cathode diameters are altered to create the conical arrays. All wire arrays
are 10-mm-tall nested wire arrays, consisting of 300 wires,
each 7.3 μm in diameter, in the outer wire array and 30 wires,
each 16.6 μm in diameter, in the inner wire array. The feed
gap between the cathode and the return current can is kept at
5 mm in all shots (leading to a larger return current can for
shot Z1639).
We now describe the predictions of what the presence of
conical outer or inner wire arrays will do to the radiation pulse
from a nested wire array. To a first approximation, the implosion
time of each axial location in a nested conical array will follow
the trajectory of a cylindrical nested array with the initial
radii identical to the initial radial locations of that position in
the conical array. The Array On Array ABLation (AOABL)
snowplow model coupled to a circuit model for the Z generator
[17]–[19] configured to represent a nested array configuration
[1] has been used to estimate the implosion trajectories of
cylindrical wire arrays equivalent to the anode and cathode ends
of the nested configuration shown in Fig. 2(b) and (c). The
details of the AOABL model are given in the Appendix.
We chose snowplow model input parameters identical to
those demonstrated by Cuneo et al. [1] to provide a good fit
to cylindrical nested array implosion trajectory measurements.
These are an ablation velocity vabl = 20 cm/μs and the conditions that 50% of mass is ablated prior to the start of implosion,
18% of mass remains at the initial location as trailing mass, and
30% of the outer array momentum is transferred to the inner
during the interaction. These input parameters have been kept
fixed for the four trajectories discussed hereinafter.
Fig. 3(a) and (b) shows the results of snowplow calculations
for the conical outer and conical inner setups, respectively, for
the Z experiments. At the top of each graph (red curves) the
trajectories of the outer and inner arrays for the configuration
equivalent to the cathode of the array are plotted, and at the
bottom, the trajectories for the arrays equivalent to the anode
are plotted (blue curves). For this figure, we have independently
calculated the expected implosion trajectories as if the entire
outer wire array had the diameter used at the cathode and as if
the entire wire array had the diameter used at the anode. This
treatment allows the circuit to react differently to the different
section of the array, rather than providing a self-consistent
model of the zippered implosion. This treatment is sufficient
to demonstrate the dependence of the trajectory on the initial
wire locations. Ideally, a full representation of the conical array
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Fig. 2. Preshot photographs of nested arrays on Z with (a) standard array (e.g.,
Z1560), (b) conical inner array (Z1574), and (c) conical outer array (Z1639)
configurations. The anode (A) is at the top of each of the images, and the
cathode (K) is at the bottom, as shown. The metal object on the center of each
array is an installation rod which is removed after the installation of the array in
Z. See Table I for array dimensions. (a) Z1560: Cylindrical outer on cylindrical
inner. (b) Z1574: Cylindrical outer on conical inner. (c) Z1639: Conical outer
on cylindrical inner.

would be calculated, and the inductance at each time step would
be used to determine the drive current. It is noted that, in
the actual experiments, a low-density foam is fielded on the
wire-array axis to add additional pulse-shaping capabilities—to
simplify, this is omitted from the current discussion.
In the conical outer case [see Fig. 3(a)], the arrays interact
(pass each other) at ∼190 ns. The variation between the two
ends of the array interacting is designated in the plot by a
hashed region. Due to the lower initial magnetic field strength
near the cathode and larger distance to travel, the interaction
here is almost 5 ns later than that at the anode. As the arrays
move to smaller radii, this time lag is diminished; however, it
remains almost 3 ns at stagnation (shown by a cross hashed
region on the plot).
For the conical inner case [see Fig. 3(b)], the trajectories
are identical for the outer arrays equivalent to the anode and
cathode; however, the different positions of the inners lead to
a difference of ∼3.5 ns in the time that the arrays pass each
other (again shown by a single hashed region). This variation
in the trajectory is diminished after the interaction due to the
difference in the distance between the inner array and the axis
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Fig. 3. Estimates of the trajectory with (a) a conical outer array and (b) a
conical inner array on the Z generator. The model is using an ablation velocity
vabl = 20 cm/μs and the conditions that 50% of mass is ablated prior to the
start of implosion, 18% of mass remains at the initial location as trailing mass,
and 30% of the outer array momentum is transferred to the inner during the
interaction. Vertical boxes on each plot represent the time difference between
the anode and the cathode end reaching the (single hashed) inner array and
(cross hashed) axis. (a) Z1639: Conical outer. (b) Z1574: Conical inner.

at each end; however, it remains at a level of almost 2 ns at
stagnation (cross hashed).
Hence, we see that using a conical array as either the inner
or the outer array of a nested array will have an effect on the
stagnation time of different locations in the arrays and is hence
likely to lengthen the emitted X-ray pulse. It is noted that this
change Δt in the stagnation or interaction time for different
regions of the array will not directly lengthen the FWHM τ of
the appropriate pulse by Δt. Instead, the pulse emitted by the
cylindrical array (which is approximately Gaussian) of width
τ should be convolved with the zippering of the stagnation,
leading to an FWHM for the conical case (τcon ) which can be
approximated as
τcon ≈



2 + (f Δt)2
τcyl
v

(1)

where fv is the fraction of the pinch viewed by the diagnostics.
Hence, for the conical outer case, the FWHM of the stagnation
pulse is expected to be ∼2.9 ns, compared to the standard
2.5 ns from a cylindrical outer array (with the view factor fv
being half of the pinch for both cases).
Diagnostics employed in the Z experiments included
X-ray self-emission imaging at > 1.185 keV, radiography at
6.151 keV, diamond photoconducting diodes (PCDs [20]) and
X-ray diodes (XRDs [21]), and bolometers [22].
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Fig. 4. (a) Setup for high-inductance inner on MAGPIE. (b) (Dotted lines) Comparison of two nested array shots on MAGPIE and (solid line) the average of
these shots.

B. Experiments on MAGPIE
In addition to the experiments on the Z generator at Sandia
National Laboratories (20 MA, 100 ns [23]), experiments were
also performed on the MAGPIE generator at Imperial College
London (1 MA, 250 ns [24]). In general, the use of smaller
∼1-MA university-scale generators provides a platform to explore new concepts in greater depth, allowing a high number of
well-diagnosed experiments to be performed. Specifically for
these experiments, the use of MAGPIE allows better diagnosis
of the plasma from the initial wire positions to the axis, without
being obscured by current return posts, and with diagnostics
such as extreme UV (XUV) self-emission imaging (hν >
30 eV) that are well suited to diagnosing the implosion of
the plasma over the full evolution from immediately following
wire initiation through to stagnation onto the axis. While different machines allow the use of additional diagnostics, Z and
MAGPIE have different characteristics, including a difference
in rise time (100 ns versus 250 ns) and peak current (20 MA
versus 1 MA). In order to scale results and interpretations from
1-MA machines to larger facilities, care must be taken that the
same physics is being observed on both machines. For nested
wire arrays, two key parameters that dictate the dynamics of
the system are the initial division of current between the two
arrays (fraction of current through the inner array) and the
transparency of the inner array as the outer implodes past the
inner [1], [4]. These two factors are, in fact, related, as the dynamics of the inner array (e.g., core size and ablation) are
dictated by the level of current flowing through it. This current
fraction through the inner array at a given time is determined by
two factors: At very early times, the ratio of the resistances is
important; however, at later times, the ratio of the inductances
of the inner and outer arrays dictates the current distribution [4].
The tungsten nested wire arrays used in the double-ended
hohlraum on the Z generator utilize high wire numbers in
the outer array. This high wire number leads to a much lower
inductance of the outer array compared to that of the inner
array (Lout  Lin ), leading to the inner being inductively
screened by the outer. Based on inductive current division, the
majority (99%, 5.7 MA at 40 ns) of the current passes through
the outer array, while the inner array experiences negligible
current (1%, 45 kA) [4].
It is possible to engineer wire arrays such that a similar
inductive difference is present with lower-outer-wire-number

arrays on 1-MA generators, as discussed by Bland et al. [4].
Experiments on MAGPIE have shown that lengthening the
inner array [as shown in Fig. 4(a)] compared to the outer
array can enhance the inductive contrast between the arrays [4],
reducing the current through the inner array to a negligible level
(as verified by B-dot probes, radiography, and the trajectory of
the arrays measured by radial optical streak photography [4]).
Data such as that shown in Fig. 4(b) indicate that this setup can
have good shot-to-shot reproducibility through the main X-ray
pulse despite the relatively low wire numbers used.
Using the high-inductance inner configuration on MAGPIE
transforms the conical nested configurations from those shown
in Fig. 2 to those shown in Fig. 5. In contrast to the tungsten
wire arrays used in the Z experiments, the MAGPIE experiments use aluminum wire arrays. All MAGPIE experiments
discussed here utilize an outer array of 32 wires, each 10 μm in
diameter, and an inner array of 16 wires, each 15 μm in diameter, with an outer-wire-array diameter of 16 mm and an innerwire-array diameter of 8 mm. To provide comparisons to Z data,
the angles of the conical arrays are kept the same as for the
Z experiments. On MAGPIE, the conical outer case uses a
smaller diameter at the cathode compared to the smaller diameter anode used on Z. Assuming that MHD effects dominate the
implosion dynamics, this should not severely impact the implosion. We note that the previously observed cathode end effects
[25] are not observed in any of the experiments discussed here.
To diagnose the MAGPIE experiments, laser shadowgraphy,
time-resolved XUV (> 30 eV) emission imaging [26], PCDs,
and XRDs were fielded. In addition, two diagnostics have
been developed on MAGPIE specifically for these experiments
to provide information on axial variations in the pinch,
particularly the time of stagnation onto the axis at different axial
positions. The imaging system of a radial optical streak camera
has been configured to split the relayed optical image and
demagnify it such that two images can be located on the same
streak camera photocathode, allowing simultaneous streak photography at multiple axial locations. The setup for this is shown
in Fig. 6(a)—the anode of the nested wire array is imaged onto
the left side of the streak camera slit (shown in red) while the
cathode of the wire array is imaged onto the right side of the
streak camera slit (shown in blue). This allows one streak to
capture two different regions of the implosion on the same
timescale, with the same magnification. Additionally, an
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Fig. 5. (a) Nested array setup on MAGPIE using a long inner array to limit
current through the inner array. (b) Nested array with conical outer. (c) Nested
array with conical inner. For all shots, the outer array is 23 mm tall, and the inner
array is 83 mm tall. (a) Cylindrical on cylindrical. (b) Conical on cylindrical.
(c) Cylindrical on conical.

Fig. 6. (a) Setup of optical streak camera with radial resolution, where
multiple images of the array are projected onto the streak camera enabling
the recording of streak images at two different axial positions. (b) Si-diode
zipper array setup, where a horizontal slit is used to image the emission of
the array onto a vertical Si-diode array, providing axially resolved emission
measurements.

axially resolved Si-diode (zipper) array has been developed.
A horizontal slit is used to produce an axial image of the
pinch onto a 12-element silicon photodiode array (International
Radiation Detectors AXUV-10EL silicon photodiode). This is
shown in Fig. 6(b). As seen from the figure, this instrument
inverts the image onto the image plane—when we discuss the
data from this zipper array later, we refer to the regions where
the emission originated. We note that, for debris mitigation, this
zipper array utilizes a different filtering combination than the
PCDs, resulting in the zipper array sampling a higher photon
energy band (> 1 keV for the zipper array and > 200 eV for
the PCDs).
III. R ESULTS W ITH C ONICAL O UTER W IRE A RRAY
The first experimental setup that we consider consists of a
conical outer wire array and a cylindrical inner wire array. In a
wire array, the mass ablation rate has been determined to vary
with magnetic field and, hence, for a given current, to vary with

the radial location of the wires [27]. Table I shows the details of
the wire-array setups being used. The mass ablation rate of the
conical outer of a nested array configuration varies along the
length of the wire, as has previously been shown with single
conical wire arrays [14]. This results in an axial dependence of
the time that the wire material becomes depleted and the array
begins to move. For MAGPIE, the smaller diameter cathode
implodes first followed by a steady zipper in the start time
of the implosion to the anode (for Z, it will be the smaller
diameter anode that will start to implode first). The zippered
wire breakage is seen experimentally in Fig. 7; by 220 ns, the
cathode of the array has begun to implode. In the following
frames, the other axial positions begin to move, and by the final
frame (235 ns), the full length of the outer array is in motion.
The axial location of the wire breakage seen in each frame of
Fig. 7 is consistent with [14, eq. (6)].
Diagnosing the time that the outer wire array meets the inner
wire array provides an independent measurement of how the
interaction pulse will vary with different setups. On MAGPIE,
the interaction pulse is not observed due to relatively high
asymmetries resulting from the moderate wire numbers used.
Over the 15 ns sampled in this figure, the interaction location
has moved by 6.7 mm; hence, it is likely to take ∼50 ns for
the interaction to zipper from the base of the inner array to the
top. We speculate that this could result in a longer interaction
pulse than for the standard cylindrical nested wire-array case;
however, we note that it is likely that the energy radiated in the
interaction pulse would remain constant, leading to a decrease
in the peak power of the interaction pulse.
Following the interaction of the outer with the inner array,
the inner array undergoes an ablation phase. The zippered
interaction of the two arrays seeds an axial variation in the
evolution of the inner array, with the inner array beginning to
implode first near the cathode, followed by a steady axial zipper
from the cathode to anode. Fig. 8 shows XUV self-emission
images from the imploding inner at four different times. The
images show a steady zipper in the implosion, which, in 10 ns,
changes the axial position by 13.9 mm (for a given side of the
array). The zipper of the array onto the axis results in different
regions of the array emitting at different times. This XUV
image also indicates that there is some asymmetry between the
two sides of the array, with the left side proceeding the right side
by ∼800 μm. While this will have an effect on the X-ray pulse,
this is only responsible for an ∼6-ns lengthening, whereas
the axial variation is equivalent to 16.5 ns [based on (1)]. On
MAGPIE, this zipper starts at the smaller initial diameter end
of the array, the cathode. Again, we note that, on Z, the smaller
end of the array is the anode; hence, we expect the direction of
the zipper to be reversed.
Fig. 9(a) shows the results of radial optical streak cameras
for the cylindrical-on-cylindrical and conical-on-cylindrical experiments. For each of these setups, the camera samples at two
distinct locations in the array [approximately 1/3 and 2/3 of the
way between the electrodes; see Fig. 6(a)]. These data are in
agreement with Fig. 8, indicating an axial variation in the time
that the implosion reaches the array axis.
The axial zipper array data, shown in Fig. 9(b) for the conical
outer array and standard nested wire-array cases on MAGPIE,
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Fig. 7. Time-gated XUV emission images of one side of the conical nested array on MAGPIE. Outer wires are seen to break at axially dependent times (as
indicated with red arrows). As a result, the time of interaction of the outer with the inner also varies with axial position.

Fig. 8. XUV emission for a nested array with a conical outer array indicates that a zipper is present in the implosion after the inner begins to implode. For
MAGPIE, due to low wire numbers used, a left–right asymmetry is seen in the data. The initial positions of the outer and inner wire arrays are shown on the first
frame.

illustrate how the axial variation in implosion time affects the
X-ray pulse. For the cylindrical outer case, the different regions
of the array emit at very similar times (∼5 ns random variation
in timing); however, for the conical outer case, a steady zipper
is present along the length of the array, with a 30 ns variation
between the elements of the zipper array viewing the highest
and lowest extents of the wire array. Comparison to the PCD
signals [see Fig. 9(c)] shows that the zipper relates directly
to a change in the length of the X-ray pulse for the two
configurations. The zipper array is only sampling ∼70% of the
length of the pinch while the PCD signal in Fig. 9(c) integrates
the complete length of the pinch and hence shows a slightly
wider X-ray pulse.
The difference between these PCD signals is shown in
Fig. 10(a), which shows an overlay of the signals for conical and
cylindrical outer arrays. The PCD in each case is filtered with
1.5-μm polycarbonate, providing the transmission of photon
energies > 250 eV. It is clear from the plot that the conical outer
has a longer rise time (24 ns compared to 11 ns) and a longer
pulse length (FWHM is 30 ns compared to 15 ns). The peak
power has also dropped by 25% while the total radiated yield
has increased by 30%.

For the conical outer array on MAGPIE, the zipper array,
axially resolved stream, and radiated X-ray pulse are consistent
with each other, each indicating that the zipper from the cathode
to anode takes ∼30 ns.
A similar nested array configuration, with a conical outer,
has been fielded on Z (shot Z1639). This setup consisted of an
outer array with the diameter varying from 20 to 22 mm and a
12-mm-diameter inner array. The inner and the outer array both
had masses of 2.5 mg, with 300 wires in the outer and 30 in the
inner (as used by Cuneo et al. [1]). The anticipated trajectories
of the two ends of this array were displayed in Fig. 3, showing
an expected 2.85 ns difference in the stagnation time of the two
ends of the array.
Fig. 11(a)–(d) shows the X-ray framing camera images of
the stagnation of the nested array with a conical outer on
Z. The data show a clear zipper in the stagnation, with the
anode (top of the image), which initially had a smaller outer
diameter, starting to stagnate by −2.3 ns. This is followed by
the center of the pinch stagnating during the following frame
(−0.3 ns) before, finally, the cathode region is stagnating by
+1.7 ns to 3.7 ns. This contrasts to Fig. 11(e), which shows
that, for a standard cylindrical nested array, the entire length of
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Fig. 10. Comparison of (a) PCD signals on MAGPIE and (b) XRD power
pulses on Z for nested arrays with conical (Z1639) and cylindrical (Z1560)
outer arrays, each with a cylindrical inner array. Waveforms have been time
shifted such that the peak powers coincide.
Fig. 9. (a) Streak showing stagnation time variation for outer conical and
cylindrical configurations. (b) Results of a zipper array for nested array experiments with cylindrical and conical outer arrays, each with a cylindrical inner
[b is a slightly different array configuration to part (a)]. The zipper array plots
correspond to diodes viewing different regions of the pinch, with the upper
plot corresponding to a region near the anode of the array and the lower plot
corresponding to a region near the cathode of the array (refer to Fig. 6(b)
for more details). (c) PCD signals for the same shots as (b), viewing the full
length of the array (the plot on the left is clipped). (a) is for a different array
configuration than (b) and (c); hence, the timescale of that part does not match
the remainder of the figure.

the pinch is radiating at peak power, rather than as a zippered
stagnation. As with the data on MAGPIE, this imposed zipper
should lead to a lengthening of the radiation pulse emitted
by the array compared to a cylindrical nested array, where no
zippering is present, as was shown in Fig. 3. Fig. 10(b) shows a
comparison of the X-ray pulses with and without this tapering
of the outer array. The plot shows that, as would be expected,
the stagnation is temporally stretched. A comparison shows
that the FWHM of the main pulse is increased from 2.5 to
2.93 ns. There is a small drop in the peak power associated with
this broadening of the X-ray pulse; however, the total radiated
energy is actually increased. In the plot, the interaction pulse
[at 65 ns in Fig. 10(b)] is seen to have a higher magnitude
with the conical outer array than with the cylindrical outer. We
believe that this is due to the initially larger diameter of the
cathode region of the array; it has previously been shown that
larger diameter arrays have a larger interaction pulse associated
with them [4]. The data here indicate that there is no significant
change in the duration of the interaction pulse. While Fig. 3
indicated that there should be a few nanoseconds of change in
time of the array interaction between the anode and cathode,
this is small compared to the 5-ns length of the interaction

pulse in a standard nested wire array; the convolution [see (1)]
of the imposed zipper with the interaction pulse timescale is
almost identical to that of the original interaction pulse (we
expect a new interaction pulse length with the conical outer
of 5.5 ns).
These results [see Fig. 10(b)] are generally in agreement
with the MAGPIE data [see Fig. 10(a)], indicating a significant
temporal broadening of the main X-ray pulse.
IV. R ESULTS W ITH C ONICAL I NNER W IRE A RRAY
Additional experiments utilized a cylindrical outer wire array
with a conical inner array. In this configuration, the cylindrical
outer array is expected to behave similarly to the outer of a
standard nested array until it interacts with the inner array.
Specifically, the time of this interaction should vary with axial
position due to the difference in distance that must be traveled
prior to interaction with the inner array. Fig. 12 shows the
XUV self-emission images of a nested array conical inner on
MAGPIE. The first of these frames indicates that the outer
array has arrived at the position of the inner array near the
anode (top of the image). By the second image, the full length
of the imploding sheath has passed the inner, and the inner is
ablating.
The axial variation in the ablation of the inner array in this
configuration acts to compensate for the variation in the time
that the outer array reaches it. The current is switched first into
the inner array nearest the anode; however, because of the lower
magnetic field strength at this position, once the current has
switched into the full length of the wire, the mass ablation is
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Fig. 11. Time-resolved X-ray imaging on Z with a conical outer array using a 5-μm Parylene-N filter (200–300 eV), at times (a) −2.3 ns, (b) −0.3 ns,
(c) +1.7 ns, and (d) +3.7 ns relative to peak X-rays. Also shown, (e) is one frame from a cylindrical-on-cylindrical nested array, which does not show the extreme
zippering seen in (a)–(d).

Fig. 12. XUV emission imaging with a conical inner array shows that the
implosion of the outer is axially uniform; however, the time that it reaches and
interacts with the inner varies with the radial position of the inner, which varies
along the length of the array, at 224 and 254 ns.

fastest near the cathode. The overall result of the ablation and
start of the inner array implosion results in an axially uniform
stagnation (i.e., not zippered), as seen in Fig. 12. We note
that, although the wire ablation process is qualitatively similar
between MAGPIE and Z with steady ablation of material from
the wire cores, quantitatively, the ablation time is different with
∼5–6 ns wire ablation typical of experiments on Z [1] and
> 50 ns typical of experiments on MAGPIE [4].
As was shown in Fig. 3, with the conical inner array, we do
not expect a significant zipper to be present when the array
stagnates onto the axis. The zipper array data for the conical
inner experiment on MAGPIE, shown in Fig. 13, indicate that
there is no trend in the time of the material reaching the axis;
hence, after the ablation of the inner array, the axial variation
in the implosion has been minimized. We note that there is an
indication that there may be more random variation in the stagnation time than for a cylindrical-on-cylindrical array, as is seen
by comparing Fig. 9(a) with Fig. 13. Data in this cylindricalon-conical nested configuration on MAGPIE [see Fig. 14(a)]
show a similar pulse length to that of cylindrical-on-cylindrical
arrays; however, the total energy output is lower. Both laser
imaging and time-integrated self-emission imaging indicate
that this could be the result of the largest diameter section of
the inner array not imploding during the current pulse, hence
reducing the length of the pinch emitting by ∼20%–30%.
For Z, radiography data are available that show the mass
distribution prior to stagnation. Fig. 15 shows the radiographs
of two nested arrays, one with a conical inner and one with

Fig. 13. (a) Result using a zipper array for a cylindrical-on-conical nested
array. The zipper array plots correspond to diodes viewing different regions
of the pinch, with the upper plot corresponding to a region near the anode of
the array and the lower plot corresponding to a region near the cathode of the
array (refer to Fig. 6(b) for more details). (b) PCD pulse shape for cylindrical
outer array and conical inner array, which can be compared to the plots in
Fig. 9(c).

a cylindrical inner array obtained using monochromatic backlighting with the Z-beamlet laser [28].
For the cylindrical-on-cylindrical case, the axial variation
in the radial position of the sheath is ≤ 100 μm. In the radiograph for the conical inner, there is an ∼300 μm variation
in the location of the imploding sheath from the top to the
bottom of the 4-mm field of view. At a typical implosion
velocity of 30 cm/μs [1], this is equivalent to an ∼2-ns zipper
along the 10-mm pinch length, which is consistent with the
predictions of Fig. 3. Applying (1) indicates that we expect a
lengthening of the pulse within the field of view of the XRDs
of 0.19 ns.
Fig. 14(b) shows the radiated power pulse for a nested array
with a conical inner on Z (shot 1574). As with the conical outer
case, we expect there to be a zippering of the interaction of
the outer and inner arrays; however, due to the already long
interaction pulse for nested arrays on Z (∼5 ns), it does not
significantly lengthen the timescale of the radiated interaction
pulse. The FWHM of the main pulse is 0.2 ns more than the
cylindrical case. The impact of the interaction time of the outer
with the inner array and the ablation time of the inner array
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TABLE II
DATA FOR Z N ESTED S HOTS W ITH A C OMBINATION OF C ONICAL AND
C YLINDRICAL O UTER AND I NNER A RRAYS . A LL A RRAYS H AVE
2.5 mg IN THE O UTER A RRAY AND 2.5 mg IN THE I NNER A RRAY.
C YLINDRICAL A RRAYS H AVE 20-mm O UTER D IAMETER AND 12-mm
I NNER D IAMETER . C ONICAL A RRAYS H AVE T HESE D IAMETERS
AT THE A NODE AND 2-mm L ARGER D IAMETER AT THE C ATHODE

TABLE III
DATA FOR MAGPIE N ESTED S HOTS W ITH A C OMBINATION OF
C ONICAL AND C YLINDRICAL O UTER AND I NNER A RRAYS

Fig. 14. (a) MAGPIE and (b) Z power pulses comparing cylindrical-onconical to cylindrical-on-cylindrical nested arrays. There is no change in
the main pulse using the conical inner; however, the first step appears less
pronounced.

the temporal extent of the lower power emission (at ∼10% of
the maximum rather than the half maximum) is significantly
larger with the conical outer, which is likely associated with a
zippered interaction with the on-axis foam. A summary of the
X-ray pulse shapes for all three setups on Z is shown in Table II,
and that for all three setups from MAGPIE is given in Table III.

V. S UMMARY

Fig. 15. Z radiography of shots Z1574 (cylindrical on conical) and Z1560
(cylindrical on cylindrical) shows negligible difference in mass distribution
prior to stagnation for the conical inner case. The axis of the array is at
x = 0. Self-emission is seen on the axis of the pinch. A transmission scale
is shown—black is full transmission, and white is full absorption. (a) Z1574
conical inner. (b) Z1560 standard inner.

appear to offset each other, as was seen on MAGPIE. The
effect of the conical inner array is less significant than that
of the conical outer array as shown in Fig. 10. We note that

We have investigated the use of conical wire arrays in nested
configurations as a tool to provide additional pulse-shaping
capabilities for Z-pinch-driven ICF. The results demonstrate
that the use of an outer conical array and an inner cylindrical
array can be used to temporally broaden the stagnation X-ray
peak by an amount dictated by the inclination of the cone to the
vertical axis. The results are consistent to the first order with a
simple array dynamics model that incorporates the ablation and
snowplow physics of both the outer and inner arrays, as well
as a simplified array interaction model. In the geometry used
here, the pulse length was increased by ∼50% on MAGPIE,
with a gain in total yield. For the specific case presented here,
the width at 10% of the peak X-ray power is increased on Z
compared to the cylindrical case, likely due to a zippered arrival
at the on-axis foam. Interestingly, a conical inner array provided
minimal change in the main radiation pulsewidth at both 1 and
20 MA. The longer (shorter) the ablation time of the inner array
at larger (smaller) radii offset, to the first order, the earlier (later)
the time of interaction of the outer and the inner array at the
larger (smaller) radii.
Self-emission imaging data from 1-MA experiments using
an outer cylindrical array and an inner conical array suggest
that the interaction pulse might be controlled and modified.
This was not conclusively proven in this work as no interaction
pulse was observed in the 1-MA MAGPIE experiments, and no
change to the Z interaction pulse was observed.
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TABLE IV
S UMMARY OF C ONTROLS ACHIEVABLE U SING N ESTED W IRE -A RRAY Z-P INCHES , AS P REVIOUSLY D EMONSTRATED BY C UNEO et al. [1] AND
B LAND et al. [4] AND D ESCRIBED H ERE . 0 D ESIGNATES N O D EPENDENCE , 1 D ESIGNATES A P RIMARY D EPENDENCE , AND 2 D ESIGNATES A
S ECOND -O RDER D EPENDENCE. “?” I S U SED TO I DENTIFY H YPOTHESIZED D EPENDENCES R ATHER T HAN D EMONSTRATED . T HE VARIABLES
T HAT C AN B E A DJUSTED IN THE A RRAY A RE THE R ADIUS , R, AND THE M ASS , M, OF THE O UTER OR I NNER W IRE A RRAY OR THE ON -A XIS
F OAM (D ESIGNATED BY outer , inner , AND f oam , R ESPECTIVELY ) OR THE O PENING A NGLE α OF O NE OF THE W IRE A RRAYS .
T HE VARIOUS PARAMETERS T HAT C AN B E C ONTROLLED (S HOWN IN THE F IRST C OLUMN ) A RE S HOWN IN F IG. 1

The predictability of the present work (e.g., as shown in
Table II) suggests that pulse shape controls should be achievable using conical arrays as both the outer and the inner array
in a nested configuration, particularly a broadening of the
main radiation pulse. As was shown in Fig. 1, variability is
required for the intensity and timing/duration of the foot pulse
(generated by the interaction of the arrays), the first step (generated by the interaction with an on-axis foam), and the main
pulse (generated by stagnation on the axis). Ideally, these six
parameters could be controlled with different and independent
aspects of the nested array and foam setups. Table IV shows the
present status of controls of these six pulse shape parameters
through variations in the nested wire array and foam setup.
This table incorporates previous work studying how varying
the mass and diameter of the outer array, inner array, and foam
can be used to control the pulse shape. Combining the present
and the previous work, many of these controls of the radiation pulse from a nested wire-array Z-pinch have now been
established.
A PPENDIX
The array on array ablation is a model to calculate the
infinitely thin shell trajectories for nested inner and outer wire
arrays. It is self-consistently coupled to the driving circuit, for
instance, of the Z machine. AOABL provides the instantaneous
load inductance needed to solve the circuit equations. In the
version employed in this paper, only the outer array undergoes
the ablation and snowplow phases, while the inner array mass
is assumed not to vary.
A. Array on Array Inductance, Dynamics, and Momentum
Exchange Model
The equations below give the forces driving the array-onarray configuration [29]


1
d m1 dR
∂ 1 2
dt
=
LI
dt
∂R1 2
m2

d2 R 2
∂ 1 2
LI
=
2
dt
∂R2 2


μl
1
R1
a
L1 =
+
ln
ln
2π
R1
N1 N1 Rw1



L2 =

μl
2π

M=

a
μ0 l
ln
2π max(R1 , R2 )

ln

1
R2
a
+
ln
R2
N2 N2 Rw2



Φ = L1 I1 + M I2 = L2 I2 + M I1 = LI
L=

L1 L2 − M 2
L1 + L2 − 2M

V =

dΦ
.
dt

(2)

The indices 1 and 2 are used for the outer and inner arrays,
respectively. The wire core array masses and positions are
represented by mi and ri , respectively. The wire core mass of
the outer array m1 , as indicated in the form of its momentum
change in (2), is allowed to vary in time, while that of the
inner one, m2 , is assumed not to vary. Li , L, and M are the
inductances, total inductance, and mutual inductance, respectively. Φ is the flux seen by the generator, whose time derivative
is the load voltage. The return cage radius is denoted by a,
and the load length is denoted by l, while Ni and Ri denote
the number of wires and wire initial (cold) radii, respectively.
The Ri ’s stay constant throughout the calculation (they do
not necessarily have to be the initial radii; the user could use
other values as desired). Also, for Ni Ri ≥ 1, for either or both
arrays, the corresponding array inductance becomes that of an
infinitesimally thin shell.
It should be noticed that the only way in which the equations
reflect inner or outer arrays is by the mutual inductance dependence on array position; therefore, the outer and inner switch
roles depending on whether R1 > R2 or vice versa. As stated
before, only the wire core mass of the initially outer array is
allowed to vary in a manner that we will discuss next.
Momentum transfer between the wire cores of the arrays
when they coincide radially is taken into account by the introduction of a parameter named fmom , whose value, between
0 and 1, is to be selected by the user. For fmom = 0, there
is no momentum exchange (this is the so-called transparent
case), while for fmom = 1, the two arrays stick after the
collision.
The collision between the two arrays, considered instantaneous, takes place when R1 (t) = R2 (t), with the proviso
that this occurs only once, i.e., upon collision the outer array
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becomes the inner and vice versa; then, if, at a later time, the
originally inner array happens to overtake the originally outer
one, the two arrays are made to stick thereafter. Otherwise, the
initially outer array gets to the prescribed final radius before the
original inner.
The equations describing the momentum exchange are


uai = ubi − fmom ubi − u
m1 ua1 + m2 ua2
Ptot
m1 ub1 + m2 ub2
=
=
u=
m1 + m 2
m1 + m 2
m1 + m 2
where u denotes velocities and the superscripts (a,b) indicate
before and after the instantaneous collision taking place when
R1 (t) = R2 (t). By construction, the total momentum Ptot is
conserved upon this instantaneous collision.
B. Wire Ablation of Outer Array: Rocket Model [30]
The momentum per unit length equation for the outer array
precursor plasma is
uabl

dμ
= F (t),
dt

F (t) = −

μ = m/l

I2
dyn/cm
100r(t)

with I in amperes and r in centimeters (all quantities pertaining
to the outer array).
During the outer ablation phase, the outer core positions do
not change, while the inner code positions are allowed to move
according to (2).
Whenever the remaining mass of the core attains in its
decrease a prescribed fraction, less than 1, of its initial value,
the snowplow phase starts.
C. Snowplow Phase for Outer Array
The snowplow phase momentum equation is d(μu)/dr =
F (t) with the rate of mass accretion given by (all quantities
pertaining to the outer array)
dμ dt0
dμ
=
dt
dto dt
where t0 = (t − (r(t) − r(t0)))/uabl .
Thus
dμ
dμ u(t) + uabl
=−
dt
dt0
uabl
where dμ/dt0 = F (t0 )/uabl .
As in the ablation phase, the inner array is advanced using (2)
with constant initial mass. No interaction is assumed between
the outer array precursor (ablated) plasma and the inner array;
only the cores are allowed to exchange momentum as described
earlier.
The model allows for the option of leaving behind a fraction
fbehind of the outer array core mass at the end of the ablation
process; the surviving core mass is then multiplied ad hoc by

1 − fbehind , with all other equations for the snowplow phase
remaining the same as described earlier.
The calculation is stopped when the inner and outer arrays
reach prescribed minimum radii.
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