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A critical component of the magnetically driven implosion experiments at Sandia National Labo-
ratories is the delivery of high-current, 10’s MA, from the Z pulsed power facility to a target. In order
to assess the performance of the experiment, it is necessary to measure the current delivered to the
target. Recent Magnetized Liner Inertial Fusion (MagLIF) experiments have included velocimetry
diagnostics, such as PDV (Photonic Doppler Velocimetry) or VISAR (Velocity Interferometer Sys-
tem for Any Reflector), in the final power feed section in order to infer the load current as a function
of time. However, due to the nonlinear volumetrically-distributed magnetic force within a velocime-
try flyer, a complete time-dependent load current unfold is typically a time-intensive process, and
the uncertainties in the unfold can be difficult to assess. In this paper, we discuss how a PDV diag-
nostic can be simplified to obtain a peak current by sufficiently increasing the thickness of the flyer.
This effectively keeps the magnetic force localized to the flyer surface resulting in fast and highly
accurate measurements of the peak load current. In addition, we show the results of experimental

peak load current measurements from the PDV diagnostic in recent MagLIF experiments.

I. INTRODUCTION

The Sandia National Laboratories MagLIF platform
[1] utilizes approximately 20 MA from the Z pulsed power
machine [2] to implode a laser-preheated, deuterium-
filled metallic liner that is approximately 3 mm in ra-
dius and less than 1 cm in length at speeds of around
70 km/s. The MagLIF liner acts as a Z-pinch and
compresses the deuterium fuel to thermonuclear condi-
tions through near-adiabatic compression [3]. Velocime-
try measurements using either VISAR (Velocity Interfer-
ometer System for Any Reflector) [4] or PDV (Photonic
Doppler Velocimetry) [5] have been powerful tools in in-
ertial confinement fusion [6] and equation-of-state [7, §]
research. In addition, velocimetry measurements of thin
metallic flyer plates have been particular useful for diag-
nosing magnetic pressures and their associated load cur-
rents [9-13] in multi-MA pulsed power applications. In
particular, Ref. 13 discusses an aluminum PDV diagnos-
tic that is roughly 400 pm thick and located 3 mm below
a MagLIF target at a radius of 1.3 cm in the final power
feed section. These diagnostics are significantly closer in
proximity to the load than any other load current diag-
nostics, e.g. the closest Z-machine B-dot probes [14] are
at a radius of 5.9 cm. However, it is well-known that
B-dot probes can have limited performance with high in-
ductance loads, such as MagLIF, due to various failure
mechanisms [15]. Therefore, measuring the load current
with PDV diagnostics offers the best inference of the ac-
tual current in the MagLIF load.

In general, however, the unfold process to obtain the
time-dependent load current from the PDV velocity data
is a time-intensive process. For example, with typical
MagLIF currents, one may be required to perform hun-
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dreds, or even thousands, of MHD simulations using dif-
ferent load currents to find a current whose corresponding
simulated flyer velocity is within a few percent agreement
of the experimental velocity data. The primary reason for
the difficulty in the unfold process is that the magnetic
fields, as well as the current that generates them, nonlin-
early diffuse through the PDV diagnostic as a function
of space and time. Therefore, the velocity that is mea-
sured by a PDV load current diagnostic will depend on
the nonlinear spatially- and temporally-dependent J x B
forces throughout the flyer volume. Additionally, it is
often difficult to assess the uncertainty in a particular
current unfold since two different current shapes can pro-
duce similar flyer velocities.

By simply increasing the aluminum flyer thickness to
at least 600 pm, we reduce the magnetic field diffusion
sufficiently over the 120 ns MagLIF current pulses, so
that the distributed J x B forces in the aluminum are
effectively kept near the flyer surface. In this regime,
magnetic pressure driven flyer motion mimics that of a
mechanical pressure driven flyer whose velocity is directly
correlated to a pressure at an earlier time when the flyer
does not exhibit a significant shock near the free flyer
surface (see for example [16]). Therefore, a peak mag-
netic pressure, and hence peak load current, is directly
related to a peak flyer velocity under certain conditions
that will be discussed. This operational regime of the
PDV diagnostic enables a fast and accurate peak load
current measurement. Moreover, since there is a one-to-
one correlation between the measured peak flyer velocity
and the inferred peak load current, we are able to esti-
mate an uncertainty in the peak load current.

Our paper is organized as follows: in Sec. II we dis-
cuss the experimental configuration for the MagLIF PDV
load current diagnostic, in Sec. III we show how design
considerations yield a range of acceptable thicknesses for
the diagnostic flyer and show experimental measurements
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from MagLIF shots, in Sec. IV we describe sources of un-
certainty in our diagnostic and provide an estimate of the
uncertainty in the measured peak load current for recent
MagLIF shots, and in Sec. V we give a summary.

II. EXPERIMENTAL CONFIGURATION

The PDV load current diagnostic is located a few mil-
limeters below the slotted return can as shown in Figure
1. The slotted return can is at the same axial height as
the MagLIF load. Three dimensional simulations of the
current flow at the PDV diagnostic’s axial location indi-
cate that the azimuthal variation of the current around
the entire return can due to the 9 posts in the return
can is less than 5 % [17]. The inner flyer surface is at
a radius of 1.3 cm, and the flyer is 600 pm thick and is
made of aluminum-6061 alloy. The experimental setup is
nearly identical to the one described in detail in Ref. 13,
except that the flyer thickness in Ref. 13 was 384 pum.
For the relevant MagLIF current pulse length of 120 ns
and peak load current in the range of 15-20 MA, the ef-
fects of magnetic diffusion on the flyer velocity can be
significant for the 384 pm thick flyer, but are relatively
small for the 600 pm thick diagnostic in the present pa-
per. Specifically, simulations show that the J x B force
density for the 600 pum thick diagnostic at the time of
peak current is limited to roughly 30% of the flyer mass
closest to the drive current with the dominant portion
of the force density in the 10-20% of the mass closest to
the drive current. In comparison, the J x B force density
for the 384 pm thick diagnostic is distributed throughout
roughly 50% of the flyer mass at the time of peak current.

This is clearly seen in Figure 2, in which we plot the
radial component of the J x B force density for both a
600 pm and a 384 pm flyer at five flyer positions cor-
responding to 10%, 20% , 30% , 40%, and 50% of the
flyer mass as measured from the inner flyer edge where
the magnetic pressure is applied. In general, the mag-
netic diffusion process through the flyer is quite com-
plicated, and includes important physics, such as local
melting and hence, a rapid increase in the local resistiv-
ity which is seen in the small sharp peaks of Fig. 2. By
increasing the flyer thickness, we are effectively keeping
the complicated physics of magnetic diffusion more lo-
calized to the flyer surface. These flyer simulations and
subsequent simulations in this paper were performed us-
ing the arbitrary-lagrangian-eulerian multimaterial code,
ALEGRA [18], developed at Sandia National Laborato-
ries.

A primary assumption in designing the peak current
diagnostic is that the current pulse should rise to a single
peak at some point in time, and the width of the current
pulse near the peak should be sufficiently large such that
a rarefaction wave will not overtake the stress wave in the
flyer induced by the peak magnetic pressure. When an
unloading process occurs after peak pressure is achieved
in a solid, it is well-known that the rarefaction waves
corresponding to the unloading process can overtake the
peak pressure after a sufficient period of time [19]. As
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FIG. 1: Illustration showing the location of the PDV load
current diagnostic in relation to the return can.

an example of a current pulse which meets our primary
assumption, Figure 3 shows a plot of the load current
for MagLIF shot Z2850 (red) with a peak of 18.3 MA,
which is produced using the BERTHA [20] circuit code
in conjunction with a model of the Z machine developed
at Sandia [21]. Figure 3 also shows a simulation of a 600
pm flyer velocity (red) for the Z2850 circuit current. As
the MagLIF target is compressed until stagnation (which
occurs 10’s ns after peak current), the inductance of the
load increases and the current rolls over at a quicker rate
than the rise rate. However, the current pulse width
near the peak of Z2850 is sufficiently large to produce a
smooth flyer velocity near the peak for the 600 pym flyer.

IIT. DIAGNOSTIC DESIGN AND EXPERI-
MENTAL MEASUREMENT

Since we don’t know the precise current shape prior to
a MagLIF experiment, then it is essential that the peak
load current diagnostic should be relatively insensitive
to the current pulse shape. That is, for currents that
have rise times of around 120 ns and peaks with similar
widths, one should produce the same peak flyer velocity
(up to a small error) for the same peak current regardless
of the current shape. In order to test the performance of
the diagnostic through simulation with different current
shapes, we introduce a time-dependent Lorentzian cur-
rent model which has three adjustable parameters, the
peak current Ip.qk, the time of peak current tpeqi, and
peak width At. Specifically,

I(t) = %(f(t - tpeak) - f(tpeak)) 5 (1)
where
) = — @)
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FIG. 2: Plots of radial J x B force densities for a 600 um flyer
(top) and a 384 pm flyer (bottom) at positions of 10% (red),
20% (green), 30% (blue), 40% (black), and 50% (orange) of
the flyer mass as measured from the inner flyer edge.

Figure 3 shows plots of model currents with the same
peak current and location of peak current as Z2850 (Ipeqk
= 18.3 MA and fpeqr = 120 ns), but with different widths
near the peak, i.e. At = 10 ns (green), 30 ns (blue), 50
ns (black), 70 ns (orange) and 80 ns (purple). Fig. 3 also
shows plots of the simulated flyer velocities for each load
current. Table I shows the simulated peak velocities for
different load current models. We find, in general, that
wider current peaks tend to have a smaller peak velocity
variation compared to the smaller current peaks. This
is due to two effects: 1) a wider current peak does not
cause shocking near the peak velocity and 2) a wider cur-
rent peak delays the time for the pressure release wave
to erode into the peak pressure wave within the flyer be-
fore it reaches the flyer surface. Since the peak current
diagnostic is using the peak velocity of the flyer to infer
the peak magnetic pressure, and hence the peak current,

20.0

15.0

10.0

Current (MA)

5.0

0.0 ;
0.0 20.0 40.0 €0.0 80.0 100.0 120.0 140.0

Time (ns)
4.0

3.0

2.0

Velocity (km/s)

10 |-

0.0
100.0 120.0 140.0 160.0 180.0 200.0

Time (ns)

FIG. 3: Plots of load currents (top) and simulated flyer veloc-
ities (bottom): Z2850 circuit model (red), model with At =
10 ns (green), model with At = 30 ns (blue), model with At
= 50 ns (black), model with At = 70 ns (orange), and model
with At = 80 ns (purple).

it is necessary to prevent the merging of wave character-
istics, i.e. shock buildup, on the free flyer surface near
the time of peak velocity. Shock buildup near the time
of peak velocity can occur when faster moving pressure
waves that are emitted from the magnetic pressure sur-
face at later times combine with slower moving pressure
waves that are emitted at an earlier time. Prevention of
shock buildup near the time of peak velocity becomes an
important design consideration which we discuss later.

The largest difference in simulated peak velocities in
the wider peak width range of 50 ns < At < 80 ns is 1.5%.
However, as the peak width is decreased to At = 30 ns,
the velocity profile near the peak velocity shows a strong
shock, and the difference in the peak is 12.6%. The shock
feature is exactly correlated with a sharp increase in the
flyer density near the free flyer surface at the time of



Current Model Peak Velocity (km/s)

72850 Circuit 3.237
At = 10 ns 2.879
At = 30 ns 3.644
At = 50 ns 3.286
At = 70 ns 3.242
At = 80 ns 3.234

TABLE I: Comparison of simulated peak flyer velocities for
different load current models.

the shocked peak velocity, which is approximately 16.3%
greater than the initial flyer density. When shock buildup
occurs near the free flyer surface, the density near the
surface is larger resulting in a higher pressure, and hence,
higher velocity. The inferred pressure from the shock
will cause an overestimate of the magnetic pressure/load
current that was applied at an earlier time to the flyer
drive surface. Therefore, strong shocking near the time of
peak velocity, such as in the At = 30 ns case, implies that
the diagnostic is no longer operating in a regime where we
can reliably relate the peak velocity to a corresponding
peak magnetic pressure/peak current at an earlier time.
As a comparison, the At = 70 ns case exhibits a very
weak increase in the density at the free flyer surface near
the time of peak velocity, i.e. only 0.6% compared to the
initial density. Elimination of the shocking feature near
the time of peak velocity is a design consideration which
ultimately leads to a maximum thickness for the flyer as
discussed later in Equation (7). As the peak width is
decreased further to At = 10 ns, the velocity profile is
also shocked, but the rarefaction wave has now overtaken
the stress wave induced by the peak magnetic pressure
and caused the velocity peak to be reduced by 11.1%.

One can see however in Figure 3, that the Z2850 circuit
model is similar in rise to peak value as the At = 70 ns
model, and is similar in drop off near the peak as At =
50 ns. Hence, one would expect variations in velocity for
currents that are similar to the Z2850 current, i.e. similar
rise time, peak current, and peak width to be in the range
of 1.5% provided there was no sudden shorting of the
power flow upstream of the measurement. Therefore, the
magnetic pressure at peak current, which provides the
peak magnetic pressure, is strongly correlated with the
local peak velocity point at a later time (accounting for
the time-delay associated with the finite sound speed of
the stress wave propagating through the metal flyer), and
is essentially independent of current shape to within a
small variation over a reasonable range of current shapes.
Hence, we can utilize this diagnostic to infer peak current
directly from the measured peak velocity.

Figure 4 shows a plot of the inferred peak MagLIF cur-
rent as a function of peak flyer velocity in red. This curve
was generated through a series of simulations, which mul-
tiplied the Z2850 current with a scale multiplier factor to
vary the peak current. In order to illustrate how this
diagnostic mimics the behavior of a mechanical pressure
driven flyer, we have used the 1-D flyer velocity formula

from Ref. 16, which is a function of the applied pressure
at a previous time, i.e.

P
dP
=2 [ S (3)

where the density, p, and the sound speed c are found
using the room temperature (T=298 K) SESAME 3700
aluminum table [22]. This formula provides a peak ve-
locity in response to a peak pressure, which we equate to
the magnetic pressure at a radius of 1.3 cm, as shown in
the blue curve in Figure 4. The two curves show excellent
agreement even though the simple 1-D model (blue) does
not include the effect of magnetic diffusion, which is fully
included in the ALEGRA calculations (red). Using the
red curve in Figure 4, one can diagnose the peak current
for a MagLIF shot by simply measuring the peak PDV
velocity. The practical benefit of this diagnostic is that it
allows for a reliable and quick measurement of the peak
current of a MagLIF experiment.

As we have just shown, the peak load current diagnos-
tic acts similar to a mechanical pressure driven velocime-
try measurement and can produce very similar peak ve-
locities for current pulse shapes with identical peak cur-
rents that are within a certain range of a pulse shape.
For MagL.IF experiments on the Z machine, a 600 pm
thick aluminum flyer works well. We will now introduce
equations which describe a range of thicknesses for metal
flyers, which can be used for designing this diagnostic on
other current pulse shapes at other pulsed power facili-
ties.

The first design consideration is that the flyer needs to
be thick enough to prevent significant magnetic diffusion
from occurring over the time scale of the pulse. For ex-
ample, if we make the characteristic magnetic diffusion
time 10 times greater than the pulse length, we arrive at
the design relation

L > 1O(Tpulsen/u0)l/2 ’ (4)

where Tpy1se is the current pulse length, e.g. 120 ns for
MagLIF, g is the permeability of free space, and 7 is the
resistivity of the flyer, e.g. 7 = 25 n{2 for aluminum. Eq.
(4) yields a minimum flyer thickness of roughly 490 pm.

The second design consideration is that we need the
current pulse length to be sufficiently wide near the peak
to prevent a shock from forming near the time of the peak
velocity. We can see the onset of the shocking feature in
Fig. 3 for the curve in blue with At = 30 ns. In the
limit when At << Tpyise, we find that I(tpear — At) =
I(tpeak)/2, i-e. the current at a time At earlier than the
peak, is about half of the peak current. Let us denote
the density of the flyer at the time of peak current, i.e.
t = tpeak, as pp and at the time of half-peak current, i.e.
t = tpeak — AL, as ppp. Let us also denote the sound speed
of the flyer at the time of peak current as ¢, and at the



time of half-peak current as cp,. The times it will take
for pressure waves to propagate from the magnetic driven
surface of the flyer to the free flyer surface at ¢ = t,ca
and t = tpeqar — At are given by

L
Ay = #oL (5)
PpCp
and
L
Aty = 22—, (6)
PhpChp

where py = 2700 kg/m? for aluminum and the ratio of
the densities accounts for the compression of the flyer
[16]. In order to prevent a pressure wave generated at
t = tpear from catching up to a pressure wave generated
at t = tpear — At, we need to satisfy At > Aty, — At or

Po Po
L<At)(—— — —). 7
/( P ppcp) (7)

For a peak pressure corresponding to a peak current of
18.3 MA at a radius of 1.3 c¢m, we find roughly that
prp = 2950 kg/m3, p, = 3460 kg/m3, cpp, = 6030 m/s,
and ¢, = 7470 m/s. If we use, At =50 ns in Eq. (7) as the
lower limit of At for MagLIF pulse shapes, then we arrive
at a maximum thickness of about 1.0 mm. The reader
should note that if we use At = 30 ns in Eq. (7), then we
arrive at a flyer thickness of roughly 600 pm. This is in
agreement with the observation of the At = 30 ns current
profile having a velocity profile with a shock forming near
the peak as shown in Fig. 3. For pulsed power machines
that produce current profiles with a FWHM similar to
or less than At = 30 ns, one would need to decrease the
thickness of the flyer enough to satisfy Eq. (7), while still
maintaining enough flyer thickness to satisfy Eq. (4).
Figure 5 shows a plot of the experimentally measured
PDV flyer velocity for MagLIF shots Z3018 (red), Z3074
(green), Z3075 (blue), and Z3076 (black). All four of
these shots featured beryllium liners that were 10 mm
in height, but had different radii. In particular, Z3018
had an outer radius of 2.616 mm and an aspect ratio,
AR = router/(Touter — Tinmer) = 9, 23074 had an outer
radius of 3.400 mm with a 70 um plastic coating [23] and
a mass matched AR = 11, Z3075 had an outer radius
of 2.567 mm with a 75 pum plastic coating and a mass
matched AR = 9, and Z3076 had an outer radius of 3.400
mm with a 70 pm plastic coating and a mass matched
AR = 11. In Table II, we present the measured peak
velocities and the peak load currents for each MagLIF
shot. As a comparison, our BERTHA circuit model [21]
for each of these shots predicts a peak current of 15.2 +
0.8 MA, 17.9 + 0.9 MA, 15.2 + 0.8 MA, and 18.5 + 0.9
MA, respectively. The estimated uncertainty of the peak
current predicted by the circuit model is roughly 5%.

IV. UNCERTAINTY ESTIMATES
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FIG. 4: Plot of the peak current inferred from the peak flyer
velocity using ALEGRA simulations (red) and a 1-D model
(blue).
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FIG. 5: Plots of measured PDV flyer velocities for MagLIF
shots Z3018 (red), Z3074 (green), Z3075 (blue), and Z3076
(black).

In this section, we provide estimates of the uncertainty
in the peak load current measurement provided by the
PDV diagnostic. Sources of uncertainty for this diag-
nostic can be divided into two categories: 1) the uncer-
tainty in the measurement of the peak velocity of the flyer
with the PDV diagnostic and 2) variability in the simu-
lated peak velocity for different current shapes, as well
as, uncertainties in the equation-of-state and conductiv-
ity models. Our method for providing a total uncertainty
on the peak current is a three step process. First, we pro-
vide estimates on the uncertainty and/or variability of
the peak velocity from all known sources of uncertainty
and/or variability. Then we calculate a total uncertainty
on the peak velocity by adding all of these sources of un-



MagLIF Shot Peak Velocity I,car (MA)
(km/s)
73018 2.638 16.0
73074 2.822 16.7
73075 2.435 15.2
73076 3.080 17.7

TABLE II: Measured peak velocities and peak currents for
MagLIF shots.

certainty and/or variability in quadrature. Finally, using
the peak velocity vs. peak current curve (red) in Fig. 4,
we can estimate the peak current uncertainty from the
total velocity uncertainty.

We estimate the uncertainty in the measured veloc-
ity Vmeas, and denote its corresponding uncertainty as
O0Umeas- We know that there is a minimum uncertainty
of the velocity signal as measured by the PDV diagnos-
tic of + 10 m/s [12]. However, as seen from Fig. 5, the
PDV velocity signal will have fluctuations near the local
peak, which can exceed this minimum uncertainty. Our
current practice in determining the peak velocity and its
associated uncertainty is to find the local peak velocity in
the signal, and then average over all velocities in a small
time window, e.g. + 3 ns, about the peak. The quoted
peak velocity is the mean average over the time window,
and the uncertainty is the standard deviation over the
time window. For MagLIF shots, this typically yields
uncertainties in the range +10-100 m/s, which for typi-
cal peak velocities yields fractional uncertainties in the
range of dVUmeqs/Vmeas = 0.5- 3.5%. The uncertainties
in the peak velocities for MagLIF shots 73018, Z3074,
73075, and Z3076 are 15 m/s (0Umeas/VUmeas = 0.6%),
14 m/s (0vmeas/Vmeas = 0.5%), 15 m/s (0Vmeas/Vmeas =
0.6%), and 98 m/s (8Vmeas/Vmeas = 3.2%), respectively.

In the second category, which uses simulation to model
the flyer velocity for a given current, we can divide un-
certainty into several subcategories: 1) the fluctuations
in the simulated velocity near the peak, 2) variations in
the peak velocity due to typical variations in the cur-
rent shape, 3) variations in the peak velocity due to un-
certainty in the equation of state table, 4) variation in
the peak velocity due to uncertainty in the conductivity
model. We find that in our typical ALEGRA simulations
of the PDV diagnostic, fluctuations in the simulated ve-
locity yield an uncertainty of about dvysue. = + 3 m/s.
These fluctuations could possibly be attributed to nu-
merical noise in the simulations. In order to estimate
the uncertainty due to shape variation in the current, we
note that MagLIF current shapes are typically well con-
strained by the current shapes denoted by the At = 50
ns and At = 80 ns shown in Fig. 3. From Table I, we
can immediately estimate the uncertainty in the peak ve-
locity due to different current shapes as dvspape = + 50
m/s.

We can estimate the uncertainty in the peak velocity
from uncertainties in the equation of state table by ap-
plying a uniform uncertainty P(p) = Pirue(p)(1 + €) to

Peak Velocity dvgos /v Veond [V
(km/s) (e =5% ,10%) (e =5% ,10%)
2.0 1.8%, 3.4% 0.2%, 0.5%
3.0 1.5%, 2.8% 0.2%, 0.4%
4.0 1.3%, 2.3% 0.4%, 0.7%

TABLE III: Comparison of estimated fractional peak velocity
uncertainties for two different EOS and electrical conductivity
uncertainties.

the EOS table, where Py is the correct flyer EOS and €
is the uniform uncertainty, and then calculating the vari-
ation in the velocity from Eq. 3. The second column in
Table III shows the fractional variation in the peak ve-
locity due to uniform uncertainties of € = 5% and 10% in
the aluminum EOS. We assume that this velocity vari-
ation is an additional uncertainty in the peak velocity,
which will be used to calculate the final uncertainty in
the peak current. It should be noted that our assumption
of 5% uncertainty in the EOS is a conservative uncer-
tainty estimate based on published shock Hugoniot data
for aluminum-6061 [24].

Finally, we estimate the fractional uncertainty in the
peak velocity for a given uncertainty in our electrical con-
ductivity model. In our ALEGRA simulations, we use
the Lee-More-Desjarlais (LMD) conductivity model [25]
for aluminum. In a similar way for our uncertainty esti-
mate in the EOS, we apply a uniform uncertainty to the
electrical conductivity, i.e. o(p,T) = oprue(p, T)(1 + €).
The third column in Table ITI shows the variation in the
peak velocity as computed from the ALEGRA simula-
tions assuming uniform uncertainties of € = 5% and 10%
in the electrical conductivity model. It is apparent from
Table III that the variation in the peak velocity for elec-
trical conductivity uncertainties in the range of 5% < € <
10% is weaker than the variation in the peak velocity
for the same range of uncertainties on the EOS. For the
present data, electrical conductivity uncertainties in the
range of 5% < e < 10% produce a negligible effect on
the total uncertainty in the peak current. Nevertheless,
this uncertainty is included for calculating the final un-
certainty in the peak current.

We now estimate the total uncertainty in the peak ve-
locity from all known uncertainties, i.e. PDV peak ve-
locity measurement uncertainty, fluctuations in the sim-
ulated peak velocity, peak velocity variation due to cur-
rent shape variation, peak velocity uncertainty due to an
EOS uncertainty, and peak velocity uncertainty due to an
electrical conductivity uncertainty. Since we are estimat-
ing the uncertainties in the EOS and conductivity using
a known uniform uncertainty shift, we categorize these
two uncertainties as systematic. The other three uncer-
tainties we categorize as random. We estimate the total
uncertainty in the peak velocity by adding the system-
atic uncertainties in quadrature, and then combining the
random uncertainties and the systematic uncertainties in
quadrature[26, 27]. The total systematic uncertainty due



MagLIF Shot Icircuit + §Icircuit Imeas = 5[meas

(MA) (MA)
73018 15.2 £+ 0.8 16.0 + 0.3
73074 17.9 + 0.9 16.7 + 0.3
73075 152 £ 0.8 15.2 £ 0.3
73076 18.5 + 0.9 17.7 + 0.5

TABLE IV: Comparison of the measured peak currents with
EOS uncertainties of 5%, as well as electrical conductivity
uncertainties of either 5% or 10%, and the peak currents pre-
dicted from the circuit model assuming 5% uncertainty for
MagLIF shots.

to uncertainties in the EOS and conductivity is given by

6U5y5 = \V 502EOS + 5vzond ’ (8>

and the total uncertainty in the velocity is given by

Mot = \/6U'r2neas + 61})2‘luc + 5’U§hape + 5U§ys . (9)

Finally, we can estimate the uncertainty in the peak
load current from the total uncertainty in the peak ve-
locity. We note that the dependence on the peak current
as a function of peak velocity for our peak current diag-
nostic is approximately linear and given by

MA

Loear, = (4.0———
peak (Okm/s

) Umeas + 5.AMA . (10)

Therefore, the uncertainty in the peak current for our
diagnostic is given by

5Ipeak = (40%;18*) 5Utot~ (].].)

Assuming that our EOS model has an uncertainty of
5%, and also assuming that the electrical conductivity
models have either 5% or 10% uncertainty (both yield
the same overall uncertainty in the peak current due
to the weaker dependence of the peak velocity on the
conductivity), then we can estimate our measured peak

current uncertainties for MagLIF shots 73018, Z3074,
73075, and Z3076. These uncertainties are shown in Ta-
ble IV. As a comparison, one can see that the measured
peak load currents from the diagnostic and the predicted
peak load currents from the BERTHA circuit model for
these shots are in agreement to within the combined un-
certainty bounds of both the diagnostic and the circuit
model.

V. SUMMARY

In this paper, we have introduced a novel peak load
current diagnostic for the Z-machine multi-MA MagLIF
experiments, which can quickly and accurately measure
the peak load current in these experiments without per-
forming a time-consuming nonlinear unfold process. This
diagnostic was designed by increasing the thickness of
our previous PDV flyers such that the magnetic field,
and hence magnetic pressure, is kept closer to the sur-
face of the flyer. The flyer motion behaves similarly to
a mechanical pressure driven flyer, whose velocity at any
point in time can be correlated to a pressure from a pre-
vious point in time. Hence, the peak magnetic pressure
generated by the peak current corresponds to the peak
flyer velocity. In addition, we demonstrated how this di-
agnostic is relatively invariant to practical MagLIF pulse
shapes making it robust to uncertainties in the current
shape. Moreover, we have also estimated the uncertainty
in the measured peak load current. At present, we have
found that the measured peak currents for the recent
MagLIF shots discussed in this paper are in agreement
with the BERTHA circuit model of our experiments to
within the combined uncertainty bounds of the diagnos-
tic and the circuit model.
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