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Abstract 

 

MHD models of imploding loads fielded on the Z accelerator are typically driven by reduced or 

simplified circuit representations of the generator. The performance of many of the imploding 

loads is critically dependent on the current and power delivered to them, so may be strongly 

influenced by the generators response to their implosion. Current losses diagnosed in the 

transmission lines approaching the load are further known to limit the energy delivery, while 

exhibiting some load dependence.  Through comparing the convolute performance of a wide 

variety of short pulse Z loads we parameterize a convolute loss resistance applicable between 

different experiments.  We incorporate this, and other current loss terms into a transmission line 

representation of the Z vacuum section.  We then apply this model to study the current delivery 

to a wide variety of wire array and MagLif style liner loads. 
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1.  INTRODUCTION 
 

The Z generator [8] is able to deliver up to 27MA in ~100ns.  It is routinely used to drive a wide 

variety of loads, from radiation sources, to potential liner fusion schemes, to dynamic materials 

experiments. 

 

The performance of many of the imploding wire array, liner, and dynamic material loads driven 

by Z generator is critically dependent on the current and power that can successfully be delivered 

to them.  To accurately reproduce the performance of many of the loads that have been fielded 

therefore requires a detailed understanding of, and ability to model: 

 

1) The load itself 

2) The response of the generator to the imploding load. 

3) Current losses that are both diagnosed, and inferred in the transmission lines that supply 

current to the load. 

 

Each of these areas represents a significant field of research in its own right, but to date much of 

the progress has been made by either coupling state of the art MHD models to reduced circuit 

representations of the generator [13,3,10,11,12], or by coupling more complete generator models 

to simplified representations of the loads [1,5,6,7,8].  While this has been very successful in 

developing our understanding, and ability to model each of these components, we are now in a 

position to advance our understanding in all of these areas by leveraging the knowledge now 

available and studying the performance of these loads within an integrated load / generator 

model. 

 

Integration of these system models is necessary for a number of reasons. 

 

1) It has been shown that to effectively reproduce the plasma conditions seen in wire 

array experiments requires fully 3-dimensional calculations of the load region.  Furthermore, the 

current distribution obtained in these calculations is dependent on the 3 dimensional nature of the 

imploding plasma [13]. This will affect the inductance, and hence the electrical response of these 

loads, so will determine how effectively the generator can continue to couple energy to them.  

These effects may not be adequately reproduced in 1 or 2 dimensional representations of the 

load. 

 

2) X-ray generating imploding loads can produce x-ray power pulses a few ns in 

duration through which electrical power may be continually delivered and radiated [2].  The 

energy available to continue to deliver electrical power to these loads is therefore sourced from a 

finite volume of the transmission lines, limited by the propagation time.  Adequately 

representing energy delivered during the final stages of implosion therefore requires use of a 

transmission line circuit model able to resolve these finite propagation time effects. 

 

3) Current losses in the double post hole convolute that joins together the transmission 

lines feeding the load region have been extensively diagnosed in a wide variety of experiments.  

These losses were originally described as an electron flow loss, which has since proven to be 

insufficient.  Wire array calculations have typically utilized a post-dictive resistive convolute 



12 

 

loss, calculated on a shot by shot basis from the available electrical data.  More recent particle in 

cell simulation work has indicated that this current loss likely results from the motion of cathode 

plasmas within the convolute [3].  Additional wire array work combining load calculations with 

electrical diagnostics has indicated the potential for additional current losses in close proximity 

to the arrays [4], although once again, the reliance on existing shot specific electrical data 

prevented this approach from being predictive.  The development and magnitude of these current 

losses is strongly influenced by the voltage history of the imploding load, and yet significantly 

affects the load performance, so ideally must be self consistently accounted for.  Furthermore, 

since they are localized, and driven by the current densities and voltages specific to their 

location, these losses must ideally be incorporated into a generator model capable of resolving 

these locations, rather than an extensively averaged or reduced circuit representation. 

 

To begin to address these issues we couple an MHD model developed for compact tungsten 

loads, large diameter K-shell source loads and liners, to a transmission line representation of the 

Z generator.  Extending previous work on transmission line driven MHD models of compact 

wire arrays, we rework the numerical solution scheme to reduce computational overhead and 

improve accuracy.   This enables this model to be more broadly applied to a wider range of 

problems.  Through comparison to the diverse and extensive data set amassed on Z, we describe 

a generic convolute current loss model, which we incorporate into a transmission line model and 

apply to different loads to study current delivery in these systems.  Through comparison with 

electrical data we infer the need for additional current losses for some loads. 
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2.  BACKGROUND 
 

Existing work has been successful in parameterizing convolute current losses for application to 

compact tungsten wire arrays [4].  These specific loads are however no longer studied on Z, and 

losses of current at the convolute are understood to be somewhat load specific. It would be 

extremely useful to understand to what degree we can characterize the convolute loss, for 

application to other loads presently studied on Z, and to better understand how sensitive the load 

performance is to how current losses are captured. 

 

2.1. Z architecture and Terminology 
 

The work that follows primarily concerns the central section of the Z machine, out to a radius of 

approximately 2m.  This region is shown in Figure 1 (a).  It consists of four, cylindrically 

symmetric, magnetically insulated vacuum transmission lines (MITL's) [8].  Current is delivered 

to these lines, from a water section that is separated from the vacuum section by the insulator 

stack [14].  The four transmission lines are labeled A to D, from the top level to the bottom.  The 

transmission lines are joined together by a double post hole convolute (Figure 1 (b)), that 

combines the transmission lines into a single power feed that connects through to the load region 

(Figure 1 (c)).  As indicated in the figure the current and voltage are monitored on each of the 

four levels at the insulator stack.   An additional current measurement is typically made by a b-

dot placed behind one of the convolute anode posts on the A level at the top of the convolute [9].  

This is indicated in Figure 1 (c), and is typically used to measure the total current exiting the 

convolute, and entering the final feed.  While it is often referred to as the load current, for 

reasons that will become obvious later we will refer to it here as the convolute current.  Load 

current will refer to the current that actually enters the load region at the end of the final power 

feed (or inner MITL feed).  Ideally the convolute current and load current should be equal, but in 

this work we draw a distinction between the two by allowing for additional current losses to be 

located within the final feed.  Given the location of the convolute current monitor we have no 

way of directly measuring any current loss within the final inner MITL feed. 

 

Typical current measurements are shown in Figure 2 for the implosion of a nested wire array 

consisting of two cylindrical arrays of wires with an outer array diameter of 70mm [21].  This is 

the array depicted in the diagram of the final feed (Figure 1 (c)), and discussed in the following 

section.  The current measurements show the total stack current summed over all four levels, 

compared to the convolute current measurement made at the exit to the convolute.  The large 

difference between these two measurements is attributed to a loss of current within the convolute 

(referred to now as the convolute loss), and for some loads can account for several mega-amps of 

the total drive current. 
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Figure 1.  Central ~2m radius of the Z generator. 

 

 

 
 
Figure 2.  Stack and Convolute B-dot measurement for large diameter stainless steel load 
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2.2. Why details about the current delivery matter to the load 
 

Taking as an example the loads on Z that operate as radiation sources [22], they work by 

applying a current to a cylindrically symmetric distribution of mass, and using the resulting jxB 

force to accelerate material towards the axis.  As this plasma stagnates on axis, kinetic energy is 

thermalized and radiated.  If we neglect the resistivity of the plasma, then as material is 

accelerated to smaller radius, the voltage over the load dramatically increases with the rapidly 

rising load inductance.  When the voltage over the load gets high enough the current that can be 

delivered begins to drop in response.  It is often stated that the array acts to temporally compress 

energy.  We accelerate a plasma over ~100ns, building up its kinetic energy. We then stagnate 

the array, thermalizing and radiating that energy over just a few ns.  With that understanding it is 

instructive to look at how energy is delivered to a typical imploding load.  We use, as an 

example, a nested stainless steel wire array, consisting of two 20mm tall concentric arrays of 

wires, 70mm and 35mm in diameter.  From simulations we can look at how energy is delivered 

to this array over the course of its implosion.  Figure 3 shows the kinetic energy of the plasma 

compared to the load current delivered.  As we can see, most of the kinetic energy is supplied in 

the very final stages of the implosion.  For this array, 80% of the energy given to the plasma is 

delivered in the last 20% of the implosion.  It is in these final stages that the current densities, 

magnetic fields, and velocities are highest, so the v.jxB work done on the plasma is also high.  

Furthermore, most of the kinetic energy is built up in the plasma after peak current as the voltage 

is rising and the current is dropping.  When we are concerned with ensuring a simulation 

accurately determines the energy delivered to the load to be radiated, it is not enough to simply 

get the correct peak current, and assume late time energy delivery is unimportant.  It is the 

approach to stagnation, when the current is falling, that most energy is delivered to the plasma.  

It is also during this time, while the voltage is rising, that any current losses will be at their worst.  

To be confident we are delivering the correct energy to the load we must accurately reproduce 

the current profiles, not just around peak current, but throughout their fall from peak.  And while 

the details of current losses can affect the peak current reached, they can have a more dramatic 

effect in determining the rate at which the current falls. 

 



16 

 

 
 

Figure 3.  Current and Kinetic Energy for Large Diameter Stainless Steel Wire Array 

 

 

2.3. Present understanding of the causes of convolute loss 
 

Particle in cell calculations of the convolute region performed by D. Rose [3] have indicated that 

significant current loss can occur when plasma sourced from the cathode moves around the 

convolute and bridges the gap between the cathode and the anode post on the load side.  

Experimental work by M. Gomez [24] has confirmed the motion of plasma within the convolute.  

Previous work to drive compact tungsten loads with a circuit model that accounted for the loss of 

electron flow current at the convolute has demonstrated that this loss mechanism is insufficient 

to explain the magnitude of current loss observed for loads on Z.  The work had to invoke an 

additional short circuit component to drive the observed current loss, which is certainly 

consistent with plasma moving across the convolute as demonstrated by the Rose calculations.  

For much of this work, electron flow contribution to the current loss is therefore neglected, in 

favor of a resistive short circuit forming at late time.   
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3.  REPRESENTING THE Z GENERATOR 
 

 

A prerequisite to studying the coupling between an MHD model of an imploding load, and the Z 

generator is appropriately characterizing the circuit behavior of the Z generator.  For the 

purposes of this work we would like to capture the response of the generator to the rising 

inductance of the load, whilst retaining a model simple enough to run in-line with our load 

calculations.  The principle, diagnosed problem in delivering current to the load region is the loss 

of current at the convolute, so our model must retain sufficient complexity to accurately 

represent the voltages and currents at the location where this loss occurs. 

For these reasons we will limit ourselves to a radius from the load that encompasses the vacuum 

section, the water/vacuum insulator stack, and the start of the water lines that connect to the 

insulator stack.  The generator architecture beyond this radius is extremely complex, and has 

already been modeled in detail [1].  However, for our purposes, many of these details are 

essentially transit time isolated from the most violent stages of implosion and stagnation.  We 

therefore represent the bulk of the generator as an ideal voltage source we apply at the water 

section joining the insulator stack, and focus our attention on representing current delivery 

through the vacuum section.  Future work can attempt to assess how much of the generator 

should be modeled in-line with load calculations.  Such work would however require accurately 

capturing current delivery through the vacuum section as a starting point. 

 

For reasons that will be discussed in more detail later the circuit representation we choose must 

be compatible with the electromagnetic field solution scheme used in the resistive MHD code we 

will use to model the load.  For this reason we use a series of lumped circuit element 

transmission lines to represent the insulator stack and vacuum transmission lines.  The convolute 

is represented by a series of inductors coupling these lines.  The final feed section that joins the 

convolute and load is either represented by another lumped circuit element transmission line, or 

by a simple inductor.  The capacitance and inductance profiles forming these transmission lines 

are calculated either directly from the hardware geometry, or from electromagnetic simulations 

of a section of the transmission line. 

 

3.1. Vacuum Lines 
 

The capacitance and inductance profiles of the four vacuum transmission lines that connect to the 

convolute are calculated directly from the transmission line geometry, which is taken directly 

from the technical drawings.  The anode and cathode profiles we represent are displayed in 

Figure 4 (a).  For simplicity we construct inductance and capacitance profiles as a function of 

radius, rather than length along the line.  At a given point the inductance (L) of an element of 

width dr=1.e-3 is calculated according to the integral of the magnetic energy contained in that 

element: 

 


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Where h is the vertical distance between anode and cathode.  The corresponding capacitance (C) 

of this element is then calculated according to: 

2dr

LC
  

 

Where ԏ is the transit time across the element of width dr. This assumes speed of light 

propagation along a path length dl, which is the average of the length of the anode and cathode 

surfaces across the width dr.  Since the 4 transmission lines approach the load at different angles, 

this ensures we capture the different propagation times down each line.  The resulting 

capacitance and inductance profiles for this vacuum section are shown in Figure 5, with the 

profiles through the insulator stack included, and discussed in the next section.  We have 

followed the lines down to a radius of 11.6 cm, which for this work is the point we define to be 

the start of the convolute.  Working from the transmission line geometry in this way it is a simple 

matter to allow for changes in the line profiles from the expansion of electrode plasmas. 

 

 
 

Figure 4.  Scaled Profiles of the MITL's, and diagram of the insulator stack 
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Figure 5.  Capacitance and inductance per unit length. nF/m and nH/m 

 

 

3.2. Insulator Stack 
 

The interface between the water and vacuum sections consists of a series of rexolite rings 

separated by metal Figure 4 (b)  Given the complicated geometry a transmission line equivalent 

of this section is formed by performing an electromagnetic simulation of a region extending from 

a radius of 1.2m, through the stack to a radius of 1.85m.  For the 4 transmission lines of Z this 

encompasses the insulator stack and the start of the water lines, as shown in Figure 4(b).  It also 

provides some overlap with the vacuum line sections previously calculated, to ensure we can 

correctly join these sections into a continuous line.   

 

The calculation is performed using the same resistive MHD code later used to model the load 

region, which has been built around an electromagnetic field solver.  Metal sections forming the 

line are assumed to have a constant resistivity of 6.9e-7 ohm-m.  Changes in the permittivity are 

affected by appropriately modifying the speed of light to assign a relative permittivity of 1 in the 
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vacuum region, 2.53 for the rexolite insulator rings, and 80.1 for the water. The calculation is 

performed by shorting out the load end of the transmission line and setting a varying current at 

the start of each line.  At each radial location we integrate the electric field in z across the line to 

determine voltage, whilst averaging the total anode and cathode currents at that radius to 

determine total current.  We then calculate equivalent inductances and capacitances according to 

the telegrapher’s equations: 

t

V
r

I

dr

C

t

I
r

V

dr

L



















                        

 

Since changes in the voltage and currents over a given radial element can be small the current 

applied is varied sinusoidally with a period of 200ns and magnitude of 20MA, so that inductance 

can be determined at peak dI/dt, and capacitance determined at peak dV/dt.  The resulting 

capacitance and inductance profiles across the insulator stack are shown in Figure 5.  The stack 

current and voltage probes are located within the stack, so when we later make use of these 

measurements we require a transmission line that passes through it.  These simultaneous current 

and voltage measurements are used extensively to determine the current and voltage at the 

convolute, and to construct equivalent voltage sources with which to drive the calculations we 

later discuss.  The way in which we construct a voltage source to drive this system is described 

in [4]. 

 



21 

 

4.  CHARACTERIZATION OF THE CONVOLUTE LOSS 
 

The principle, diagnosed, problem with electrical power delivery to the load region is a loss of 

current at the convolute.  An equivalent circuit to drive load calculations must adequately 

represent this loss.  To measure this loss a b-dot is typically located just inside the convolute to 

determine the current delivered to the load.  Current delivered to, and the voltage at the 

convolute are not directly measured, but may be reconstructed from the simultaneous current and 

voltage measurements made at the insulator stack.  From knowledge of the current lost, and the 

voltage at the convolute we can construct a time dependent resistor to ground.   

 

Procedures for accomplishing this have previously been developed for compact tungsten wire 

arrays [4], and are applied here to a number of different loads to determine how convolute losses 

may vary between different experiments.  A variety of different load configurations have been 

fielded on Z, enabling us to examine convolute losses for a number of different initial load 

inductances, implosion times and voltage time histories. 

 

One concern with the previous approach [28] has been azimuthal variation in the current and 

voltage at the stack, and the affect this may have on the translation of these measurements to the 

convolute.  To assess this for a typical load we make a modification to the routines previously 

used to translate the voltage and current measured at the stack down to the convolute region.  For 

each of the 4 transmission lines there are approximately 16 voltage and current probes 

azimuthally spaced around the insulator stack.   For a given shot there is typically some 

azimuthal variation to the electrical power delivered to the stack (Figure 6).  While this does 

homogenize as we approach the convolute, it is not technically correct to simply average the 

measured currents and voltages and then translate them.  The translated average measurements 

are not necessarily equal to the average of the translated measurements. 
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Figure 6.  Multiple current and voltage measurements at different azimuthal locations in 

the stack (Z shot 2235) 

 

 

To examine the effect of this we take the currents and voltages at different azimuthal locations 

and linearly interpolate between adjacent measurements. With this we calculate the current and 

voltage over each of 9 separate transmission line sections equally spaced azimuthally.  These 9 

sets of currents and voltages are then separately translated down to the convolute, before being 

averaged to construct the convolute voltage and current.  Since we do not allow propagation 

between adjacent sections this does represent a worst case scenario of azimuthal variation 

reaching the convolute.  If however there is strong azimuthal variation at the stack it does 
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prevent the error incurred when voltage from one side can essentially see the current from the 

other and create a fictitious wave structure to propagate down the transmission lines.  This 

approach also results in an algorithm that may later be modified to account for azimuthal 

propagation of signals.  Applying this translation approach to stainless steel 70mm diameter load 

data (Z shot 2235) we compare the resulting voltages at the convolute for the A level, with those 

previously obtained by averaging the stack measurements before translation (Figure 7).  We see 

negligible difference between these measurements, giving us some confidence that this effect is 

small for these types of loads. 

 

 
 

Figure 7.  Average translated voltage compared to translated average voltage for the A 
level 

 

 
4.1. The Measured Convolute Loss on Z Experiments 
 

For application to a circuit model we ideally require a generic, time dependent resistor that can 

represent the convolute behavior for a wide variety of loads.  To assess the variability of the 

convolute loss resistance we first calculate it for a number of different experiments, spanning 

different initial load inductances, and voltage time histories.  For our purposes the initial 

inductance we quote is the total inductance downstream from the entrance to the convolute 

(radius of 11.6cm) on the top transmission line (the A level). This includes the inductance of the 

top of the convolute, the power feed connecting to the load, and the initial load inductance.  The 

entrance to the convolute is also the location we translated stack voltage and current 

measurements to, which we use to construct the time dependent resistances shown.  Specifically, 

the current into the convolute is the sum of the translated stack currents from all 4 transmission 

lines.  The current out of the convolute is measured by a b-dot which is typically inside the 

convolute anode posts.  The voltage at the convolute is just the translated stack voltage on the A 
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level.  For clarity these measurement locations are indicated in Figure 8. Convolute voltages may 

also be calculated from the other transmission lines, but these measurements see the load through 

additional convolute inductances which are different for each line, and can be difficult to 

quantify.  For many load configurations repeat shots have been made, enabling us to also 

understand how reproducible the convolute behavior is for a fixed configuration.  Many of the 

loads imploded on Z are high power x-ray sources, so where relevant the convolute resistances 

are plotted with a normalized x-ray pulse shape to indicate the time at which the load imploded 

on axis.  We now calculate convolute losses for a number of different loads.  For each load we 

show the convolute resistance, and the current and voltage measurements from which it was 

calculated. 

 

 
Figure 8.  Convolute current and voltage measurement locations 
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4.1.1. Large diameter (70mm), low mass stainless steel arrays. 
 

These experiments were fielded by David Ampleford [22,29].  These loads are used to study the 

generation of K-shell radiation at high photon energies, which for materials like iron necessitates 

very high temperatures during stagnation.  These high temperatures are achieved through the 

rapid thermalization of implosion kinetic energy, requiring the average kinetic energy per ion to 

exceed the photon energy being studied by typically at least a factor of 2.  As such, very large 

implosion velocities are required for higher Z elements. 

  

These experiments used nested wire arrays that are 2cm in height, with a 2:1 mass ratio between 

the outer and inner wire arrays.  For these loads (Z shots 2234-2237) 112 wire outer arrays 

imploded on 56 wire inner arrays with a total load mass of 1.5mg.  The diameter of the inner 

array was half that of the outer array. 

 

These large diameter arrays typically have a very low initial inductance (5nH) due to the large 

initial diameter.  They are however very low mass, set to implode before peak current.  Since the 

load design is intended to reach very high velocities they generate very large voltages from their 

rapidly changing inductance.  They also converge to very small diameters (~0.9mm) resulting in 

a very large final inductance.  As such, while the initial voltage developed over the convolute is 

quite low, the final voltage is the highest of the experiments we study here.  From Figure 10 we 

see that the convolute resistance collapses to a value of ~0.7ohms ~17ns before stagnation.  

Following the x-ray power pulse the resistance is seen to further decay. 

 

 
 

Figure 9.  Translated Stack Current / Convolute Current and Convolute Voltage 
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Figure 10. Convolute resistance with normalized total x-ray power pulse 

 

 

4.1.2. Higher mass 65mm diameter stainless steel arrays.. 
 

These experiments were fielded by Brent Jones [24] and Dave Ampleford [22].  While similar in 

many respects to the 70mm diameter low mass arrays, these experiments were at a smaller initial 

diameter, and used more mass, to implode later in the current pulse.  These experiments used 

nested wire arrays that are 2cm in height, with a 2:1 mass ratio between the outer and inner wire 

arrays.  For these loads (Z shots 1857 and 1860) 200 wire outer arrays imploded on 100 wire 

inner arrays with a total load mass of 2.48mg. The diameter of the inner array was again half that 

of the outer array.  Due to the smaller diameter array, and changes in the anode/cathode gap 

spacing approaching the array, the initial inductance of this load was higher (~6nH).  While this 

generates a higher voltage over the convolute initially, the longer implosion time, and smaller 

final implosion velocity leads to a lower voltage at stagnation.  From Figure 12 the convolute 

resistance is seen to collapse to a value of ~0.65 ohms at around ~35ns prior to stagnation.  The 

resistance remains approximately constant until stagnation, before decaying a few ns after peak 

x-ray power. 
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Figure 11.  Translated Stack Current / Convolute Current and Convolute Voltage 

 

 
 

Figure 12. Convolute resistance with normalized total x-ray power pulse 
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4.1.3. 65mm Nested tungsten wire arrays. 
 

These experiments were fielded by Michael Jones [27].  These loads (Z shots 1994-1999) used 

essentially the same setup and load mass (~2.5mg) as the 65mm stainless steel arrays.  They 

were conducted by the Z facility to investigate high power x-ray sources and address machine 

development needs.  From Figure 11 we can see that the current delivery and convolute 

resistance are very similar to the results obtained with the stainless steel arrays.  The convolute 

resistance collapses to a value of ~0.69 ohms before remaining constant and then further 

decaying after the x-ray pulse. 

 
 

Figure 13.  Translated Stack Current / Convolute Current and Convolute Voltage 



29 

 

 
 

Figure 14. Convolute resistance with normalized total x-ray power pulse 

 

 

4.1.4. 65mm Nested Copper wire arrays. 
 

These experiments were fielded by Brent Jones [25].  Again, repeating the initial array setup of 

the 65mm stainless steel and tungsten array shots, these loads (Z shots 1975 and 1977) used 

approximately the same mass (2.58mg), although with a lower wire number (96 on 48).  Due to 

changes in the design of the power feed connecting convolute and load, these shots also had a 

smaller initial inductance (5nH).  From Figure 16 the convolute resistance is seem to collapse to 

~0.65 ohms, where it remains constant before further decaying after stagnation, essentially 

repeating the behavior of the other 65mm loads.  The time at which the convolute resistance 

collapses does however appear to be ~7 ns later than the previous results.  While the final 

convolute resistance does appear consistent with the other 65mm loads, this does potentially 

indicate that higher initial inductances may lead to an earlier "turn on" of the convolute current 

loss.  This shot series also included a heavier copper array (shot 1976) which used the same shot 

configuration, but had a total mass of 3mg (112 wires on 56).  Figure 17 compares the convolute 

loss resistance for these two different massed loads, demonstrating the same initial collapse to 

constant resistance.  The post stagnation decay is however later in the heavier shot, 

corresponding to the later implosion time.  This demonstrates the final decay of the convolute 

resistance correlates well with the x-ray pulse generated at stagnation. 
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Figure 15.  Translated Stack Current / Convolute Current and Convolute Voltage 

 

 
 

Figure 16. Convolute resistance with normalized total x-ray power pulse 
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Figure 17. Convolute resistance with normalized total x-ray power pulses for two 
different array masses 

 

 

 

 

4.1.5. Large diameter (50mm), low mass Aluminum arrays. 
 

These experiments were fielded by David Ampleford [23].  These are nested wire arrays that are 

2cm in height, with a 2:1 mass ratio between the outer and inner wire arrays.  For these 

experiments (Z shots 2334-2338) 176 wire outer arrays imploded on 88 wire inner arrays with a 

total load mass of 2.13mg.  Like the 70mm diameter stainless steel arrays these have relatively 

low mass, low initial inductance (5.2nH), and implode at high velocity to generate large final 

voltages.  However, the lower radiation loss rate of Aluminum, compared to Stainless Steel, 

results in a larger final pinch diameter and a much broader x-ray pulse.  From Figure 19 we again 

see the convolute resistance collapse before peak x-ray power, however it now continues to 

decay.  Previous results indicate the convolute resistance drops to a fixed value, remains 

constant, and then continues to decay after the start of the x-ray pulse.  These separate stages 

may not however be distinguishable in this case.  From previous results it seems plausible that 

radiation from the stagnation is initiating the late time decay of the convolute resistance.  

However in this case there is little separation between the convolute resistance collapse, and a 

stagnation that results in a very broad x-ray pulse.  It is possible that radiation from these loads 

may be initiating the late time decay of the convolute resistance sooner.  What we see as a 

continued decay of the convolute resistance may potentially be an artifact of the close proximity 

of stagnation to the onset of current loss.  Since, for this implosion, the convolute resistance is 

able to decay significantly over the duration of the x-ray pulse, we might be able to better 

maintain current delivery by better screening the convolute from load radiation. However, this 

would probably only benefit loads that resulted in very broad x-ray power pulses. 
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Figure 18.  Translated Stack Current / Convolute Current and Convolute Voltage 

 

 
 

Figure 19. Convolute resistance with normalized total x-ray power pulse 

 

 

4.1.6. Dynamic Hohraums. 
 

These experiments were fielded by James Bailey [15].  These experiments used nested wire 

arrays that are 1.2cm in height, with a 2:1 mass ratio between the outer and inner wire arrays.  
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For these loads (Z shots 2299-2302 and 2363-2367) 240 wire, 40mm diameter outer arrays are 

imploded on 120 wire, 20mm diameter inner arrays with a total load mass of 8.16mg.  While 

having a smaller initial radius they are only 12mm tall, so they have the lowest initial inductance 

(4.9nH) of the loads we study here. They have extremely high mass, imploding well after peak 

current, and stagnate upon a massive cylindrical foam target (6mm diameter, 14.5mg/cc) placed 

on axis.  The stagnation of the array onto the foam target creates a very uniform radiation source 

which is then used to drive additional experiments.  Given the high mass, and long implosion 

time, these loads have a relatively low implosion velocity, so the voltage they put over the 

convolute remains comparatively low.  As shown in Figure 21, the convolute resistance is seen 

to collapse to around 0.75 - 0.79 ohms, where it remains roughly constant until stagnation, after 

which it decays.  Compared to the previous loads we've looked at more variability is seen in 

these convolute resistances.  These resistances are significantly more sensitive to small errors in 

the b-dot measurements.  If convolute resistances are consistent between different loads, then the 

low voltages developed by dynamic hohlraum loads will drive a much smaller convolute loss.  In 

calculating the resistances we are therefore dividing by a small number (the current loss).  When 

the current loss is large (as in the previous light, large diameter loads), a few % error in the load 

b-dot measurement has little effect on the current loss calculated.  When the convolute loss is 

low, any small variation in the load b-dot measurement will have a much bigger effect.  Despite 

this, the convolute resistances are generally consistent, indicating the same collapse to constant 

impedance that is seen in other loads. 
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Figure 20.  Translated Stack Current / Convolute Current and Convolute Voltage 
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Figure 21. Convolute resistance with normalized total x-ray power pulse 

 

 

4.1.7. MagLif style liners 
 

These experiments were fielded by Ryan McBride [19,20].  The MagLif fusion scheme [21] 

recently proposed requires the implosion of a small cylindrical liner, which is hoped will 

compresses a preheated deuterium/tritium gas to fusion temperatures and densities.  In support of 

this concept a number of cylindrical beryllium liners have been imploded on Z.  The liners we 

look at here are 6.5mm tall, and have inner and outer radii of 2.89mm and 3.47mm [19] 

respectively. 
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These targets are also high in mass, so implode well after peak current.  They start from small 

radius, and so have a high initial inductance (7.2nH).  More recently they have been fielded with 

a longer, raised power feed to accommodate magnetic field coils intended to magnetize the load 

and suppress thermal conduction.  This has further increased the initial inductance (by ~0.8nH), 

and appears to have reduced the current delivered [20].  Since they are massive, and implode 

slowly they develop little voltage during implosion, but they do start and end at a very high fixed 

inductance.  Figure 21 and Figure 23 shows that the convolute loss resistances for the standard, 

and raised loads behaves quite differently to the previous wire array results.  The resistance is 

seen to continuously decay to a much smaller value.  It is the voltage over the convolute that 

typically drives the current losses through it, so these small convolute resistances are attributable 

to the current losses occurring at a time when the convolute voltage has dropped to a very low 

value. 

 
 

Figure 22.  Translated Stack Current / Convolute Current and Convolute Voltage for 
Z2105 

 



37 

 

 
 

Figure 23. Convolute resistance Z2105 
 

 
 

Figure 24.  Translated Stack Current / Convolute Current and Convolute Voltage for 
raised feed 
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Figure 25. Convolute resistance for raised feed 

 

 

4.1.8. 8cm diameter Krypton gas puff 
 

This shot was fielded by David Ampleford.  These gas puff loads are the largest loads that can be 

fielded on the existing convolute.  They are low mass, imploding at very high velocity, 

developing a large voltage from a rapidly changing inductance.  There is essentially no 

separation between the load and the entrance to the convolute.  Multiple b-dots were fielded at 

different locations for this experiment, and large variation between the different measurements 

lead to very large uncertainties in assessing the convolute resistance for this shot.  In a manner 

that will be discussed in more detail in section 5, using MHD simulations of the load implosion 

we determine a drive current that is consistent with the voltage measurements.  From this 

guidance, the convolute resistance we calculate here uses the b-dot measurement that most 

closely follows the load current inferred from the stack voltage.  This results in the convolute 

resistance behavior shown in Figure 27.  The convolute resistance collapses early and continues 

to decay to a low value.  In general the current delivery to this load appears to be poor, due to an 

extremely large convolute loss.  Although given potentially large uncertainties in deciding which 

b-dot was most representative of the load current, this convolute resistance may not be 

representative of the convolute behavior.  Hopefully future experiments may allow these 

conclusions to be refined. 
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Figure 26.  Translated Stack Current / Convolute Current and Convolute Voltage for  Kr 
gas puff 

 

 
 

Figure 27. Convolute resistance and normalized total power for Kr gas puff 
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4.2. Constructing a Generic Convolute Loss 
 

With the exception of the convolute loss resistance calculated for the MagLif liner implosions, 

and the Kr gas puff, the resistance behavior of the convolute appears to be remarkably consistent.  

At a point in the current rise the convolute resistance is seen to drop to a value of ~0.75 ohms, 

where it remains approximately constant until the load stagnates, after which it decays further.  

Representative resistances from the variety of different loads we've looked at are shown in 

Figure 28.  For reasons that will be discussed in more detail later, the MagLif liners and gas puff 

are not included in this comparison.  While the resistance behavior is consistent, there does seem 

to be some variation in the time at which the current loss begins.  For the shots we've examined 

Figure 29 plots the current loss start time against initial load inductance.  For this comparison, 

the time at which the convolute resistance collapses is defined as the time between the stack 

current reaching 7.48MA, and the convolute resistance dropping below 2 ohms. Over the range 

of initial inductances we've examined the resistance collapse time seems to be consistently 

~50ns, with a trend towards higher initial inductances resulting in an earlier resistance collapse 

time.  Figure 30 shows the range of load voltages which correspond to the convolute resistances 

calculated, showing that this behavior appears to remain consistent over a broad range of 

voltages. 

 

 
 

Figure 28. Convolute resistances for dynamic hohraum, 70mm stainless, 50mm 
Aluminium and 65mm stainless loads 
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Figure 29. Onset of convolute loss 

 

 
 

Figure 30. Convolute voltages corresponding to convolute losses 
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5. APPLICATION TO MODELING LOADS ON Z 
 

The GORGON code is a fixed grid, eulerian, finite volume code.  The calculations we discuss 

here were modeled with 150 micron cell size, modeling the full circumference and full height of 

each wire array.  Discrete wires are initialized as single cell regions of cold dense vapor.  This 

approach has been used successfully to reproduce the ablation structure experimentally observed 

in which a cold dense wire core serves as a mass source.  Material is ablated from these cores, 

and accelerated by the magnetic field towards the array axis.  When the wire cores are 

sufficiently depleted, the wire cores break up and the array implodes.  This setup lacks the 

resolution to self consistently reproduce the axial variation in this ablation structure that 

ultimately seeds the Magneto-Raleigh-Taylor instabilities that disrupts the implosion [11].  We 

therefore apply a randomly modulated, sinusoidal axial mass variation to the initial wire cores 

with a ~2% amplitude, around a wavelength based on experimentally observed mass variations.  

Logarithmic mass density plots of a typical, large diameter stainless steel wire array implosion 

are shown in Figure 31. Typical density plots for the implosion of large diameter stainless steel 

wire array. 

 

 
 

Figure 31. Typical density plots for the implosion of large diameter stainless steel wire 
array. 

 

Using a circuit model derived from the profiles described in section 3, and the convolute loss 

resistances described in section 4, we can attempt to drive these MHD simulations of the load 
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implosions with a realistic representation of the convolute current loss.  However, previous 

results on compact tungsten wire arrays found that consistency between electrical data and load 

performance could only be found with the assumption of an additional, undiagnosed current loss 

in the power feed connecting to the load.  That work assumed an electron flow current loss, but 

suggested no physical mechanism for how that current loss may develop and operate. 

 

For a 70mm diameter stainless steel load Figure 32 shows the power feed that connects the 

convolute to the load.  Because of the large initial array diameter this feed is very short.  Given 

the location of the load current monitor next to the convolute anode post, any current loss in the 

final feed would simply be regarded as current in the load.  The presently accepted mechanism 

for current loss in the convolute is plasma collecting in the cathode post hole expanding across 

the gap and connecting with the anode post in the location indicated in Figure 32.  When current 

is carried by plasma in this location it will be accelerated upwards towards the load.  Given our 

acceptance that plasma can collect and form in the convolute and form a multi-MA current loss, 

it seems reasonable to assume that a comparable loss might be formed if a low density plasma 

was able to collect between a comparable anode-cathode gap further downstream.  Specifically, 

if low density plasma, ejected from the convolute were to collect in the feed that connects to the 

load we might form an additional and comparable resistive loss in this location.  This would 

assume that the additional current loss in the feed would begin at roughly the same time as the 

convolute current loss. 

 

 
 

Figure 32. Convolute and feed section 
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To allow for this kind of current loss we modify the circuit connecting to the load by including 

an additional resistance to ground separated from the convolute loss resistance by the inductance 

of the top section of the convolute.  We assume that the feed loss follows the behavior of the 

convolute current loss.  Specifically, we assume that the resistive loss "turns on" in a similar 

way, and then decays to a fixed resistance, we simply assume that the feed loss is the convolute 

loss multiplied by a constant scaling factor.  Applying this to our circuit/MHD model, we can 

modify this scaling factor to try and better match the experimental electrical data. 

 

 

5.1. Low mass 70mm stainless steel wire arrays 
 

We start with the 70mm diameter stainless steel wire array described in section 4 (specifically 

shot Z2236), using the convolute loss that was characterized for this shot.  Figure 33 compares 

the simulated stack and load currents with the measurements.  Agreement is generally good 

throughout the current rise.  The structure seen in the differences between stack and load currents 

at early time are the result of finite propagation times down the 4 different length transmission 

lines.  Reproducing this structure highlights the advantage of using a circuit model that can 

accommodate these finite propagation time effects. 

 

While we agree through peak current, in the final stages of implosion, to prevent our simulated 

currents dropping too quickly compared to the experiment, we allow for a small amount of 

additional current loss in the final feed.  This effect is small for this load, for reasons that will 

become apparent in subsequent comparisons we include it at this stage. 

 

For our large diameter stainless steel array the feed loss was calculated from the convolute loss 

using a scaling factor of 3.3 to produce currents shown in Figure 33.  In addition to the load and 

stack currents we also show a convolute current that represents the current as seem at the b-dot 

location.  i.e the current measured between the convolute current loss and the feed current loss.  

The stack current definition remains unchanged, and the load current still refers to the current 

actually flowing in the wire array or liner load. 
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Figure 33. Current Comparison for stainless steel 70mm shot Z2236 

 

 

5.2. 65mm Stainless Steel Load 
 

We now compare simulated and measured stack and load currents for the heavier 65mm stainless 

steel wire arrays discussed in section 4.  Specifically we model shot 1860.  Neglecting the feed 

loss, and applying only the convolute current loss the comparison between measured and 

simulated currents is shown in Figure 34.  The discrepancy hinted at in the 70mm stainless steel 

array is now much more apparent.  Introducing an additional feed loss, which we again calculate 

as the convolute resistance multiplied by a scaling factor, we find a scaling factor of 1.4 results 

in the currents shown in Figure 35. Current Comparison with additional feed loss stainless steel 

65mm shot Z1860.  Agreement is significantly improved, where we now require an additional 

~4.5MA of current loss at stagnation to provide consistent agreement with the electrical data. 
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Figure 34. Current Comparison for stainless steel 65mm shot Z1860 

 

 
Figure 35. Current Comparison with additional feed loss stainless steel 65mm shot Z1860 

 

 

 

It is conceivable that these differences in current delivery actually reflect some aspect of the 

implosion and stagnation not adequately captured by the MHD model.  It is however interesting 
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to note that relatively dramatic changes to the implosion physics have little effect of the electrical 

response of the load.  As an example we can compare a 3D full volume MHD calculation, with a 

2D shell like implosion.  The 2D calculation models the implosion in a plane perpendicular to 

the array wires, so is able to reproduce the same wire ablation behavior as the 3D calculation, but 

since it assumes axial uniformity it does not allow for the development of MRT instabilities.  As 

a result, we have a much more uniform, shell like implosion.  Density profiles from these two 

calculations are shown in Figure 36, and the electrical behavior is compared in Figure 37. 

 

 
 

Figure 36. Density profiles 2D vs. 3D 

 
 

Figure 37. Comparison of currents between 2D (blue) and 3D (red) 

 

 

While this is an extreme example it does illustrate a certain insensitivity of the circuit response to 

the details of the implosion physics, and provide us some confidence that discrepancies between 



49 

 

currents delivered may lie elsewhere.  Certainly modifications to some of the assumptions made 

in the physics models can affect little change to the final circuit response.  The circuit response is 

mainly a reflection of the implosion trajectory, and as such it is, to first order, simply a reflection 

of the mass imploded by the force applied. 

 

Energetically this simulation produced a total yield of 1.5MJ in the main x-ray pulse, which is 

still consistent with the ~1.4MJ experimentally measured in the main pulse. (Although we note 

that this experiment radiated an additional 0.4MJ in a long tail to the power measurements which 

extended beyond the end of our simulation).  A K-shell yield of 26kJ was recovered in this shot, 

which was low compared to experimental results of 34 – 47kJ recovered in experiments with this 

configuration.  That is not however unusual for calculations run at the relatively coarse 

resolution of 150microns used here.  If we neglect the feed loss, then the total yield can rise by 

~15%, but the K-shell yield can be as much as ~50% higher.  High photon energy emission is 

considerably more sensitive to changes in the temperature, so does stand to benefit if more 

kinetic energy can be supplied to the plasma in the final stages of implosion. 

 

 

5.3. 65mm Copper load 
 

Remaining with 65mm diameter arrays we can now compare a very similarly massed copper 

wire array, discussed in section 4.  Specifically Z shot 1975.  For this implosion we find  that a 

convolute resistance scaling factor of 2.5 is required to model the feed loss and match to the 

electrical data.  This indicates less of a final feed current loss than evident in the similarly 

massed stainless steel implosion.  This is partly evident in the experimental b-dot measurements 

themselves, where the copper current signal is pulled lower, later in the implosion.  This is 

indicative of a higher voltage at the load.  For an otherwise identical implosion, this would 

indicate a higher current reaching the actual load region.  The copper wire arrays did have a 

lower wire number, which may have altered implosion symmetry, but given the large initial array 

radius they are all in the limit of large inter-wire gaps to initial wire diameters.  i.e. they can all 

be expected to ablate as discrete wires without merging into a more azimuthally uniform shell.  

The other difference that distinguishes the copper wire array implosion from the stainless steel 

and tungsten implosions, was a redesign to the final feed that connects to the load.  This will be 

discussed in more detail later, but the fact a different feed design has resulted in a different 

required feed current loss is potentially revealing. 
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Figure 38. Comparison of currents Z1975 Copper Array 

 

 

5.4. 50mm Aluminum Load 
 

Progressing to smaller initial array radius we now compare simulated and measured stack and 

load currents for the 50mm, Aluminum wire arrays.  In this instance we find we need a feed loss 

scaling factor of 2 to reproduce the electrical performance seen through comparison with the load 

currents. 
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Figure 39. Comparison of currents Z2337 Aluminum Array 

 

 

5.5. 40mm Dynamic Hohlraum Load 
 

Modeling the 40mm diameter dynamic hohlraum loads we again find similar behavior, with a 

feed loss scaling factor of 1 is now required to match to the electrical measurements as seen in 

Figure 40 for two different masses corresponding to Z shots 2299 and 1898 

 

 
 

Figure 40. Comparison of currents for dynamic hohlraum loads 
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5.6. Correlation of feed loss performance with hardware geometry 
 

Given that different scaling factors are required to rescale the convolute loss to provide the 

necessary amount of feed loss, we can compare these scaling factors for the different feed 

geometries fielded.  This is shown in 

 
 

Figure 41. Feed loss profile compared to convolute loss scaling factor 

 

Higher scaling factors are indicative of smaller feed losses.  In general we find that the amount of 

feed loss requires, increases for increasing feed length.  Additionally, feed loss appears to be 

exacerbated by a tight radius of curvature in the transition from horizontal to vertical feeds where 

the load height is raised.  If plasma is moving into the feed section this indicates that certain 

geometries may make the resulting current loss worse. 

 

5.7. MagLif Beryllium Liners 
 

We now turn our attention to simulations of the MagLif style, small diameter beryllium liners.  

We consider two different configurations which utilize two different power feed designs.  As 

previously noted in section 4 these loads exhibited convolute loss behavior unlike the previous 

wire array implosions.  Furthermore, as the feed inductance was increased the current loss 

appeared to get considerably worse.  Previous simulations of the implosion of these liners have 

demonstrated good agreement between the density distributions simulated and those measured 

through radiography of the imploding load [20].  This gives us some confidence that we can 
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accurately simulate these loads, and reproduce the MRT instability structures that disrupt these 

implosions. 

 

Beginning with the lower inductance power feed (Z shots 2105 and 2172 discussed in section 4) 

we can take the experimentally determined convolute loss resistance and use it to drive a 

simulation of the liner implosion.  For these calculations we neglect any additional power feed 

losses.  This results in the stack and load currents shown if Figure 42.  

 

 
Figure 42. Liner driven with measured convolute loss 

 

 

The implosion of the wire array loads typically resulted in simulated currents lower than 

measurements, as the high implosion voltage drove significant current losses.  If these losses 

were not properly accounted for too much current reached the load region, driving an 

anomalously high voltage, which pulled the simulated currents down low.  Our simulated liner 

implosions seem to be having the opposite problem.  When we assume the convolute loss 

resistance calculated from the experiment, too little current appears to be reaching the load.  The 

late time load voltage is not high enough, allowing the generator to deliver too much current to 

the load.  The simulated stack and load currents are therefore coming in too high, as shown in 

Figure 42.  If instead of using the circuit model and measured convolute loss, we now drive our 

load calculation with the measured convolute voltage, we will drive a current through the load 

that is consistent with that voltage. 
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Figure 43. Voltage driven liner calculation 

 

This load current is shown if Figure 43, and is seen to be significantly higher than the current 

measured at the exit to the convolute.  This implies that for the load calculation to be consistent 

with the stack voltage and current measurements, the b-dot at the convolute must not be 

representative of the current delivered to the liner.  Previous simulation work by D. Rose [17] 

has indicated that in some situations b-dots in the vicinity of the convolute can be struck by 

electron flow electrons which can result in poor signals.  Looking in more detail at the load b-dot 

signal, at late time it clearly rises far above the stack current.  At this point it has obviously 

failed.  At earlier times, in the simulated load current there is a clear signature of the stagnation 

of the array on axis.  In the stack voltage measurements (Figure 22)  this is discernible as a small 

rise in the voltage.  It is therefore suspicious that there is no discernible feature in the measured 

load current at this time.  We instead assume the b-dot measurement is in error, and that the 

simulation driven by the measured voltage is accurately reproducing the true load current.  From 

the measured stack current, stack voltage, and simulated load current we can therefore attempt to 

reconstruct what the convolute loss resistance should have been for this shot.  This is shown in 

Figure 44, where it is compared to "measured" convolute resistance discussed in section 4, and to 

the convolute resistance taken from one of the dynamic hohraum loads. 

In section 4 the convolute resistance from this liner implosion was unusual in that it didn't seem 

to fit the pattern established by other imploding loads.  If we instead use a load current that is 

consistent with both the simulated liner implosion, and the measured stack voltage, then we 

actually find that the convolute resistance closely follows the pattern established by the other 

imploding loads. 
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Figure 44. Reconstructed convolute resistance (blue), measured resistance (black), 

dynamic hohlraum resistance (red) 

 

In fact, we find that consistency between stack measurements and load simulation implies that 

the current delivery to these loads is excellent, which for these loads is not surprising.  It is true 

that the initial inductance of these small diameter liners is high, but at this time the convolute 

resistance has not collapsed.  At later times the convolute voltage has dropped considerably 

(Figure 22).  With these slowly imploding liners there is little contribution to the voltage from 

the rate of change of inductance.  The fixed inductance is high throughout, but only contributes 

significantly to the voltage when the rate of change of the current is high at the start of the 

current rise.  As the liner implodes, the voltage over the convolute is low, so if the convolute 

resistance was behaving in the same way as other experiments, then the resulting current loss 

would be very small.  It is partly for this reason that we do not attempt to include any additional 

power feed current loss.  If an additional loss, similar to those inferred on other experiments, 

were located in the feed, then the voltage is probably too low to drive a meaningful current 

through it. 

 

We apply a similar analysis to the shot which used the higher inductance, raised power feed [19].  

Simple comparison of the measured load currents between these lower and higher inductance 

feeds implies that a small, ~0.8nH increase in the initial inductance has created a large difference 

in convolute performance.  (Figure 22 and Figure 24) Driving a simulation of this liner implosion 

with the convolute resistance measured from this experiment results in a larger discrepancy 

between measured and simulated currents as shown in Figure 45.  If we instead assume the 

convolute performance is standard across all these loads then the resulting simulated stack and 

load currents are shown in Figure 46.  The stack current now more closely follows the 

measurement, and the current delivery to the load is again excellent.  Comparing the simulated 

and measured convolute voltages finds they are also in good agreement (Figure 47), indicating 

this choice of current delivery and convolute resistance is also consistent with the stack voltage 

measurements. 
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Figure 45. High initial inductance liner calculation using measured convolute loss 

 

 
Figure 46. High initial inductance liner calculation using standard convolute loss 
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Figure 47. High initial inductance liner voltage using standard convolute loss 

 

 

This implies that the small increase in initial load inductance resulting from raising the power 

feed, made very little difference to the convolute performance, or current delivery to the load.  

This conclusion is actually supported by just examining the data.  If we compare stack voltages 

and currents between the lower and higher inductance feeds then we find they agree closely 

(Figure 48).  If the convolute loss were significantly worse for the raised power feed then we 

would expect the stack current to be higher, as the generator essentially sees something that 

looks more like a short circuit.  When convolute loss increases it is not just the load current that 

goes down, the stack current would also increase in response to this.  The fact that this does not 

occur further indicates that we likely have a problem with the current measurement at the exit to 

the convolute. 
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Figure 48. Stack and convolute current and voltage measurements for lower (red) and 
higher (black) inductance liner feeds 

 
 

 

5.7. Gas Puffs 
 

We specifically examine the implosion of a Kr gas puff fielded by David Ampleford, although 

the conclusions seem applicable to other gas puff loads that have been fielded on Z.  These 8cm 

diameter gas puffs are the largest loads that can be fielded in the convolute we discuss here.  For 

the Krypton shot (Z2383) multiple different styles of B-dot were fielded resulting in a large 
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spread in possible load currents.  Again we appeal to simulations, and drive an MHD simulation 

of the load with the measured convolute voltage, to recover a load current consistent with that 

voltage.  This is shown as the black line in Figure 49. 

 

 
Figure 49. Current delivery to Kr gas puff 

 

Picking the b-dot that most closely agreed with this signal we constructed the convolute loss 

resistance previously discussed.  This convolute resistance appears significantly lower than 

measured for the wire array loads, or now inferred in the liner loads.   It is however consistent 

with simulation results, convolute and stack measurements, and one of the b-dot styles fielded.  It 

should be noted that the larger current signals here actually rise significantly above the translated 

stack current measurements, indicating a potential calibration issue with this style of B-dot.  

Furthermore, the lower current delivery indicated by the simulations, still provides radiated 

yields consistent with experiment.  It is therefore possible, that for the gas puff loads fielded so 

far, the convolute performance is actually worse than for other loads on Z.  Examining the 

hardware for this shot in Figure 50, possible reasons for this may be associated with the large 

initial gas puff diameter. 
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Figure 50. Gas puff connection to convolute 

 

The outside edge of this load sits on the edge of the convolute, and has a direct line of sight 

down into the convolute.  Radiation from the initial breakdown and the start of the implosion of 

the gas puff may be able to directly irradiate the convolute, ultimately resulting in a higher 

convolute loss.  Alternatively, gas from the puff itself may be able to drift into parts of the 

convolute.  It is hoped that more data from subsequent experiments will resolve further our 

understanding, but the initial interpretation is that current losses and convolute performance are 

worse for these shots.  
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6. CONCLUSIONS 
 

 

Through requiring consistency between load calculations and generator electrical diagnostics we 

arrive at the following conclusions: 

 

1 - Behavior of the Convolute is consistent and reproducible for short pulse Z experiments, 

maintaining the same resistance despite large differences in voltage and current loss. 

 

2 - Additional Current losses may be present in the inner MITL feed. 

 

3 - The B-dots used in liner experiments may not be accurately representing the late time current 

delivery. 

 

4 - Current delivery to MagLif liner targets is very good, consistent with its low, late time load 

voltage. 

 

5 - The convolute is able to robustly support high initial inductance liner loads. 

 

6 - Existing gas puff experiments seem to exhibit poor convolute performance and high current 

losses. 

 

From comparison of a number of different loads on Z, it seems reasonable to conclude that the 

behavior of the convolute is robust and reproducible.  For the implosion of many wire array 

loads, a reproducible convolute does not necessarily guarantee you can accurately determine the 

current delivered to the load.  While it is always desirable to be able to separate a problem into 

discrete parts, with regards to the convolute and inner MITL feed this may not be possible.  

Many results are consistent with an additional current loss in the system.  It has been postulated 

here that this additional loss may result from plasma in the convolute migrating further into the 

power feed.  We generally accept that low density plasma can create a short in the convolute able 

to support several MA of current. JxB acceleration of this low density convolute plasma would 

likely direct it towards the power feed, which is a very short distance from the convolute loss 

location.  It does not seem unreasonable to conclude that plasma driven current losses may be 

more prevalent, and not solely confined to one convolute location.  However, there currently 

exists no direct experimental confirmation of the existence such plasma.  Given apparent 

correlations between power feed design, and the magnitude of additional loss, a straightforward 

test could be conducted by reshaping the power feed to a dynamic hohlraum load.  Hopefully we 

would affect some change in the electrical data returned.  While additional loss would unlikely 

be eradicated, if a difference were observed it could confirm the existence of some loss in the 

power feed. 

 

Current measurements made for the high initial inductance liner loads seem inconsistent with 

simulated load voltages.  If these current measurements are indeed questionable, then the 

convolute performance for these shots is consistent with the convolute performance for many 

other shots with comparable voltage time histories.  If this is true, then we may have 
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underestimated the initial load inductance that the convolute can support, and may have more 

flexibility to increase the load inductance of these loads if necessary. 

 

Based on an extremely limited number of shots, the convolute performance for large diameter 

gas puff loads does appear to be worse.  This may be indicative of either gas, or radiation making 

it into the convolute.  Given the large initial load diameter, and an essentially clear line of sight 

between load and convolute, this does seem plausible.  If poor current delivery is observed in 

subsequent shots then some redesign of the gas puff loads to better separate the load and 

convolute may be beneficial. 
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APPENDIX - COUPLING OF CIRCUIT MODEL TO MHD CODE 
 

The circuit model discussed here is applied to the resistive MHD code GORGON.  A series of 

lumped circuit element transmission lines are coupled together through a series of convolute 

inductances, through to the load region.  The convolute loss is applied as a resistor to ground at 

the connection between the A level MITL and the convolute. 

 

A similar approach was previously attempted to model the implosion and stagnation of compact 

wire arrays on the Z generator prior to, and shorty after its recent refurbishment [4].  The details 

of how the equivalent circuit was created, integrated, and coupled to the load model have 

however been modified as discussed below, to make this approach applicable to a wider variety 

of loads imploded on Z. 

 

The approach we now take is to couple the load and circuit model through a number of stages.  

This ensures we are able to accurately represent discrete parts of the problem, accounting for all 

the inductances in the system, whilst enabling us to sub cycle parts of the problem from one 

another to reduce computational overhead. 

 

The discrete stages into which we divide the problem are: 

 

MHD model of the imploding load 

Short radial transmission line to start of feed 

Inductance representing final feed 

Transmission line coupling inductances (the convolute) 

4 Radial transmission lines from water section to convolute. 

 

Effective computational modeling of realistic loads fielded on the Z generator is complicated by 

the need to model the evolution of dense plasmas surrounded by large regions of vacuum.  The 

GORGON MHD code overcomes this problem by essentially modeling the vacuum and plasma 

regions separately.  We use an explicitly integrated electromagnetic field solver to model the 

propagation of electric and magnetic fields through vacuum regions, and then allow these 

equations to relax to a magnetic field diffusion scheme as the resistivity rises in the plasma. 

The use of an explicit integration scheme makes the distribution of the problem over parallel 

computers quite trivial.  Unlike more typical resistive MHD schemes in which the vacuum is 

modeled as a region of high resistivity, we are also able to more effectively exclude current from 

vacuum regions.  We do however have to operate on small time steps dictated by the speed of 

light transit time across a computational zone.  Because of this we typically sub cycle the field 

solver on a smaller time step than that set by the hydrodynamics, so as to reduce the runtime of 

our calculations.  We apply boundary conditions by setting the magnetic field at a certain radius, 

then integrating the electric field at that radius to recover the voltage.  Once set electromagnetic 

waves may propagate the field across the vacuum to the plasma.  The circuit model we use to 

supply the current and set the magnetic field at the boundary must be able to respond to the 

changing voltage at the same boundary location, so has to be sub cycled with the field solver.  

This requirement means that care must be taken to ensure the runtime of the calculation is not 

significantly increased.  It is for this reason that the circuit model we apply is separated into 

stages. 
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Given the plasmas we implode are typically surrounded by vacuum the first, short radial 

transmission line we couple to the computational volume has to couple to this vacuum region.  

The electromagnetic field solver we use is a standard leap-frog wave equation integration 

scheme.  Given the 3D problems we typically model, we set the magnetic field and monitor the 

voltage on a circular boundary surrounding the problem.  To reduce our computational volume 

we set this boundary at as small a radius as the problem will allow.  The first radial transmission 

line we couple into therefore serves two purposes.  Firstly, it azimuthally averages any variation 

to the fields surrounding the problem to form a single transmission line.  Secondly, it enables us 

to extend our solution domain out in radius, to ensure we always couple to the rest of the circuit 

model at the same radial location.  Since this line is 1D, little computational overhead is 

incurred, and it provides a simple way to ensure all inductances are properly accounted for by 

standardizing the circuit model coupling location, while allowing the MHD boundary to vary.  

 

This short radial feed section connects to an inductor representing the feed connecting the 

convolute to the load, which then connects to the convolute coupling inductances.  All these 

sections are sub cycled with the field solver, using the same leapfrog integration scheme applied 

to the electromagnetic field integration.  The 4 transmission lines that connect to the convolute 

are then implicitly integrated on the time step set by the hydrodynamics. 
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