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We present experiments performed on the 1 MA COBRA generator using a low density, annular,

gas-puff z-pinch implosion as an opening switch to rapidly transfer a current pulse into a single

metal wire on axis. This gas-puff on axial wire configuration was studied for its promise as an

opening switch and as a means of enhancing the x-ray output of the wire. We demonstrate that cur-

rent can be switched from the gas-puff plasma into the wire, and that the timing of the switch can

be controlled by the gas-puff plenum backing pressure. X-ray detector measurements indicate that

for low plenum pressure Kr or Xe shots with a copper wire, this configuration can offer a significant

enhancement in the peak intensity and temporal distribution of radiation in the 1–10 keV range.

Published by AIP Publishing. https://doi.org/10.1063/1.5019378

I. INTRODUCTION

For the last four decades, plasma opening switches

(POS) have been thoroughly investigated in pulsed power

experiments for their uses as inductive energy stores and

rise-time sharpening switches.1,2 For these switches, a pre-

injected plasma, in parallel with another load, initially con-

ducts a current pulse. At some point during the pulse, a dis-

ruption to the plasma opens this path, diverting the

remainder of the pulse into the parallel load on a timescale

shorter than the rise-time of the generator. This rapid switch-

ing of current can be accompanied by a similarly fast change

in voltage at a low resistance load, where V ¼ L dI
dt þ I dL

dt .

This allows a plasma opening switch (POS) to increase the

peak power delivered by a pulsed-power generator, by pro-

viding an additional stage of pulse compression before the

load.3

This paper presents results from a set of experiments on

the COBRA 1 MA pulsed-power generator at Cornell

University.4 The experiments were designed to test if an annu-

lar gas-puff implosion could function as an opening switch on

the 100 ns timescale of an unstable z-pinch implosion, by

switching current from the gas-puff plasma into a central wire

load. The outer nozzle of a triple annular gas-puff valve is

used to inject gas into COBRA’s electrode gap. A wire is

affixed along the z-axis at the central nozzle of the gas-puff

valve, and serves as a secondary, higher inductance load in

parallel with the gas-puff plasma, which is pre-ionized before

COBRA is fired. A disruption to the current path in this

Rayleigh-Taylor unstable imploding plasma could cause the

current to switch from the lower inductance gas-puff plasma

into the higher inductance axial wire. If the switch opens at or

near the peak of the current pulse, the fast power rise in the

wire could offer an increased x-ray output compared to a

wire-only load,5 and produce a higher energy x-ray spectrum

than a standard gas-puff z-pinch configuration, due to K-shell

radiation from more energetic electrons hitting the wire.

Puff-on-wire configurations have been investigated as

radiation sources in the past, and have shown to enhance the

radiative yield of a standalone gas-puff implosion signifi-

cantly.6,7 In those experiments, the axial wire served to pro-

duce a high density plasma that quenched the instabilities in

the gas-puff z-pinch implosion. The role played by the wire

in these experiments has more recently been filled by the

presence of a higher density central gas jet. In our experi-

ments, although the configuration is similar, the operation is

intended to be very different. The current is initiated in a rel-

atively low density annular gas-puff plasma, which under-

goes an unstable implosion. When the instability disrupts the

current flow in the gas-puff plasma, it is transferred to the

wire, which then undergoes a conventional z-pinch implo-

sion with a higher driving voltage and a faster current rise

than can be produced by the generator with a standalone

wire load.

In the discussion that follows, we show that current can

be switched from the gas-puff plasma into the wire, and that

the timing of the switch can be controlled by the gas-puff

plenum backing pressure. The instabilities in the low density

gas-puff shell allow the current to transfer to the wire well

before the gas-puff plasma pinches. We present Si-diode and

PCD measurements that indicate that higher intensity x-ray

pulses in the 1–10 keV range can be achieved using this

puff-on-wire configuration than with the standalone wire or

gas-puff loads. Our measurements suggest that at the low

plenum pressures that produce the most intense x-ray pulses,

most of the measured x-rays are produced by the wire, rather

than pinched gas-puff plasma.

II. EXPERIMENTAL SETUP

These experiments were performed using the outer noz-

zle of Cornell’s 70 mm diameter gas-puff valve.8 Neutral

density measurements of the initial gas distribution pro-

duced by the valve are taken with a planar laser induced
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fluorescence (PLIF) system,9 which can measure particle

densities down to n¼ 5� 1015 cm�3. The outer plenum

backing pressures below 0.8 psi explored in this paper could

not be resolved by the PLIF. A wire was mounted along

the z-axis at the center of the COBRA chamber between

the gas-puff nozzle cathode and a ring of eight radial steel

anode pins. The wire mounting hardware consisted of a

brass insert that fit into the central gas-puff nozzle, and

either a steel mesh, shown in Fig. 1, or a hollow steel tube

mounted over the anode pins.

Figure 2 illustrates how this configuration could func-

tion as a POS. The gas injected by the gas-puff valve is pre-

ionized with a pulsed electron discharge. When the current

pulse reaches the load, current initially flows in the lower

inductance gas-puff plasma, rather than the wire. The annu-

lar plasma is driven radially inward by the J�B force. It is

well documented that Magneto-Rayleigh-Taylor (MRT)

instabilities develop as this implosion runs in towards the

axis. Without the presence of stabilizing mass from the inner

nozzles, the MRT instability grows unsuppressed on the

outer edge of the imploding shell.10–12 Following Chuvatin

et al.,7,13 our hypothesis was that for gas-puff plasmas below

some critical density, the MRT growth could break through

to the inner edge of the shell before the implosion reaches

the axis, disrupting the current path, and resulting in a rapid

switch of current into the axial wire.

The geometry of this configuration differs from that

of a typical POS in two ways. First, the opening switch

plasma source is located very close to the wire load, making

it difficult to make isolated electrical and radiation measure-

ments of the two sources. However, this proximity could

offer some enhancement to the radiation pulse if the nearby

plasma is coupled into the pinch. Second, this configuration

is inherently more symmetric than a coaxial POS, and may

not suffer the same polarity dependence found in those

designs.14

III. CURRENT SWITCH DIAGNOSIS

In order to observe a transition from a typical gas-puff

z-pinch implosion to opening switch type behavior, a series

of shots was performed using an argon gas-puff, with the

valve plenum pressure gradually reduced. The plenum pres-

sure sets the mass, and therefore the acceleration of the gas-

puff implosion once current flow begins, and so it dictates

the MRT instability growth rate, which is proportional to
ffiffiffiffiffi

ka
p

.15 Extreme ultraviolet (XUV) pinhole images taken by

two 4-frame XUV self-emission cameras, with 10 ns MCP

gate lengths and 200 lm pinholes, were used to characterize

the implosions. Figure 3 shows sequences of XUV images

for decreasing argon plenum pressures, with a 100 lm Al

wire on axis. The top row shows a high mass, 2.0 psi Ar shot

that produced a slow implosion with mild instability

growth, confirming that the gas-puff plasma can carry the

entire pulse without any disruption to the current path. The

XUV images show that the implosion was still running in

towards the axis at the times shown, well after the peak of

the current pulse, which occurs near 200 ns using COBRA’s

long pulse mode. Throughout this sequence of images, the

axial wire is visible at the center as a dark vertical band

shadowing the emission from the hot gas-puff shell behind

it, indicating that the wire was not hot enough to radiate in

the XUV and has not taken a significant fraction of the cur-

rent. This image sequence also demonstrates that the gas-

puff plasma is optically thin in the XUV, even in this high

density case, allowing us to view the wire through the

imploding gas-puff shell.

FIG. 1. Photograph of the load hardware showing (1) gas-puff valve outer

nozzle, (2) wire, (3) brass cathode insert, and (4) steel anode mesh.

FIG. 2. Time lapse sketch of the exper-

iment, with darker shades of red indi-

cating later times of plasma evolution

and current flow. The outer nozzle

injects gas which is then pre-ionized,

and carries the current pulse initially,

driving the material in towards the

wire on axis. Instabilities grow on the

imploding shell, which could cause the

current path to become pinched off or

otherwise disrupted, forcing current to

switch into the axial wire.
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With the behavior of the load in this mildly unstable case

established, the outer plenum pressure was incrementally low-

ered, in an attempt to disrupt the current in the imploding

plasma by increasing the instability growth rate. The subse-

quent shots produced typical implosions and pinches as pres-

sure was decreased, without evidence of wire current flow,

down to plenum pressures near 1.0 psi. At this pressure, differ-

ent behaviors began to emerge, as shown in Fig. 3. The 1 psi

shot shows a transition from the wire silhouetting the gas-puff

column to emitting more brightly than it between 155 and

175 ns. This observation persisted for lower plenum pressure

shots, indicating that the wire has been heated to the point that

it is a brighter source of XUV emission than the surrounding

gas-puff plasma. As the plenum pressure is lowered, the onset

of emission from the wire begins at earlier phases of the

implosion, in terms of both time and shell diameter.

This observation points to current flow in the wire as the

mechanism behind the heating, as opposed to incident radia-

tion or collision of inflowing plasma. Radiative heating can be

ruled out, given that the higher mass shots produce more

intense radiation over a longer timescale, as observed in the

XUV images, yet exhibit a cold wire blocking thermal emis-

sion from the hotter gas-puff plasma. For plenum pressures

near 1.0 psi, the wire does not begin radiating until just before

the gas-puff plasma has pinched, when the outer edge of the

shell has reached the diameter of the cathode plug (15 mm).

At lower plenum pressures, the onset of XUV emission from

the wire occurs earlier, while the outer edge of the imploding

shell is visible at correspondingly larger radii. A typical mass-

profiled argon implosion on COBRA has a shell thickness of

5 mm,8 and shadowgraphy and Thomson scattering measure-

ments indicate that the thickness is comparable in this config-

uration. The XUV images shown in Fig. 3 of the 0.6 psi Ar

shot show the wire radiating in the first frame, while the outer

edge of the shell is at least 20 mm away from the wire. Given

our measurements and understanding of the implosion dynam-

ics, no material has reached the axis at this time, so we take

the observed heating of the wire as an indication of current

flow. The 0.6 psi Ar shot also exhibits bright spots from m¼ 0

instabilities, driven by current flow in the wire. These bright

spots are more defined in the time-integrated x-ray pinhole

images presented in Sec. IV.

The timing of the onset of current flow in the wire can be

identified in Rogowski monitor measurements at the load that

show notches in the integrated current waveform, a typical

hallmark of inductive current switching.16 This notch is pro-

duced by a sharp drop in the measured Rogowski signal,

shown in Fig. 4, and is typically observed near the time that

the wire begins radiating in the XUV. This disruption is absent

from the current waveforms of standard gas-puff z-pinch

implosions on COBRA, which are continuous up until the stag-

nation phase. We suspect that this sustained drop in the voltage

measured on the Rogowski coil is due to the increase in dL/dt

as current switches into the wire. Control shots with similar

load conditions but without a conducting wire present also

show no disruption to the current measurement, indicating that

the monitor is measuring more than just the changing induc-

tance of the unstable z-pinch plasma. These measurements

give us confidence that we can identify the time when the wire

begins taking substantial current, and that we are able to con-

trol this time via adjustments to the gas-puff plenum pressure.

IV. X-RAY MEASUREMENTS

X-ray diagnostics were added for the following shot

series to measure how the POS-like behavior affected the

FIG. 3. XUV images for a series of

puff-on-wire shots with decreasing Ar

plenum pressure and a 100 lm Al wire,

that exhibit emission from the wire at

earlier times for lower plenum pressures.
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radiation output of the pinch. PCDs with a flat response up to

5 keV were used to measure the instantaneous soft x-ray out-

put. Harder x-rays up to 10 keV were detected by uncali-

brated Si-diodes with metal filters, due to their higher

sensitivity to photons in this range. A nickel bolometer with

a flat response up to 2 keV was used to make absolute mea-

surements of the energy radiated in that spectral range.17

Table I shows peak x-ray detector intensities for a series of

shots with different Ar outer nozzle plenum pressures, and a

50 lm Cu wire on axis.

This data set shows a distinctly peaked distribution of

x-ray intensities as a function of plenum pressure. High ple-

num pressure shots produce altogether less radiation, with

minimal readings on the SiDs, PCDs, and bolometer for

0.8 psi Ar pressures and above. Signal intensities increase

significantly for intermediate pressures near 0.5 psi, and then

drop again for lower pressure shots. The x-ray signals show

the same strong sensitivity to plenum pressure as the XUV

images, and their temporal profiles, shown in Fig. 5, support

our interpretation of the current evolution in these implo-

sions. These shots show a progression from a single x-ray

pulse near peak current in the higher plenum pressure shots,

to a series of x-ray events occurring at earlier stages of the

current pulse as the plenum pressure is reduced. This behav-

ior is consistent with our finding that the wire takes current

earlier in lower plenum pressure shots. While the Ar-on-wire

shots did not display significant enhancement of the peak

x-ray signal intensity over wire-only shots, the x-ray produc-

tion in shots with the gas-puff present was consistently opti-

mized at plenum pressures near 0.5 psi, where the highest

intensities were achieved and the radiation pulse had a dura-

tion of approximately 50 ns just before the peak of the cur-

rent pulse.

The data set in Fig. 5 suggests that the x-ray pulse is

highly sensitive to dI/dt at the time of current transfer. At

0.5 psi plenum pressure, the gas-puff plasma carries current

through the first 150 ns before it switches into the wire, tak-

ing it through the reversal of dI/dt, so x-ray production is

suppressed until just before the peak of the current pulse.

Shots that meet this criterion, such as the 0.5 psi Ar shot

shown in Fig. 5, typically display a single, high intensity

x-ray pulse that is sustained for 40þ ns until dI/dt reverses

again. Higher argon pressures, such as the 0.8 psi case shown

in Fig. 5, delay the x-ray pulse until peak current, and evi-

dently produce a temporally sharper but lower intensity burst

of radiation. Likewise, at very low pressures, the wire takes

current early, but the x-ray production is suppressed due to

the reversal of dI/dt shortly after the onset of emission,

which halts the formation of spots due to the loss of mag-

netic pressure. Chuvatin et al. noted the same basic regimes

FIG. 4. Raw (black) and integrated (pink) Rogowski current traces, and PCD x-ray signals for (a) standard 1 psi outer, 3 psi inner, 8 psi center Ar implosion,8,9

and (b) 0.8 psi Ar outer shell on a 50 lm Cu wire. The orange bands denote the sharp drop in dI/dt as current switches into the wire, not present in typical gas-

puff shots. This produces the notch seen in the integrated current waveform.

TABLE I. X-ray detector readings for argon implosions onto a 50 lm Cu wire on axis, as a function of plenum pressure. Peak intensities are presented as frac-

tions of the detector bias voltages. Approximate sensitivity ranges for each detector are as follows: 100 lm Al Si-D (7–10 keV), 30 lm Cu Si-D (7–9 keV),

6 lm Mylar PCD (2–7 keV), and unfiltered bolometer (10 eV-2 keV).

Shot Outer [psi] Peak I (MA) 100 lm Al Si-D 30 lm Cu Si-D 6 lm Mylar PCD Bolo. (kJ)

3942 Ar [1.0] 0.914 0.10 0.07 0.06 1.2a

3943 Ar [0.8] 1.069 0.16 0.12 0.08 1.6a

3950 Ar [0.6] 0.874 0.32 0.20 0.17 3.3

3954 Ar [0.5] 0.857 0.76 0.53 0.45 3.3

3951 Ar [0.4] 0.749 0.31 0.20 0.26 2.5

3952 Ar [0.2] 0.749 0.25 0.18 0.11 3.7

3953 … 0.783 0.88 0.57 0.63 4.1

aFor marked shots, the bolometer was not fielded, so the reported energies are averaged from other shots with the same load configuration.
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that we observe: “wire-like” at low shell mass, “liner-like” at

high shell mass, and an intermediate mass regime that produ-

ces a longer x-ray pulse exhibiting several peaks.13

The 1.0 psi shots consistently produced low intensity x-ray

pulses, despite having at least 30% less mass than our typical

mass-profiled gas-puff shots which were optimized for x-ray

production. The inverse correlation between plenum pressures

below 1.0 psi and x-ray output suggest that the gas-puff plasma

does not play a large role in the x-ray production for these low

mass shots. If the wire is predominantly responsible for the

measured x-rays, it must be taking a significant fraction of the

total current. This interpretation is supported by time integrated

x-ray pinhole images of these shots.

Figure 6 presents a comparison between a high yield Ar-

on-wire shot and a control shot, where the conducting wire

was replaced with a polypropylene fiber bundle that provided

a central target for the gas-puff plasma to pinch onto.

Without the conducting wire present, the full current pulse is

carried by the gas-puff shell throughout the implosion. The

low gas density coupled with the lack of stabilizing inner

mass produces a highly unstable implosion, so the argon

does not pinch well. The pinhole image shows that low

intensity radiation originates from a region near the surface

of the fibers, with a more intense spot near the anode at the

top of the image. Emission is more axially uniform than

observed in shots without a central target, however almost

no signal intensity is measured on the PCD. In comparison,

the same Ar pressure with a Cu wire produces an x-ray pulse

intense enough to clip the PCD signal. The 0.6 psi Ar plenum

pressure used for this shot is near the optimum that we have

found to maximize x-ray production. The x-ray pinhole

image demonstrates the dramatic increase in intensity com-

pared with the control shot, with some of the brighter spots

on the wire saturating the image plate. The emission is con-

centrated almost entirely on the wire, with no evidence of

the hollow region on the axis seen in the previous image

with the insulating fiber. We conclude that the majority of

the x-rays measured at these low shell masses originate from

the copper wire itself, rather than gas-puff plasma pinching

on its surface.

V. MASS-MATCHED GAS SPECIES COMPARISON

Additional shots were performed to explore the depen-

dence of the x-ray production on the gas species, with neon

and krypton being substituted for argon for several shots,

presented in Table II. In order to compare shots with differ-

ent species, the plenum pressures were set to match the mass

produced by a 0.8 psi Ar shot, assuming the direct relation-

ship between pressure and particle number of an ideal gas.

This comparison indicated that changing the gas species has

a dramatic impact on the intensity of the x-ray pulse, an ini-

tially surprising result given the mass matching, and our find-

ing that most of the radiation was not produced by pinching

gas-puff plasma. However, our measurements indicated that

shots using higher Z gases produced more intense x-ray

pulses. This finding has been corroborated by additional

shots using krypton that consistently yielded higher x-ray

signals than argon for a range of plenum pressures.

The Kr-on-wire shot produced higher intensities on the

Si-diodes than had been measured in any of our standalone

50 lm Cu wire shots, with several detectors measuring more

than double the peak intensity recorded in any of the wire-

only shots. This is a result that was not observed using argon,

where even the high yield shots produced peak intensities of

a similar magnitude to the wire-only shots. Some Kr shots

were so intense that all detectors were saturated, despite fil-

ters as thick as 200 lm Al being in place. Figure 7 shows a

comparison of XRD signals between Shot 4136, a standalone

Cu wire shot, and Shot 4141, a typical Kr-on-wire shot. The

Si-diode and the PCD each measure higher intensities for the

Kr shot, although the initial rise of the PCD is clipped in the

wire-only shot. The temporal profile of the emission is also

very different: it is concentrated into a single sustained 50 ns

pulse, rather than spread over a series of lower intensity

events throughout the duration of the current pulse.

These x-ray detector measurements, along with XUV

and x-ray pinhole images of these shots, shown in Fig. 8,

FIG. 5. Comparison of the Si-diode and PCD traces for decreasing argon

plenum pressures, with a 50 lm Cu wire on axis. These x-ray signals are a

subset of the data presented in Table I, showing the relationship between

plenum pressure and the temporal distribution of the emission.
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indicate that the current switch, wire explosion, and gas-puff

pinch events are evolving differently between species. With

krypton, the XUV images suggest a faster opening, with the

wire exhibiting expansion and instability formation earlier in

the pulse than seen with argon. The x-ray pinhole images

show a series of bright spots along the entire length of the

wire, characteristic of m¼ 0 instability formation, closely

resembling the wire-only shot in terms of the number of

spots. The argon shot shows few bright spots in comparison,

with the x-ray emission being more uniform along the length

of the wire. The absence of these spots suggests that the cur-

rent in the wire may not have been high enough drive m¼ 0

instabilities for much of the pulse, thus the coronal plasma

can compress more symmetrically along the axis, limiting

spot formation and reducing the overall output.18

A telling comparison can be made between x-ray mea-

surements of the optimized krypton and argon load

configurations: Shot 4141 in Fig. 7 and Shot 3954 in Fig. 5.

Despite a 30% higher Kr mass, the radiation pulse begins

near 170 ns on both shots, and the peak Si-diode intensity is

within 10%. However, the Kr x-ray pulse has a shorter rise-

time, and sustains an FWHM of 80 ns, compared to 40 ns

with Ar. The slower, higher mass Kr shell pinches at 200 ns,

marked by a rapid intensity rise in the lower energy x-rays

measured by the PCD, to more than double the intensity

measured in Shot 3954. For the Ar shot, there is no well

defined pinch event evident in the PCD signal, with most of

the radiation from this light shell implosion likely coming

from the wire. A slower current transfer process with argon

explains many of these observations. The reduced wire dI/dt
delays instability formation and suppresses x-ray production,

while sapping energy from the imploding shell before it can

be delivered into the pinch. Conversely, with krypton, the

wire turns on rapidly just before the pinch, allowing for

FIG. 6. Comparison of PCD signals and x-ray pinhole images for 0.6 psi Ar shots with (a) a polypropylene fiber bundle and (b) a 50 lm Cu wire on axis. The

x-ray pinhole images were taken with a 12 lm Be filter that transmitted photons above 1 keV.

TABLE II. Gas species comparison with a 50 lm Cu wire on axis. Reported Si-diode signal intensities are arbitrarily scaled to a peak intensity of 10 lm Cu fil-

tered diode for Shot 3801. Approximate sensitivity ranges for each detector are as follows: 10 lm Cu Si-D (5–9 keV), 12 lm Ti Si-D (3–5, 7–10 keV), 15 lm

Al PCD (5–7 keV), and unfiltered bolometer (10 eV-2 keV).

Shot Outer [psi] Peak I (MA) 10 lm Cu Si-D 12 lm Ti Si-D 15 lm Al PCD Bolometer (J)

3801 argon [0.8] 0.934 1 0.82 1.56 1200

3803 krypton [0.4] 0.754 2.25 1.84 … 800

3805 neon [1.6] 0.927 0.62 0.68 0.67 1600
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FIG. 7. X-ray detector measurements

for a standalone wire shot and a kryp-

ton on the wire shot. The higher load

inductance in the wire-only shot sup-

presses the peak current.

FIG. 8. Comparison of XUV and x-ray

pinhole images for wire-only, krypton

on wire, and argon on wire shots.
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more efficient energy coupling between both events. X-ray

detector measurements suggest that this behavior is not

restricted to argon and krypton. Neon-on-wire shots pro-

duced significantly lower yields than argon shots of similar

mass, and a single xenon shot produced peak x-ray intensi-

ties similar to those measured with krypton, and surpassing

all Ar-on-wire or wire-only shots. These measurements sug-

gest that higher Z gas-puffs make more efficient opening

switches, assuming the x-ray intensity variation is directly

tied to dI/dt in the wire.

VI. CONCLUSIONS

We have demonstrated the ability to transfer current

from a low density imploding gas-puff plasma shell to an

axial metal wire on the 1 MA COBRA generator. The timing

of this switch is dependent upon the quantity of gas injected

by the gas-puff valve, and may be controlled by adjusting

the plenum backing pressure. We also see strong evidence

that this switch can be used to enhance the x-ray output from

a central load. X-ray detector measurements show that the

timing of this switch with respect to the current pulse greatly

influences the intensity of the x-ray pulse produced by the

breakdown of the axial wire. With the presence of a gas-puff

shell, the x-ray output is maximized when the switch opens

at or near a time of maximum dI/dt. We find that for our

70 mm diameter valve on COBRA with a 200 ns pulse rise-

time, this corresponds to a plenum pressure near 0.6 psi for

argon and 0.4 psi for krypton. With a properly matched cur-

rent pulse and plenum pressure, we find that the Kr-on-wire

configuration has the capability of producing x-ray pulses

with peak intensities that significantly exceed those mea-

sured in single wire explosions for energies up to 10 keV.

The gains in the x-ray output measured by Si-diodes are sig-

nificant, and warrant further investigation, with x-ray spec-

troscopy, in particular, to measure how the presence of the

gas-puff plasma affects K-shell line radiation from the wire.
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