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Determination of the inductance of imploding wire array Z-pinches using

measurements of load voltage
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The inductance of imploding cylindrical wire array z-pinches has been determined from
measurements of load voltage and current. A thorough analysis method is presented that explains
how the load voltage of interest is found from raw signals obtained using a resistive voltage
divider. This method is applied to voltage data obtained during z-pinch experiments carried out on
the MAGPIE facility (1.4 MA, 240ns rise-time) in order to calculate the load inductance and
thereafter the radial trajectory of the effective current sheath during the snowplough implosion.
Voltage and current are monitored very close to the load, allowing these calculations to be carried
out without the need for circuit modelling. Measurements give a convergence ratio for the current
of between 3.1 and 5.7 at stagnation of the pinch. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4794957]

I. INTRODUCTION

Simultaneous, independent measurements of z-pinch
load voltage and current allow the electrical power being
delivered to the load by the generator to be calculated. More
specifically, these measurements allow for load resistance
and resistive energy deposition to be determined, as well as
load inductance and the associated energy stored in the mag-
netic field. This goes some way to calculating the energy bal-
ance of the complete z-pinch system, which will also include
components from radiation and the kinetic energy of the
dynamic plasma. Energy deposition and inductance measure-
ments are very important for the understanding and design of
many z-pinch loads. Such measurements have been carried
out on cylindrical wire arrays,'™® gas-puffs,” inverse arrays,®
and radial foil z—pinches.9

A new electrical probe for making z-pinch load voltage
measurements has been designed, calibrated and fielded on
the MAGPIE generator,10 a 1.4 MA, 240ns rise-time pulsed-
power device at Imperial College London. The general
expression for the voltage drop across a z-pinch load is the
following:

Vieaa(t) = L(t) d{T(tt) +1(1) dI?TEf) +I1(t)R(¢). (1)

Note that the load inductance, L, and the load resistance, R,
are in general time-dependant. The first two terms in Eq. (1)
result from the rapidly changing magnetic flux threading the
load/return post structure. For an imploding z-pinch load
fielded on the MAGPIE generator these terms can reach over
100kV each due to the fast-rising MAGPIE current
(~5.5 x 102 A/s) and the rapidly changing geometry of the
current path during the final implosion of a wire array.
Voltage measurements that are sensitive to the first two
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terms allow one to calculate the inductance and instantane-
ous magnetic energy stored in the load (LI?/2). The third
term represents the resistive voltage drop across the load.
Sensitivity to this term allows one to calculate the load re-
sistance, energy deposition through Joule (resistive) heating
(flszt) and the time of plasma formation. A voltage probe
is required that is sensitive to all three voltage components.
In addition, a suitable probe will have a fast response and be
capable of resisting electrical breakdown upon application of
a few hundred kV in an intense UV radiation environment.

In the context of this paper, voltage and current measure-
ments are used to determine the load inductance and thereafter
the effective radial trajectory of the current sheath in imploding
cylindrical wire array z-pinch loads. Inductance measurements
have been carried out previously on both the Z facility>*°
(20MA, 100ns rise) at Sandia National Laboratories in the
US and on the Angara-5-1 facility3 (5 MA, 250ns) in Russia.
In previous cases, however, the load voltage and/or the load
current were monitored at significant distances from the load
itself. This can cause complications arising as a result of cur-
rent losses in vacuum power feeds to the load, occurring
between the point of voltage measurement and the load itself.
In addition, the instant of resistive breakdown of the wires
early on in the current pulse was not directly measured in pre-
vious work involving inductance measurements. This will
have a subtle effect on inductance unfolds.

In experiments described in this paper, the voltage was
monitored directly at the high voltage (HV) side of the wire
array, removing the need for circuit modelling and the possi-
bility of undiagnosed current losses. The determination of
the true load voltage from the voltage on the probe is not
trivial, and we therefore provide a thorough explanation of
our analysis method. We note that voltage measurements
obtained with a direct connection to the HV electrode of
a gas puff z-pinch load on the Saturn generator at Sandia
(6 MA, 300ns rise) were described in Ref. 7. However, an
analysis routine that properly takes into account the mutual
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inductance of the load and voltage probe current loops has
not previously been described in sufficient detail.

The remainder of this paper is structured as follows:
In Sec. II the design of a new resistive voltage divider is
described, together with a test of its operation. In Sec. III we
present general voltage characteristics of wire array implo-
sions. In Sec. IIT A the analysis method used for determining
load voltage and inductance is presented. Finally, in
Sec. III B, trajectories for the radius of the current sheath dur-
ing the final implosion of aluminium (Al) wire array loads are
unfolded from inductance measurements and compared to
implosion trajectories inferred from optical streak images. We
find the time for the beginning of the implosion well
correlated between electrical and optical streak diagnostics.
We also find the average current convergence ratio to be
between 3.1 and 5.7, poorer than the convergence of visibly
radiating matter suggested by streak images.

Il. DESIGN AND TESTING OF THE VOLTAGE DIVIDER
A. Design

The voltage probe was designed along the lines of a
resistive/capacitive divider that was previously described by
Pellinen'' and later developed and fielded on the Saturn gen-
erator.” It operates under vacuum, very close to the z-pinch
load, and is capable of functioning beyond the point of peak
radiated power generated by the implosion. The probe con-
sists of two stages of voltage division as shown in the dia-
gram in Fig. 1. The first stage provides geometric division
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FIG. 1. (a) Section computer-aided design (CAD) image of the voltage
probe showing the primary geometric division stack. (b) Enlarged section
CAD image of the voltage probe, including a schematic for the secondary di-
vider inside the ground electrode.
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along a stack of alternating annular acrylic insulators and
stainless steel grading rings that enclose a cavity filled with
resistive copper sulphate solution. For this type of voltage
divider, uniform field division should occur for all input
frequencies. Therefore, recorded pulse shapes are not dis-
torted by frequency filtering. The ~30 cm long stack is com-
pressed with an axial nylon bolt. The resistance of the stack
is ~400 Q; this is much larger than the load resistance, typi-
cally no more than a few Q in the present experiments, so
current loading should be negligible. The voltage across the
last stage of the primary column (1/20th of the total voltage
across the length of the stack) is tapped off onto a secondary
divider made from conventional solid state resistors. The
series resistance of the secondary divider (~1 k€) is much
greater than that of the last stage in the primary column
(~20 Q); this ensures that the exact concentration of the cop-
per sulphate solution has a negligible effect on the final divi-
sion ratio of the probe. The total attenuation factor for the
combined stages of the probe is 1:1600. The rise-time of the
probe has not been measured experimentally. However, it
has been estimated from the probe geometry and through-
resistance to be approximately #.;, = 2.2RC ~ 1.3 ns. This
is adequate even for the short lived (~20ns) resistive phase
of wire array z-pinches fielded on the MAGPIE generator.

B. Test of voltage probe operation using
a non-imploding load

The voltage probe attenuation was checked against
Rogowski groove current monitors during a short circuit
MAGPIE experiment. The short circuit load consisted of a
solid, 8 mm diameter steel post, concentric with 4, evenly
spaced current return posts, at a radius of 77.5 mm from the
symmetry axis. The load has a constant inductance, Lg,,,,,, as
it cannot implode, and a very small resistance due to its large
cross-sectional area and surface area. The voltage across the
short is therefore given simply by

dlshorl (t)

Vishort (t ) = Lgport dt )

2
where I, is the current through the axial load.

The voltage probe is sensitive to some fraction of Vi,
dependant upon the amount of time-dependant magnetic flux
that it samples: The HV connection of the probe with the
load forms a current loop, and the size and position of
the loop (essentially its inductance) determine the fraction of
the total load voltage that is sampled by the probe. Rogowski
groove current monitors, routinely fielded on current return
posts during MAGPIE experiments, are only sensitive to
dl/dt. The redundancy of these two diagnostics on this type
of load was used to check the voltage probe attenuation.
The Rogowski grooves have themselves been absolutely
calibrated using a continuous-wave Faraday rotation
diagnostic.'?

The voltage probe was fielded vertically and end-on to
the load as shown schematically in Fig. 2(a). Using this con-
figuration, the magnetic flux threading the area shown in
green could be calculated geometrically, assuming no mag-
netic flux exists above the level of the “top plate” in the
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FIG. 2. (a) Side-on schematic for the fielding of the voltage probe during a
short circuit calibration experiment. The voltage probe is fielded vertically
and end-on to the load, supported by brass posts that connect to the “top
plate” of the load hardware. Magnetic flux threading the green plane gener-
ates a voltage across the probe. (b) End-on schematic showing the orienta-
tion of the voltage probe connection relative to the current return posts.

figure. The magnetic flux threading the plane of the HV
connection is purely azimuthal if the connection is made
midway between two current return posts, as shown in
Fig. 2(b). The radial distribution of the magnetic field was
calculated using equations found in Ref. 13 for the field gen-
erated around arbitrary distributions of parallel conducting
wires and includes contributions from all four return posts
and the axial load. This field was used to calculate the in-
ductance of the loop, L., The ground electrode of the
voltage probe was connected to the “top plate” of the load
hardware, a position not strictly at ground. The coaxial cable
from the probe to the vacuum chamber bulkhead was there-
fore given some inductance to prevent the outer conductor
from drawing current. Two Rogowski groove probes were
fielded on opposing (180° apart) return posts.

The voltage required to push the observed di/dt, as
measured by the Rogowski probes, through the theoretical
inductance of the green loop in Fig. 2, was compared to the
product of the raw voltage probe signal, V77, , and its theo-
retical calibration, C (where C =1600). The results of this
experiment are shown in Fig. 3. The voltage probe and
Rogowski traces agree to within 10% until voltage reverses
at ~280ns. At this point the asymmetric insulating rings of
the voltage probe become less effective; this could lead to
breakdown and the corresponding divergence of the voltage
probe and Rogowski signals.

lll. LOAD VOLTAGE AND INDUCTANCE DURING
CYLINDRICAL WIRE ARRAY IMPLOSIONS

The voltage probe has been fielded on cylindrical wire
array loads for measurements of resistance and time-dependent
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FIG. 3. Results from a cross calibration test between Rogowski grooves and
the voltage probe. The voltage probe and Rogowski signals are in good
agreement until voltage reversal (at 280 ns in this case).

load inductance. To measure the voltage during the implosion
phase the probe is mounted side-on to the load with the high
voltage electrode connected just below the array and the
ground electrode bolted to the wall of the vacuum chamber, as
shown schematically in Fig. 4(a) and in the photograph in
Fig. 4(b). Note that both the voltage probe and Rogowski
groove current monitors take measurements very close to the
load; this is necessary to avoid having to use generator circuit
models in the unfolding of raw signals, as was described in
Refs. 2, 5, and 6. The line of sight from the pinch to the probe
is blocked to protect against breakdown induced by UV pho-
tons from the load. With this arrangement, a combination of
both the resistive voltage drop across the load and the time-
dependant magnetic flux threading the green closed loop will
generate a voltage across the probe. During these experiments,
the standard MAGPIE diagnostics suite was also employed.
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FIG. 4. (a) Schematic showing the complex nature of the voltage probe con-
nection when fielded to monitor load voltage during the implosion of a wire
array z-pinch. (b) Photograph of the voltage probe inside the MAGPIE load
chamber.
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This includes 2-frame, 532 nm laser probing (shadowgraphy,
schlieren, and interferometry channels), an optical streak
camera, 4-frame extreme ultraviolet (XUV) cameras, and a
5-channel diamond photo-conducting detector (PCD) pack.
Fig. 5 shows the typical voltage drop across a wire array
load as measured by the voltage probe, along with the corre-
sponding signal from a return post Rogowski groove. The
Rogowski groove signal has been multiplied by L, the
initial, geometric inductance of the array. There is a fast
spike in the voltage signal at early times, superimposed on a
slowly varying rise. This 20ns, ~70kV peak is attributed to
increased resistance caused by Joule heating of the wires and
subsequent breakdown upon plasma formation on the wire
surface. We call this early time behaviour the resistive phase
of the wire array implosion. The resistive voltage compo-
nent, Vi, can be roughly separated from the total array volt-
age by subtracting Lodl/dt from the total voltage trace.
Using the peak resistive voltage and an accompanying cur-
rent measurement (obtained by numerical integration of the
Rogowski di/dt signal), the peak resistance of this particular
array (4 x 50 um Al alloy 5056) is found to be (1.4 = 0.2) Q.
Interestingly, this value is close to the resistance (1.3 Q) of
an array with the same dimensions, but with an average re-
sistivity equal to that of pure Al at the boiling temperature,
2790K. The amount of Joule heating occurring up to the
time of peak resistance is estimated from the integral [/Vgdt
(using measured current and voltage) to be 8—14J. For com-
parison, the energy required to bulk heat the array mass to
the vapour phase, at boiling temperature, is 6.2J. Given that
the wires are unlikely to be heated uniformly, we can say
with some confidence that enough energy has been deposited
for conducting plasma to be formed on the wire surface. The
strong resistive signature in the array voltage therefore gives
us an accurate measurement of the time for plasma forma-
tion. There is a relatively large error in the Joule heating
measurement because the probe measures the total load volt-
age. It is not possible to separate the resistive voltage compo-
nent from the inductive components with a high degree of
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FIG. 5. Graph showing the typical voltage drop across a cylindrical wire
array z-pinch. The black line shows the total load voltage. The red line
shows the dI/dt component of the load voltage as measured by a return post
Rogowski groove probe. The two signals differ during the resistive and im-
plosion phases. The load consisted of 4 x 50 um Al wires, on an 8 mm ra-
dius. Shot number: s1214_09.
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accuracy. A more accurate method is to record only the
resistive voltage component in the first instance. A suitable
method for achieving this, at early times in the drive current
pulse (before the implosion begins), is explained in Ref. 1,
wherein load resistance and resistive heating are determined
for wire arrays driven by the Angara-5-1 facility. Such meas-
urements have also been carried out during MAGPIE experi-
ments, using the same probe described in Sec. Il A. These
will be described in a future publication.

After breakdown of the wires and formation of plasma,
the resistance will be negligible for a significant fraction of
the implosion, and an inductive voltage drop dominates the
signal. The slowly varying rise in the total voltage over the
first ~100ns of the current pulse is due to the large dI/dt
from the generator. The shape of this part of the voltage sig-
nal follows the trace from the Rogowski groove, which is
sensitive purely to dl/dt, both at the very beginning of the
current pulse and after the end of the resistive phase. The
total voltage waveform begins to deviate from the Rogowski
waveform when plasma and current start to move towards
the axis and hence the inductance becomes time-dependant.
Upon the final implosion of the array ~1 MA of current
begins to move radially inwards at ~150kms~'. Thus the
dynamic voltage component, IdL/dt, becomes large, and
the total voltage waveform deviates strongly from that of the
Rogowski (o dI /dr) signal.

A. Analysis method for determination of load voltage
and inductance

With a voltage probe signal and a pure dI/dt signal from
a return post Rogowski probe, it is possible to reconstruct the
inductance, L(f), during the implosion of a wire array, and
thus determine the bulk implosion trajectory of the current.
In these experiments, this can be achieved without the need
for circuit model analysis. The method for doing so is now
described. To determine L(7) we first need to determine the
voltage drop associated purely with the load. We proceed by
calculating the initial load inductance, L. Ignoring a small
correction term, this is done using the following equation:

LO =L tobal + Lwires + Lreturns _ #Olln Freturn
= Lgioba = —Iln——

rivate rivate .
P P 2 1 array

,uol 1 Tarray ,uol 1 Treturn
U | PR RRR | IA L | P |
N 2n Nw |: anrwires M N 2n Nret nNretrpost M ’
3)

where [ is the array length, N,, is the number of wires, N,,, is
the number of return posts, and the other variables are
defined in Fig. 6. This equation has been modified from one
found in Ref. 14 to include the effect of discrete return posts.

The probe will be sensitive to some fraction, f, of the
magnetic flux that we are interested in. Due to the complex
3-dimensional nature of the voltage probe connection to the
load, it is not possible to accurately calculate this fraction
geometrically; instead, it is determined experimentally. In
the following analysis, we assume that resistance is negligi-
ble for all times after the formation of plasma at the end of
the resistive phase and remains so up to the point of peak
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FIG. 6. Diagram explaining the terms used in Eq. (3) to calculate the initial
array inductance.

radiated soft x-ray power. We note that this assumption may
not be valid during and after the stagnation of the pinch.’
With this assumption in mind, we can write the following for
the measured voltage across the probe at times before the
implosion begins (i.e., before L = L(t)):

dl
Vr'oe: - 4
prob fLOdt 4)

Referring to Fig. 4, this voltage will be due to the array in-
ductance, L, and some extra inductance, characterised by m,
caused by the precise way that the voltage probe is con-
nected to the load hardware. Hence

dl
Vprabe = (LO + m) Ev (5)
and we can find m in terms of f
m = L()(f — 1) (6)

The fraction f is found by scaling the signal from the
voltage probe to match that of the Rogowski at early times
when L(#) = Ly. An example of this process is shown in
Fig. 7. Here, the voltage probe signal is compared to Lodl /dt,
where L, was calculated using Eq. (3), and dI/dt was meas-
ured with a Rogowski probe. In Fig. 7(b), the voltage probe
signal has been multiplied by 1/f= 1.4 to match LodI /dt. For
all times after resistive breakdown (7 > fy) we can now write
the following for the array voltage:

_mdl_(t). 7

Varray(t) = Vprobe(t) dt

v T T
— Scaled V

80|
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- — L dldt
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FIG. 7. Graphs showing the scaling procedure used to determine the induct-
ance quantity, m, in Eq. (6). The voltage probe signal is matched to the
Rogowski at early times, before implosion begins.
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Equation (7) effectively corrects the voltage probe signal for
any inductive pickup not directly associated with the load.
Using the general formula V =d(LIl)/dt, we can now write
the following expression for the array inductance:

L) = U Vrray (0t + IoLo |, (®)

lo

where the current /() is found by integrating the Rogowski
signal and /) is the current at the time of resistive breakdown.

The load voltage from a standard cylindrical array, cal-
culated using the analysis method outlined above, is shown
as the black line in Fig. 8. The red line shows the Lodl/dt
component of the total voltage, as measured by a Rogowski
probe. The array was designed to stagnate close to peak cur-
rent and consisted of 32 x 15 um Al wires, 20 mm long, on
an 8 mm radius. The voltage probe functions through the
point of peak x-ray power as indicated by the (uncalibrated)
2 um polycarbonate-filtered PCD signal shown in green on
the plot. Other generator diagnostics suggest that breakdown
of the magnetically insulated transmission line'® (MITL)
occurred at the time indicated, causing the flat top to the
Rogowski signal and the corresponding dip in the voltage
probe signal. This does not affect the outcome of inductance
analysis since both the Rogowski and voltage probes con-
tinue to monitor load voltages.

The inductance up to peak soft x-ray power, calculated
using Eq. (8), is plotted as a solid blue line. The dashed line
after this time shows a continuation of the calculation, ignor-
ing possible effects of increased resistance after stagnation
and potential breakdown of probes, etc. The calculation begins
at the time of resistive breakdown of the wires, with the value
of the initial array inductance, Lo, which was 16.2 nH for this
particular load. The inductance of the array shows only a very
modest increase during the first 180ns (70%) of the implo-
sion. This is consistent with the well established model for the
ablation phase of a wire array implosion, during which the
majority of the current flows in a hot, low density coronal

MITL breakdown
|

M T T T T 32

80 — Ijé%:)ad voltage, V., ‘ v 30

40 | — I2nﬂummpacl:lizarbonate-ﬁItered /428
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o O s, senor /12
g -40 implosion 24 %
S 22 3
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< -120 18 =
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FIG. 8. (Black line) Wire array load voltage from current start to beyond
peak radiated power. The temporal form of the soft x-ray pulse, as measured
by a diamond photo-conducting detector, is shown by the green line. (Red
line) dI/dt component of the load voltage with the initial inductance, L.
(Blue line) Load inductance as determined by measured voltage signals,
shown dashed after stagnation of the z-pinch. The load consisted of
32 x 15 pum Al wires, on an 8 mm radius. Shot number: s1218_09.
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plasma that surrounds stationary wire cores.'” During this
time, material continuously flows towards the axis in ablation
streams that are fed by the coronal plasma. The slight increase
in inductance over this period is consistent with a small
amount of current being advected radially inwards with the
flow of ablated plasma from the wires. Current advection dur-
ing the ablation phase has been observed and discussed by the
Cornell'®'” and Angara®'® research groups, both of which
used small B-dot probes to measure the presence and evolu-
tion of magnetic field inside the array radius. Thompson scat-
tering measurements taken during the ablation phase of 8 mm
radius, 32-wire Al arrays on the MAGPIE generator'® show
an increase in the ablation flow velocity from 5 x 10%cm s
at 0.7rg, to 1 x 107cm s~ ' at 0.2ro. This acceleration must
indicate the presence of current and magnetic field inside
the array radius. Previous work carried out on the MAGPIE
facility indicates only a few percent of the total current
flows in the ~1mm radius precursor column on the axis.
These measurements were based on techniques as diverse as
stability analysis,”® Faraday rotation,”' and magnetic pickup.*>
Simulations® also show a distribution of the current inside the
array at the beginning of the implosion phase, giving approxi-
mately 15% of the total current within half the initial array
radius for 32-wire Al arrays. This number is in good agree-
ment with Angara measurements.'®

The array voltage begins to deviate strongly from Lodl /dt
approximately 180 ns into the implosion. Correspondingly, the
inductance begins to increase more rapidly at this time. This
point signifies the beginning of the snowplough implosion
phase of the wire array,”* during which a large fraction of the
initial array mass, together with a large fraction of the total cur-
rent, is swept radially inwards toward the axis by the j x B
force. The divergence of the voltage signal from Lodl /dt corre-
sponds in time to the beginning of the implosion seen in
optical streak images (see Fig. 10(a)).

B. Implosion trajectories from inductance
measurements

Inductance measurements can be used to estimate an
effective, average radius for the current in the pinch. One
method for doing this is to model the implosion of the array
as the convergence of a thin, cylindrically symmetric current
sheath of radius r(#). In the following analysis, the initial in-
ductance of the imploding sheath is taken to be the value
measured just before the onset of the main implosion and is
denoted Ly”. We believe this is the most appropriate value
to choose when setting the initial conditions for the implo-
sion, which we further assume to be driven by 100% of the
measured current pulse. The value of L for the experiment
in Fig. 8 was 17.3 nH. The time for the onset of the main
implosion is taken as the time at which the gradient of the
Rogowski dI/dt trace reverses with respect to the voltage
probe trace (as indicated by the arrow in Fig. 8). The follow-
ing expression for the ensuing change in load inductance can
then be written down:

—L(p) i Mol (o
AL =L(r) — L 2n1n<r(t)>, )
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where 1y is the initial array radius and / is the length of the
imploding region. Equation (9) can be rearranged to give an
expression for the current trajectory

. —_— ro
’(t) - CXP(%) ’ (10)

where length scales are in cm and AL is in nH. The current
trajectory for the array voltage in Fig. 8 is shown as the solid
black line in Fig. 9(a). The time for stagnation of the array
mass “on axis” is given by the position of the star symbol and
is defined here as the point of peak soft x-ray power. The tem-
poral profile of the soft x-ray pulse is shown as the green line.
Note that the stagnation time is sometimes defined instead as
the time at which a radial optical streak trajectory of the main
implosion converges on the axis (this may involve a linear
extrapolation of the trajectory as it approaches the axis).
Streak trajectory convergence typically occurs approximately
halfway through the rise of the soft x-ray pulse (see, e.g.,
Ref. 15). The radius of the effective current sheath at stagna-
tion is 2.6 mm, giving a convergence ratio for the current of
Cr = Tinitiat | Tfina = 3.1. If, instead of using Ly to calculate
AL in Eq. (9), we use the calculated geometric value of the
initial array inductance, Ly, then the radius of an effective cur-
rent sheath from the end of the resistive phase to stagnation
can also be calculated. These calculations begin to converge
with calculations using Ly " as the final implosion progresses,
and the choice of the initial inductance value becomes less
important. Values for the final radius achieved by the current
pinch are reduced by up to 25% if we choose Ly over L™ .

It is instructive to compare the trajectory of the current
sheath to that of the imploding plasma as indicated by radial
optical streak images. A streak image obtained during
the same experiment as that just described is shown in
Fig. 10(a). The slit aperture of the streak camera sampled the
full diameter of the array, along ~1 mm of the array length.
The leading and trailing boundaries of the bright optical
emission caused by the main implosion provide a pair of
implosion trajectories and were used to estimate the radial

Streak outer Streak leading Streak outer Streak leading
a) edge ===  edge ::iii: edge ===  edge :::ii:
—TTTT I e e
8} ~-¢¢_\\ — PCD signal ] 8 F ====a — PCD signal
é 6 6 \ ‘\\‘
2 ’g‘ \
o= = \
2 4 — Current 3 4 — Current
4 sheath sheath W
2 2 F failure =
| s1218_09 L s1221_09
0 i 1 " i i 0 i 1 i 1 i
100 150 200 250 100 150 200 250 300

Time (ns) Time (ns)

FIG. 9. Comparison of effective current sheath trajectories (as determined
by voltage measurements) with optical streak implosion trajectories, for two
nominally identical loads (32 x 15 um Al). The outer and leading edges of
the streak emission are plotted as long and short dashed lines, respectively.
Streak trajectories either side of the array axis have been plotted in each
case in red and blue. In plot (a) the voltage probe functions through stagna-
tion (indicated by the star). In plot (b) the voltage probe fails at the point
indicated by the cross, 18 ns before stagnation. The temporal profiles of the
soft x-ray pulse produced in each experiment (as measured by a 2 um
polycarbonate-filtered diamond PCD) are given by the green lines.
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FIG. 10. (a) Optical streak image of a 32 x 15 um Al wire array implosion.

The main implosion begins at ~180 ns, followed by a secondary implosion
at ~230 ns. Shot number: s1218_09.

evolution of the plasma accelerated by the magnetic piston.
Two such pairs of trajectories (one pair from either side of
the array axis) can be found from one streak image. Streak
trajectories from Fig. 10(a) have been plotted as dashed-
dotted lines in Fig. 9(a). Fig. 9(b) shows similar data from a
nominally identical experiment. The current sheath trajectory
calculation in Fig. 9(b) is terminated at 252 ns, 18 ns before
stagnation, as the voltage probe failed at this point (most
likely due to breakdown of the insulators, caused by UV
flashover). The graphs in Fig. 9 clearly show that the begin-
ning of the snowplough implosion phase correlates in time
with the implosion of the current sheath. However, the emit-
ting mass appears to propagate with a greater radial velocity,
particularly in the experiment shown in Fig. 9(a), achieving
a tighter convergence than the current at any given time.
This result suggests that rather than pinching on axis during
the main implosion, the current remains radially distributed,
with much of it flowing in a lower inductance path at a
greater radius than the emitting plasma participating in the
main implosion might suggest. A large radius path for this
current could be provided for by trailing mass that is left
behind during the main implosion. This trailing mass is
observed, for example, in laser shadowgraphy images such
as the one shown in Fig. 10(b). Streak images also show
emitting plasma left behind during the main implosion,
which may pinch later in a secondary implosion (see
Fig. 10(a)), driven by trailing current/magnetic field.**

It is evident from Fig. 9 that a different implosion trajec-
tory is found from either side of one streak image. This is
due to the complex 3D nature of the final implosion, which
is magneto-Rayleigh-Taylor (MRT) unstable. The uncorre-
lated, randomised nature of the MRT bubbles and spikes
around the circumference of the array means that the slit
aperture of the streak camera will likely sample different im-
plosion trajectories on opposite sides of the array axis. This
effect may very well also explain the difference in the streak
trajectories between the two experiments in Fig. 9. This
clearly shows that an optical streak image obtained by sam-
pling a ~1 mm section of the array length is not an ideal
diagnostic for measuring implosion trajectories. Axially
averaged streak images may produce more consistent results
and provide more suitable information for comparison to
electrical data.

Three current sheath implosion trajectories from nomi-
nally identical experiments are plotted together in Fig. 11
for comparison. In the two cases where the voltage

Phys. Plasmas 20, 032705 (2013)

Peak soft x-ray % %
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FIG. 11. Effective current sheath trajectories, calculated from voltage meas-
urements, for three nominally identical loads (32 x 15um Al). In two
experiments the voltage probe functions through stagnation (indicated by
the star). In one experiment the voltage probe fails at the point indicated by
the cross, 18 ns before stagnation.

probe functioned through peak radiated x-ray power, the
effective convergence achieved at stagnation varied between
8/2.6 =3.1 (black line) and 8/2.0=4.0 (blue line). In the
case where the voltage probe failed, the convergence at stag-
nation must have been higher than 8/1.4=5.7. Failure to
account for resistance at stagnation means that these calcula-
tions should produce upper estimates for the current conver-
gence. The numbers given are in rough agreement with those
reported in Refs. 2 and 3 of ~6, for wire array implosions on
the Z generator and Angara-5-1 facility, respectively. The
shape of the current sheath trajectories is reasonably repro-
ducible, and the differences observed are consistent with the
slightly different drive currents measured in each case. The
current convergence reached in these experiments is contrary
to the size of the stagnation column indicated by XUV emis-
sion images of similar arrays,”**> which has a radius of
0.25-0.5 mm. Again, this is likely due to some fraction of
the current flowing in a radially distributed manner through
trailing mass, left behind after the main implosion.

IV. CONCLUSIONS

A new voltage divider has been fielded on MAGPIE-
driven wire array z-pinch experiments to allow all compo-
nents of the load voltage to be monitored, from current start
through to stagnation and peak radiated x-ray power. The
voltage probe and accompanying current monitors used in
these experiments take measurements very close to the load,
enabling load voltages to be determined without the need for
circuit modelling to account for current losses in the MITL.
The voltage monitor can be used to determine the load
inductance, and as such it is a powerful diagnostic for evalu-
ating the effectiveness of the current pinch during cylindrical
wire array implosions. The effective radial convergence of
the current path at stagnation in 32 x 15 um Al arrays was
found to vary from 3.1 to 5.7 between nominally identical
experiments. To this end, the voltage probe may further be
used to study z-pinch loads with modified implosion dynam-
ics, such as coiled arrays?® and preconditioned arrays.>” The
voltage probe has also been used to study the early-time
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resistive phase of wire array and liner z-pinches; these results
will be presented in future publications.
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