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Abstract—Doubling the number of tungsten wires from 120
to 240, keeping the mass fixed, increased the radiated X-ray
power relative to the electrical power at the insulator stack
of the ZZZ accelerator by (35 ��� 15)% for 8.75- and 20-mm
radii Z-pinch wire arrays. One-dimensional radiation magneto
hydrodynamic calculations suggest that the arrays were operating
in a quasi “plasma-shell” regime, where the plasma generated by
the individual wires partially merge prior to the inward implosion
of the entire array.

Index Terms—Plasma pinch, Z-pinch.

I. INTRODUCTION

T HIS paper discusses the increase in the total radiated
power generated by annular, tungsten-wire, Z-pinch

loads on the recently-commissioned 60-TW, Z-pinch driver
[1]–[3], when the number of wires is increased from 120

to 240 wires. Experiments at lower power, on the 20-TW
Saturn driver [4] with annular aluminum-wire loads showed
that by increasing the wire number by an order of magnitude
(from tens of wires to greater than 100), the total X-ray power
is increased and the pulse width reduced by more than an
order of magnitude [5]. Radiation magneto hydrodynamic
code calculations suggested that for the very high number
of wires used, the individual wire plasmas partially merged
to form a plasma shell prior to implosion of the array [5],
[6]. In this “plasma-shell” regime, arrays with 90 to 192
aluminum wires (interwire gaps 0.6 to 0.4 mm and wire
diameters 12.7 to 10m) produced peak total radiated powers
of 30–40 TW with pulse widths (FWHM) as short as 4–5 ns.
Subsequently, application of this load technique (utilizing very
large numbers of wires) with tungsten instead of aluminum
wires and utilizing a simultaneous increase in implosion
velocity, has led to a similar reduction in pulse width on
Saturn [7]. In particular, using arrays of 120 tungsten wires
and increasing the implosion velocity to 65 cm/s, yielded
radiation pulses of 4 ns widths with peak powers of 65–85
TW. As expected, the total power radiated was higher than
that achieved with aluminum, because there are substantially
more radiative transitions available in tungsten relative to
aluminum.
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Because of the successful application of very high-wire-
number loads to the generation of high radiated power in these
Saturn experiments, and because the technology of construct-
ing these loads has since improved, the loads designed for
initial use on the driver [2], [3] employed arrays with at least
120 wires. Moreover, experiments on Saturn showed that with
such high-wire-number arrays, high-quality implosions could
also be achieved with arrays having initial radii as large as
20 mm [8], [9]. Use of such loads thus permitted the quality
of the implosion to be maintained, while the large radius
minimized the initial electrical stress on the driver due to
load inductance, as the power flow in the upstream portion of
the driver was improved.

In this paper, for the initial shots on the accelerator, the
increase in peak total radiated power with wire number for
loads having high numbers of tungsten wires is discussed.
Because the power flow within the accelerator was modified
during this shot sequence, the radiated powers are normalized
to the power measured at the insulator stack [10], [11].
Importantly, these measurements show that despite the high
number of wires used (where the individual wire plasmas are
calculated to partially merge), increasing the wire number in
this region still results in increased radiated power.

II. EXPERIMENTAL ARRANGEMENT

In the driver, up to 3 MJ and 50 TW of electral energy
and power is delivered to four separate vacuum insulator
stacks [3]. The power at the insulator stacks was measured
using B-dot and D-dot detectors [10], [11]. For the data
discussed here, the peak power varied from 37–45 TW. Owing
to the calibration uncertainties of the electrical monitors, the
estimated uncertainty of the stack power was10%. Total
currents of up to 20 MA were measured at the insulator stacks.
Downstream of the insulator stacks, the current was fed via
four magnetically insulated, vacuum, transmission lines and a
vacuum convolute to the radial feed of the Z-pinch load shown
in Fig. 1(a). Two load geometries, each having 20 mm long
tungsten wires, were used. In one, the radius of the wires was
fixed at 20 mm and in the other the radius was reduced to 8.75
mm. For both loads, the anode-cathode spacing between the
wires and the current-return shell was 5 mm. Fig. 1(b) shows
a photograph of one of the 240 wire, 20 mm radius loads and
illustrates the characteristic uniformity of the wires fielded.
The locational tolerance of an individual wire was typically

75 m azimuthally and radially.
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(a)

(b)

Fig. 1. (a) Schematic of wire-array assembly showing the 6 mm radial-feed
gap narrowing to the 5 mm anode-cathode gap adjacent to the wires and indi-
cating the location of the load-current monitor (B-dot probe). (b) Photograph
of one of the 20 mm radius arrays with 240 wires. Visible on the top flange
are slots used to position the individual wires.

The initial condition of the annular Z-pinch plasma was
formed by the heating and vaporization of the wire array by
current prepulse of the driver. This prepulse corresponded
to a linear ramp of about 50 ns duration that reaches a peak
current of about 300 kA [Fig. 2(a)]. The main current pulse
[Fig. 2(b)] completed the vaporization and ionization process
begun by the prepulse.

Additional details of the driver, load, and diagnostic layout
are given in [1]–[3] and [10]–[15].

III. M EASUREMENTS

The total radiated X-ray power is inferred from a spec-
troscopic unfold [16] of data taken using five filtered X-ray
diode (XRD) detectors [17] and a Lambertian-emission model,
which permitted the X-ray energies to be distinguished in
five overlapping channels between 150 and 2300 eV [2]. The
uncertainty in the peak radiated power, due to XRD calibration
and unfold uncertainties, is estimated to be30%. The shot-
to-shot variation in the radiated power for similar conditions is
measured to be 13%. The associated variation in the width of
the radiation pulse is estimated from the width of the lowest-
energy channel (the XRD filtered by 5m of Kimfol, which

(a)

(b)

Fig. 2. (a) Load-current prepulse measured for Shot #18, using B-dot probe
shown in Fig. 1(a). (b) Main load-current pulse measured for Shot #18, using
B-dot probe shown in Fig. 1(a).

best represents the shape of the total radiated power pulse)
and is 7%. These values are those used for the uncertainties
shown in the following figures.

Fig. 3 plots the results of the initial mass scan using the
large-radius array, where the number of wires was fixed at
120 wires. A mass of 4 mg optimizes the peak total radiated
power [Fig. 3(a)] and is consistent with that expected from
a circuit-code analysis [14], [15] of optimal energy coupling
to the load [2]. The width of the total radiated power pulse
[Fig. 3(b)] approximately tracks the inverse of the peak total
radiated power as might be expected by assuming that the
bulk of the energy is radiated prior to the expansion of the
plasma after stagnation. Shown also in Fig. 3(a) and (b) are the
peak total radiated power and pulse width measured when the
number of wires is doubled, respectively. Comparison of the
120-wire shots and the 240-wire shots indicates that doubling
the wire number increases the total radiated power by (32

22)% relative to the average of Shots #19, #21, and #32
and reduces the pulse width by (16 10)%. Alternatively,
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(a)

(b)

Fig. 3. (a) Ratio of peak total radiated power relative to peak electrical power
measured at the insulator stack as a function of array mass, showing increase in
radiated power near 4 mg when the number of wires is doubled for the 20-mm
radius array. Shot numbers are shown adjacent the shots near array masses of
4 mg. (b) Radiation pulse width as a function of array mass, showing decrease
in pulse width (FWHM) near 4 mg when the number of wires is doubled for
the 20-mm radius array.

using the extrapolated value at 4 mg (from a linear fit to
Shots #16, #18, and #19 [Fig. 3(a)]), the data indicates that
doubling the wire number gives a somewhat lower increase in
power of 25%, but again a value in agreement with the larger
one within the uncertainty. For these two types of shots, the
interwire spacing decreased from 1.05 to 0.52 mm, and the
individual wire diameter from 10 (Shot #19) to 7.5m (Shots
#26 and #52). The agreement in the power ratios measured
between the two 240-wire Shots #26 and #52, which spanned
the bulk of the measurements discussed here, gives confidence
in the shot-to-shot reproducibility over the duration of the shot
sequence. The peak total powers measured for Shots #26 and
#52 were 219 and 236 TW, respectively.

Fig. 4 depicts the results of the mass scan using the small-
radius array, where the number of wires was changed from
120 to 160 to 240 during the scan. The relative insensitivity
of the total radiated power to decreasing mass [Fig. 4(a)]
is partly due to the increase in implosion velocity and the
simultaneous current loss upstream of the load owing to
the higher inductances generated earlier in the implosion,

(a)

(b)

Fig. 4. (a) Ratio of peak total radiated power to peak electrical power
measured at the insulator stack as a function of array mass, showing increase
in radiated power when the number of wires is increased for the 8.75-mm
radius array. Shot numbers are shown adjacent selected shots. (b) Radiation
pulse width (FWHM) as a function of array mass, showing decrease in pulse
width when the number of wires is increased for the 8.75-mm radius array.

as is discussed in [2]. Within the shot-to-shot variation, the
data near a mass of 12 mg shows a monotonic increase in
power [Figs. 4(a) and 5(a)] and a monotonic decrease in pulse
width [Figs. 4(b) and 5(b)] with an increase in wire number.
Comparison of the 120-wire shots with the 240-wire shots
indicates that doubling the wire number increases the total
radiated power by (45 22)% and reduces the pulse width by
(29 9)%. The peak total power measurement for the 240-
wire Shot #35 was 115 TW. Over this range, the interwire
spacing decreased from 0.46 to 0.23 mm, and the wire diameter
from 18 (Shot #27) to 13 m (Shot #35). Together with the
large-radius measurements, these data give a sublinear power-
law growth in total radiated power of about with wire
number ( ). This growth is less than the nearly linear power-
law dependence of on wire number measured [18]
for the aluminum-wire data from [5] taken in the “plasma-
shell” regime. At present, this difference is not understood.

Also shown in Fig. 5(a) is the relative peak total radiated
power (Shot #33) measured when two wires were placed in
each of the 0.12 mm wide slots of a 120 wire, 0.46 mm
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(a)

(b)

Fig. 5. (a) Ratio of peak total radiated power to peak electrical power
measured at the insulator stack as a function of wire number for the 8.75
mm radius array, showing increase in radiated power with wire number.
Shot numbers are shown adjacent selected shots. (b) Radiation pulse width
(FWHM) as a function of wire number for the 8.75 mm radius array, showing
decrease in width with wire number. Shown as the square data that is
associated with the special configuration where two wires were placed in
the same slots as designed for the 120 wire loads.

interwire spacing, small-radius array. During mounting of the
wires, each wire of a wire pair within a slot was adjusted
to be located adjacent to either edge of the slot, providing
a spacing of about 0.1 mm between the two wires, and thus
any twisting between wire pairs was prevented from occurring.
Within the shot-to-shot variation, the radiated power for this
special configuration shows little increase due to wire number
doubling, especially when compared with Shot #35, which
employed 240 equally spaced (0.23 mm) wires having nearly
the same total mass as Shot #33. Moreover, the pulse width
associated with Shot #33 is 20% larger than that measured for
Shot #35 [Fig. 5(b)]. These limited measurements suggest that
reducing the interwire gap rather than wire size may be the
key factor in the power increase with wire number, for these
high-wire-number arrays.

The increase in radiated power with increasing wire number
for either array radius is also observed directly in the data
without normalizing to the power at the insulator stack, as
shown in Fig. 6(a) and (b) for the large and small radius

(a)

(b)

Fig. 6. (a) Comparison of the signal from the XRD filtered by 5 m of Kimfol,
for the 120-wire Shot #19, with that measured for the 240-wire Shot #26, for an
array mass of about 4 mg, showing the increase in peak power and decreasing
pulse width with wire number doubling. (b) Comparison of the signal from the
XRD filtered by 5 m of Kimfol for the 120-wire Shot #27, with that measured
for the 160-wire Shot #34, with that measured for the 240-wire Shot #35, at
nearly identical array masses of 12 mg, showing the increase in peak power
and decreasing pulse width with wire number increase.

arrays, respectively. The data in these figures illustrate the
simultaneous reduction in pulse width with increasing wire
number, giving confidence in the overall observation of a
moderate gain in peak power with wire number increase, even
with these already high-wire-number loads.

IV. THEORETICAL MODELING

One-dimensional (1-D) radiation-magneto-hydrodynamic-
code [19], [20] calculations of an individual wire within
the array suggest that for these high-wire-number loads, the
individual wire plasmas partially merge prior to the implosion
of the entire array. In these calculations, the measured current
for Shot #18 (Fig. 2), which used the large radius array with
a mass of 5.1 mg, was taken as input to the code. (Additional
details of the typical modeling employed with this code can be
found in Appendix A of [21].) Fig. 7 shows the expansion and
self pinching of an individual wire plasma within the array
as a function of the number of wires used in the array. For
these calculations, the mass per wire and the current per wire
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Fig. 7. Calculated outside radius of the array as a function of time for Shot
#18 (for array mass of 5.1 mg and initial array radius of 20 mm), showing that
the implosion of the array starts at about 50 ns. Shown also are individual
wires radii calculated as a function of time that correspond to arrays with
varying numbers of wire, assuming that the total mass of the array and the
initial array radius remains fixed at 5.1 mg and 20 mm. The marks on the left
side represent the half spacing for the respective wire numbers.

is scaled inversely with the number of wires so that the total
mass remains constant at 5.1 mg and the current sums to the
total current. The marks on the left represent the half spacing
between wires for the respective wire numbers. From this
figure, it is apparent that about 80 wires are required for the
wire plasmas to contact adjacent plasmas before self pinching
takes place. Also calculated (using the same code [19]–[21])
and shown in Fig. 7 is the outside radius of the entire array
assuming that it has formed into a uniform plasma shell. This
calculation shows that the implosion of the shell starts at
about 50 ns. Here, the start time ( ) is chosen to be the
time at which the 10–90% rise time of the main current pulse
extrapolates to the time axis [Fig. 2(b)]. The precurrent pulse is
shown in Fig. 2(a). Importantly, this calculation, together with
those done for an individual wire, indicate that, for more than
about 80 wires, the self pinching takes place only after adjacent
plasmas make contact and before the array begins to move
inward, leading to the conclusion that the array likely implodes
as a quasi “plasma shell” instead of individual wire plasmas.

In the code, only classical collisional effects based on the
Lee and More [22] extension of Spitzer resistivity and thermal
conductivity are included. These extended resistivities and
conductivities are extrapolated and fitted to a solid-state model
at low temperature. The model used in these calculations
requires, however, that , where is the Debye length
divided by the strong-interaction distance [23]. This condition
does not apply to the initial stages, where the solid wire is
heated and converted to plasma. Recent calculations [24] with
an improved resistivity model suggest that a large fraction of
the wire may remain solid until near the peak of the current
pulse. The actual merger is thus a complex process, which
likely alters the implications of the 1-D analysis presented
here.

The measured reduction in the radiated pulse width and
associated increase in peak power with wire-number increase,
in the high-wire number regime explored here, may be related

to the calculated increase in the merger of the individual wire
plasmas and the resulting likely improvement in azimuthal
and axial symmetry generated from the asymmetric explo-
sions [25]–[27] of the individual wires. At present, however,
the wire-plasma merger, the evolution of the resulting quasi
“plasma-shell,” and the effect on the radiation production
at its subsequent stagnation on axis is not well understood.
Understanding these processes is an area of active research
both experimentally [25], [26] and theoretically [27], [28].

V. SUMMARY

In summary, although the measurements were made simul-
taneously with upgrades to the pulsed-power system, both the
raw data and the data when normalized to the electrical power
at the insulator stacks show a clear monotonic decrease in the
pulse width and a simultaneous increase in total radiated power
with increase in wire number. For either radius load, the total
radiated power increase is on the order of (3515)% when
the number of wires is doubled from 120 to 240. Owing to the
variation in the measured power with mass near 4 mg (where
the wire number comparison was made) for the large radius
loads, the magnitude of the power increase with wire number
is somewhat less certain than for the small radius loads. One-
dimensional calculations suggest that the loads are operating
in a quasi “plasma-shell” regime, where the individual wire
plasma partially merge prior to the overall implosion of the
array. In this high wire-number regime, the measured total
radiated power increase with wire number is less than half that
measured for the aluminum wire implosions operating in the
“plasma-shell” regime on the Saturn accelerator. In conclusion,
the data presented here provide constraints on those models
being developed to explain the measured pulse width reduction
and power increase with increased wire number and show
again the benefit of using high numbers of wires to generate
high power from wire arrays.
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