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Abstract 
 

Z is a multi-terawatt high current driver used to generate high energy density 
physics conditions.  In September of 2007, the Z pulser resumed operation after a 
one-year shutdown for the Z refurbishment (ZR) project.  The refurbishment 
project raised the stored energy and replaced most of the system components.  
Since then, the machine has been used for more than 300 high energy 
experiments, with the first year primarily devoted to developing full operational 
capability.  The Z system delivers currents up to 26 MA, to vacuum loads of ~2.5 
nH initial inductance inside a 15 cm diameter.  The rise time (10%-90%) of the 
current is 85 nanoseconds or less into a fixed inductor.  Z is now operated at an 
average rate of four experiments per week, generating a variety of high energy 
density physics conditions.  Imploding plasma configurations generate 
megajoules of soft X-radiation from the stagnating z-pinch plasma.  Z is also used 
for its high current capability (>20 MA) in cm and smaller width conductors, 
generating megagauss magnetic fields and the resulting high pressures.  The high 
pressures are used for material equation of state measurements, and for basic 
science experiments.  In addition to increasing the load current and energy 
capability during the rebuild, there have also been further improvements to the 
pulsed power systems since the rebuild to improve performance and reliability.  
Major improvements have been made to the diagnostics and waveform data 
acquisition systems.  In this presentation we summarize the changes made during 
the refurbishment.  We will describe the performance of the Z system, including 
reliability and jitter of the pulsed power system.  We will note new capabilities, 
and describe the more recent improvements to the machine and diagnostics.  We 
will also describe some of the experimental campaigns, highlighting achievements 
with megagauss magnetic field generation. 
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Introduction 
The Z energy storage system stores 28 megajoules at the maximum rated 100 

kV charge voltage.  At a charge voltage of 80 kV, where the system is normally 

operated, the Marx generators store 18 megajoules, and the pulse forming system 

generates a forward wave with a peak power of 82 terawatts, peak amplitude of 4 

megavolts, and a source impedance of 0.18Ω.  The energy contained in the 

forward wave is 6.9 megajoules at 80 kV Marx charge, creating a load current 

more than 27 megamperes into a fixed inductor, in the nominal 15 nanohenry 

(total) vacuum power feed system.  Typically, even solid steel conductors move 

appreciably on a 100-nanosecond time scale when the linear current density 

exceeds one megampere per millimeter, and so most load configurations 

experience noticeable inductance increase.  This inductance increase tends to limit 

the peak current.  For imploding plasma (milligram) loads, where it is desirable to 

convert magnetic energy to radiation, the load current drops precipitously (as 

expected, and desired) when the imploding liner reaches high velocity.  From the 

82-terawatt forward going power pulse, X-radiation powers up to 320 terawatts 

have been recorded.  Magnetic fields up to 1200 Tesla driving partially solid flyer 

plates have been verified with hydrodynamic simulations. 

The Z pulsed power system is designed to supply large currents (with 85 

nanosecond 10%-90% rise time) to high energy density physics experiments in 

vacuum, at a rate of one experiment per day.  Z is used to drive imploding plasma 

loads (e.g., z-pinches), and dynamic material property loads for characterizing 

materials under high pressures.  The Z pulsed power system is physically large, 

comprised of an oil-insulated DC-charged section, a deionized water insulated 

pulse charged section, and a vacuum magnetically insulated final feed and load.  

The Z tank outer diameter is 33m.  The volume of mineral-based transformer oil 

is 3.2 million liters.  The volume of deionized water is approximately one million 

liters.  The refurbished Z driver is the highest current reusable laboratory pulsed 

source in existence.  The Z system is based on evolutionary development of fast 

(sub-microsecond) multi-terawatt pulsed power systems for driving high current 

particle beams, and magnetically driven implosions.  Such systems have been 



built for inertial confinement fusion research, and radiation effects studies; 

recently there has been considerable interest in dynamic material property studies 

at megabar pressures, and in studies of astrophysical plasmas.  High current 

drivers are suitable for addressing aspects of each of those areas. 

 High current drivers are relatively efficient sources of high energy density 

conditions.  For example, from the18 megajoules stored at 80 kV Marx charge 

voltage, Z has created 2.4 megajoules of soft X-rays (up to 1 keV) from nested 

tungsten wire arrays.  This corresponds to an energy efficiency of 13% from 

stored energy to fast pulsed soft X-radiation.  Figure 1 shows a view of the Z 

pulsed power system. 

 

Figure 1.  Cross-sectional view of the Z pulsed power system.  Typical peak 
voltages at ±80kV Marx charge, stored energies, and discharge times are 
shown.  For switches, typical peak terminal voltages are shown.  The outer 
tank diameter is 33m. 

As a user facility, flexibility is crucial to the vitality of the program.  For 

imploding plasma loads, minimizing the time to peak current is important for load 



stability issues [1-3].  Magnetically driven flyer plate experiments [4] also require 

relatively short current rise times because of magnetic field penetration concerns.  

On the other hand, isentropic compression experiments [5] require longer rise 

times, to avoid shock formation in the millimeter thickness samples used.  For this 

reason, the modular nature of Z is valuable.  Each of the 36 modules of Z can be 

configured and timed independently.  Avoiding shocks in material samples 

depends critically on the ability to shape the current pulse accurately. 

Pulsed power system 
The initial pulse compression element in Z is an array of 36 Marx generators 

[6].  Each Marx generator consists of 30 pairs of 2.6 µF capacitors coupled with 

midplane triggered, field distortion switches.  The upgraded Z Marx generators 

store 515 kJ apiece at ±80 kV charge voltage.  Each Marx generator’s erected 

capacitance is 45 nF, has an equivalent series inductance of 14 µH, and charges 

the next pulse forming stage in 1.45 µs.  The output time of the 36 Marxes has an 

eight nanosecond one standard deviation; at the same time the probability of any 

spontaneous Marx output is 10−6  or less.  This relatively small timing jitter is due 

to a strong Marx triggering chain, which utilizes a high reliability, fast risetime 

primary trigger generator [7] that triggers nine Marx generators with 600 kV 

output, that in turn trigger the 36 main Marxes.  High reliability and low jitter 

together are crucial for a system like Z that often uses complicated and expensive 

loads (which could be destroyed by a mis-fire), and certain diagnostics (such as 

the multi-kilojoule, nanosecond duration laser backlighter) that require 

nanosecond precision of the load current timing to image fast features of load 

behavior.  Small timing jitter and high reliability are generally competing 

requirements, and for that reason the Z pulsed power system relies heavily on 

robust triggering methods throughout. 

The Marx generators charge water-insulated coaxial capacitors in 1.45 µs.  

The intermediate store capacitors lower the impedance and temporally compress 

the pulse. The intermediate store capacitors are discharged through laser triggered 

gas switches [8-12] that provide the final command-triggered stage in the pulse 



compression process.  The laser triggered gas switches developed for Z are the 

highest voltage nanosecond jitter gas switches yet developed.  The Z laser 

triggered gas switches see a peak terminal voltage of 5.5 MV at 80 kV Marx 

charge voltage, and have a refurbishment lifetime in excess of 100 shots at full 

voltage.  Figure 2 shows a sectional view of the Z laser triggered gas switch.  

After closure, the switch conducts a peak current of 600 kA with 80 kV Marx 

charge.  Figure 3 shows laser triggered gas switch voltage and current on a typical 

operation with ±80 kV Marx charge.  The multichannel (rimfire) portion of the 

gas switch uses stainless steel electrodes; in that section of the switch, the current 

is carried in several (up to ten) parallel arc channels.  The trigger gap electrodes 

are a copper-tungsten sintered material because there the entire switch current 

flows in a single channel, and stainless steel erodes rapidly under those 

conditions.  The eroded trigger electrodes would cause an unacceptable increase 

in the switch pre-fire rate [9] due to electric field enhancement. 

 

Figure 2.  View of the laser triggered gas switch.  The 46 mm trigger gap 
(left) is closed with plasma formed by 10-20 mJ of 266 nm laser light; the 
remainder of the switch then closes due to the subsequent over-voltage of the 
self-breaking gaps. 



The measured standard deviation of the closure times for the 36 laser triggered 

gas switches has a median value 6.9 ns over a large number of shots; this is due 

almost solely to random fluctuations in run time.  Consistent switch timing 

variations are removed by adjusting the trigger times.  Triggering long-running 

switches sooner, and fast-running switches later effectively removes stable 

differences in run time, but cannot remove random timing fluctuations. 

 

Figure 3.  Gas switch voltage and current with 80 kV Marx charge. 

The gas switch current charges another water-insulated capacitor.  This 

capacitor is discharged through untriggered water switches [13-18].  Megavolt 

water switches allow relatively low inductance, and can have jitter that’s a few 

percent of the charge time, especially for high voltages.  At high voltages, the 

threshold for water streamer formation is crossed early in the charge time.  This 

reduces the jitter due to variations in the statistical time during which the 

streamers in water launch from the surfaces [18]. The Z water switches see a peak 

terminal voltage of 2.6 MV with ±80 kV Marx charge, and conduct 750 kA peak 

current after closure.  The measured temporal variation of the module pulse times 

downstream of the water switches has a median value of 6.6 ns over a series of 

identical experiments.  The water switches essentially do not contribute to the 

jitter of the pulse forming system (with the present gas switch jitter).  If the gas 



switch and water switch jitters are uncorrelated, the total jitter is the quadrature 

sum of the water switch and gas switch components, and so a water switch jitter 

25% of the gas switch jitter is generally negligible. 

The composite jitter of the combined pulses from the 36 modules is reduced 

because of averaging.  If the individual module jitter is normally distributed, then 

the jitter of the summed pulse is reduced by n , where n  is the number of 

modules.  The one-sigma jitter of the load current start time is 1.7 ns over a recent 

sequence of shots at 80 kV Marx charge voltage.  Efforts are ongoing to reduce 

this value (concentrating on the laser triggered gas switch), while maintaining the 

required reliability. 

The compressed pulse from each module flows on passive 6.4Ω water-

insulated triplate transmission lines towards the center of the machine.  The load 

energy flows through a plastic water-vacuum interface into vacuum (Figure 4).  

Vacuum flashover is an important consideration in the system design.  Flashover 

of a surface in vacuum can be caused by formation of low-density gas or plasma 

near the insulator, which takes little energy [19], and can proceed quickly to a low 

impedance shunt path.  Vacuum flashover [20-27] essentially affects system 

design through inductance (if the vacuum interface design is too conservative and 

therefore inductive) or performance limitations (if the design is too aggressive).  

The Z insulator stack is a conventional multi-stage 45-degree design [28], and 

operates reliably at an average peak axial electric field of 135 kV/cm [26].  The Z 

vacuum insulator stack has four parallel levels, with a large 1.65 meter radius, to 

reduce the inductance of the insulator. 

 The Z magnetically insulated transmission lines [29-34] carry current from 

the water-vacuum interface to the load region, shown in Figure 4.  Magnetic 

insulation allows efficient power flow even at electric fields above the value at 

which electron emission occurs, typically 200 kV/cm for nanosecond pulses[35].  

The Z magnetically insulated transmission lines operate at values well above 1 

MV/cm, with a few percent (or less) of the total current in electron flow outside 

the load region.  The electrons emitted from the cathode conductor are confined 



by the magnetic field of the power flow, and drift towards the load at velocities 

much slower than the electromagnetic wave.  During the current rise, which is the 

most important part of the current pulse, electrons are accelerated by the changing 

magnetic field, increasing their total energy, tending to drive some fraction of the 

electrons to the cathode in some cases [29]. 

 

Figure 4.  The water-vacuum interface and the magnetically insulated 
transmission lines feeding the load region. 

 

At approximately 30 cm diameter, the four parallel transmission lines are 

combined into a single feed by a post-hole convolute structure [36-38].  The post-

hole convolute has multiple localized magnetic nulls, where magnetic insulation 

is ineffective.  It is believed that flowing electrons from the outer magnetically 

insulated regions (that have not returned to the cathode) are lost at the magnetic 

nulls, in addition to the locally generated electron flow loss. 



 

Figure 5.  Measured insulator stack voltages, and currents on a single Z 
experiment.  The upper stack level (A-level) sees lower voltage than the lower 
stack level (D-level) because of the lower inductance magnetically insulated 
transmission lines of the upper levels. 

Applications 
The Z driver is used to drive intense soft X-ray sources, drive high pressures 

in materials for isentropic equation of state measurements, and for launching flyer 

plate impacts, for determining points on the Hugoniot curve. 

The Z data acquisition system records more than 600 waveforms on each test.  

Many of these are machine diagnostics, primarily used to determine the root 

causes of failures.  Most of the Z digitizers can acquire long record lengths, and 

have 500 MHz analog bandwidth and sample at 500 ps per point.  Z also has an 

extensive array of load diagnostics, from VISAR systems [39] to visible and X-

ray streak and framing cameras, and time resolved spectrometers [40]. 

X‐ray sources 

High current z-pinches are well known as efficient converters of magnetic 

energy to X-radiation [41-43].  A cylindrical array of wires, a thin solid 

conductor, or a shell of low-pressure gas provides the material for carrying the 

megampere current.  The magnetic pressure tends to implode the cylinder of 

plasma (increasing the inductance, and converting magnetic energy to kinetic 

energy).  When the cylinder of plasma, moving at velocities up to 300 cm/µs, 



stagnates on the power feed axis, the kinetic energy is thermalized.  The z pinch 

essentially converts magnetic energy accumulated over the time to peak current 

(~80 ns in the case of Z), to thermal energy in a shorter time.  The X-ray power is 

that case is higher than the driver power.  The resulting energy is dissipated in a 

time scale determined by the effective physical dimensions of the plasma shell; as 

instabilities increase the radial thickness of the shell, the stagnation time increases 

and the peak radiated power decreases.  A series on Z [44] recorded 3-4 

nanosecond soft X-radiation full-width at half-maximum, with ~80 nanosecond 

implosion times and ~23 MA peak load current, from a 65 mm initial diameter 

tungsten wire array.  The radiated power shown in Figure 6 was measured using a 

silicon diode array (24 meters from the z-pinch) normalized to a nickel bolometer 

measure of total energy [45].  The X-ray power measurement has a peak of 

320±30 TW, with a 2.9 ns full width at half maximum.  The peak driver electrical 

power was 82 TW; the total radiated energy on that experiment was 2 MJ. 

 

Figure 6.  Total X-ray power and energy from a 23 MA tungsten wire array 
experiment.  Power measured with apertured Si diodes 24 meters from the 
source. 

Material equation of state studies 

Currents in excess of 20 MA in cm width conductors create ~25 Megagauss 

magnetic fields.  These magnetic fields create high pressures in conductors.  



Because Z has 36 nominally independent modules, the system can be configured 

to drive temporal pressure profiles that do not induce shock waves in the mm 

thickness samples used.  Shock free measurements allow mapping sections of the 

Hugoniot curve for a material.  Z has a unique capability to provide multi-

megabar ramped compression waves, by delivering tailored current time histories.  

Because the sound speed generally increases with pressure, with increasing 

pressure there will generally be a point of shock formation somewhere in an 

infinitely thick sample.  However, with a finite sample thickness, it is possible to 

prevent shock formation by limiting the rise time of the applied loading 

waveform.  From the simple conceptual view of Figure 7, it is clear that the rise 

time should be constrained by 

τ r ≥ xL
1
Cmin

−
1

Cmax

⎡

⎣
⎢

⎤

⎦
⎥ , 

where cmin  and cmax  are the minimum and maximum pressure wave sound 

speeds, respectively, xL  is the Lagrangian thickness parameter, and τ r  is the 

pulse rise time.  The minimum thickness of the sample is limited by reverberation 

of waves reflected from the accelerated surface [5].  In practice, the optimum 

pulse shape is determined using hydrodynamic simulations.  Figure 7 shows 

current in a machine configuration for fast current rise times (short pulse) and a 

tailored current risetime designed to prevent shock formation in a material 

sample.  The Z system has been used with such shaped pulses to measure the 

properties of a variety different materials [4, 5]. 

 



 

Figure 7.  Shock formation in a sample where the sound speed ( ci ) increases 
with pressure (Pi ).  Representative points in a fast-rising current waveform 
(short pulse) are shown, along with a conceptual view of shock formation.  A 
longer rise time current pulse (shaped pulse) prevents shock formation. 

 

Shock mitigation is also important in flyer plate experiments, where a single 

point on the Hugoniot curve is determined by impacting a flyer on a stationary 

material sample.  In those experiments, it is important to have the flyer plate in a 

known state at impact.  For those applications as well, pulse shaping is used to 

prevent shock formation in the flyer plate.  A flyer plate method was used to 

measure properties of liquid deuterium at high pressures [46].  Flyer plates 

roughly mm thick have been accelerated to 40 km/sec by 1200 Tesla magnetic 

fields [47], while remaining partially solid.  These velocities substantially exceed 

those available from gas guns, for example. 

Conclusions 
The Z system is a low impedance, fast pulsed, high current driver.  Delivering 

more than 20 MA in 85 ns to a single load allows measurements on plasma at 

high temperatures and materials at high pressures.  As a reusable laboratory X-ray 

source, Z is unique for providing more than two megajoules of blackbody 

radiation, with more than 300 terawatts of peak power.  As a source of intense 

magnetic field and pressures, Z is used to map equation of state characteristics of 



materials at megabar pressures.  By its position as the only facility of its kind, Z is 

also a platform for developing components for megavolt pulsed power systems. 
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