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ABSTRACT
We present a technique to measure the time-resolved velocity and ion sound speed in magnetized, supersonic high-energy-density plas-
mas. We place an inductive (“b-dot”) probe in a supersonic pulsed-power-driven plasma flow and measure the magnetic field advected by
the plasma. As the magnetic Reynolds number is large (RM > 10), the plasma flow advects a magnetic field proportional to the current at
the load. This enables us to estimate the flow velocity as a function of time from the delay between the current at the load and the sig-
nal at the probe. The supersonic flow also generates a hydrodynamic bow shock around the probe, the structure of which depends on the
upstream sonic Mach number. By imaging the shock around the probe with a Mach–Zehnder interferometer, we determine the upstream
Mach number from the shock Mach angle, which we then use to determine the ion sound speed from the known upstream velocity. We use
the sound speed to infer the value of Z̄Te, where Z̄ is the average ionization and Te is the electron temperature. We use this diagnostic to
measure the time-resolved velocity and sound speed of a supersonic (MS ∼ 8), super-Alfvénic (MA ∼ 2) aluminum plasma generated dur-
ing the ablation stage of an exploding wire array on the Magpie generator (1.4 MA, 250 ns). The velocity and Z̄Te measurements agree well
with the optical Thompson scattering measurements reported in the literature and with 3D resistive magnetohydrodynamic simulations in
GORGON.
© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098823

I. INTRODUCTION

To adequately diagnose laboratory plasma experiments, it is
necessary to measure several plasma quantities within the finite life-
time of the generated plasma. As this often requires an extensive
diagnostic suite, it can be advantageous if a single diagnostic can
measure multiple quantities simultaneously.

In highly conducting plasmas with frozen-in magnetic flux,
localized time-resolved measurements of a magnetic field can also
provide information about the plasma velocity. The inductive
(“b-dot”) probe is one of the simplest magnetic diagnostics—a
loop of wire that outputs a voltage due to time-varying magnetic

flux. It provides a cost-efficient and effective alternative to more
advanced diagnostic techniques, such as Faraday rotation1 and pro-
ton radiography.2,3 B-dot probes have been used extensively in
magnetized high-energy-density (HED) plasmas. In laser-driven
plasmas, which exhibit rapidly evolving Biermann-generated or
externally imposed fields, multi-axis probes are used to reconstruct
spatially and temporally resolved 3D magnetic fields.4–7 Similarly,
b-dot probes are routinely fielded in pulsed-power-driven plas-
mas to measure the ∼1 to 10 T fields advected by the plasma
flows.8,9

The magnetic Reynolds number RM = UL/η̄ represents the
relative importance of the magnetic field advection over resistive
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diffusion. Here, U is the plasma velocity, L is the characteristic
length, and η̄ is the magnetic diffusivity. For large RM ≫ 1, advec-
tion dominates and the magnetic field becomes frozen into the flow.
In magnetized plasmas with frozen-in flux, inductive probes can
provide an estimate of the flow velocity5,10—a quantity typically
measured using techniques such as optical Thompson scattering
(OTS) and11–13 Mach probes,14 or from the Doppler shift of spectral
lines.15 B-dot measurements have previously been used to estimate
the expansion velocity of laser-driven RM ∼ 104 plasma bubbles5 and
velocities in subsonic magnetic reconnection experiments.10,16

Flow velocity can be inferred by placing multiple probes along
a velocity pathline and measuring the transit time of a magnetized
fluid parcel between the probes. However, in situations where the
first probe significantly perturbs the velocity or magnetic field, it
may not be possible to positionmultiple probes along the same path-
line. There are several ways to overcome this issue: (1) a single probe
can be used, and its location can be varied between repeated shots,5
(2) in the symmetric systems, probes can be positioned on differ-
ent pathlines along the direction of symmetry, and (3) the magnetic
field can be measured at the source, such as in the transmission line
of a pulsed-power machine, and a probe can be placed in the flow to
measure the advected field.

In addition to the flow velocity, inductive probes can also
be used to estimate the Mach number and ion sound speed in
supersonic plasmas. In a supersonic flow, the probe generates a
3D bow shock, as illustrated in Fig. 1. The geometry of a bow
shock depends on the upstream Mach number.8,17,18 In hydrody-
namic shocks, the relevant Mach number is the sonic Mach number
MS = U/CS; in magnetohydrodynamic (MHD) shocks, however, the
shock geometry depends on both the sonic and the Alfvén Mach
numbers, as well as on the orientation of the magnetic field.17,19

Here, CS =
√
γZ̄Te/mi is the ion sound speed, which is a func-

tion of the adiabatic index of the plasma γ, the ionization Z̄, the
electron temperature Te, and the ion mass mi. The Alfvén Mach
number MA = U/VA is the ratio of the flow velocity to the Alfvén
speed VA = B/

√μ0ρ, which depends on the magnetic field B and
density ρ.

At the resistive diffusion length lη = η̄/U, the magnetic
Reynolds number becomes RM = 1, that is, the rates of advection and
diffusion become comparable. Therefore, diffusion dominates for
obstacles smaller than lη, and the plasma andmagnetic field decouple
at the shock. For b-dot probes of diameter comparable to lη, shocks

FIG. 1. B-dot probe with oppositely wound loops of enamel-coated copper wire,
threaded through a thin-walled steel tube. The bow shock around the probe is
represented by the red solid line.

around them will be hydrodynamic, and jumps in the magnetic field
will be negligible.20,21 By imaging the shock around a small b-dot
probe, the upstream sonic Mach numberMS can be inferred, and we
can further estimate the ion sound speed CS if the flow velocity is
known.

In this paper, we estimate the temporally resolved velocity and
the ion sound speed in a pulsed-power-driven magnetized HED
plasma from simultaneous voltage measurements and imaging of
bow shocks around small inductive probes. In comparison to pre-
vious experimental work in pulsed-power-driven plasmas, where
inductive probes were used to measure the magnetic field upstream
or downstream of shocks generated by planar22 or cylindrical obsta-
cles,8 here, the probe itself serves as the obstacle. The small size of the
probe compared to the resistive diffusion scale allows us to generate
a 3D hydrodynamic shock, as described in the previous paragraph,
whose structure is determined by the sonic Mach number, rather
than the magnetosonic Mach number.20 The experiments detailed
here are also the first to provide the velocity and temperature mea-
surements from inductive probe signals combined with bow shock
imaging, in contrast to previous experiments that have used OTS for
this purpose.

This paper is structured as follows: In Sec. II, we outline the
methodology of velocity estimation from b-dot measurements. In
Sec. III, we describe the diagnostic setup fielded on the Magpie
pulsed-power machine. In Secs. IV and V, we present the veloc-
ity and sound speed measurements made using this diagnostic.
Finally, in Sec. VI, we compare our measurements with 3D resis-
tive MHD simulations and with OTS measurements reported in the
literature.

II. VELOCITY MEASUREMENT WITH B-DOT PROBES
Wewant to determine how time-of-flight of themeasuredmag-

netic field relates to the flow velocity at the probe location. Consider
a fluid parcel xp (x0, t) which is at some initial position x0 at time
t = 0 in a magnetized high-RM plasma with a 1D time-varying veloc-
ity field u (x, t). The fluid parcel travels to a position xp (x0, τ)
= x0 + s after some time τ. Using probes positioned at x = x0 and
x = x0 + s, we measure the transit time τ of the fluid parcel. The
average speed ū of the fluid parcel along its trajectory over the time
period τ is ū = s/τ = (1/τ)∫

τ
0 ẋp(x0, t) dt.

The expression within the integral is the Lagrangian velocity
ẋp(x0, t) of the fluid parcel, which can be related to the Eulerian
velocity field u (x, t) using ẋp(x0, t) = u(x, t)∣x=xp(x0 ,t). For this cal-
culation, we assume a simple Eulerian velocity field u (x, t) = (U0
+mx)eνt . We choose this velocity field as it allows for a simple
analytical result and is a good approximation to the velocity field
we simulate in the experiments described below, but the analysis
outlined here can be performed for any arbitrary field. Substitut-
ing the given velocity field into the previous expression results in a
first-order non-linear ordinary differential equation, the solution to
which is the trajectory of the fluid parcel in the prescribed velocity
field,

xp(t) = −
U0

m
+
U0 +mx0

m
exp[

m
ν
(eνt − 1)]. (1)

With the known trajectory, we can now calculate the average
speed of the parcel,
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ū =
U0 +mx0

mτ
[exp{

m
ν
(eνt − 1)} − 1]. (2)

This is the quantity measured from the probe signals. In most
applications, however, we are more interested in the instantaneous
flow velocity, which is the Eulerian velocity. We can compare the
average Lagrangian velocity described by Eq. (2) to the flow veloc-
ity at the probe location x = x0 + s, where the Eulerian flow velocity
is us ≡ u (xp(τ), τ). Taking the ratio ū/us, we calculate the extent to
which the averaged Lagrangian velocity overestimates or underesti-
mates the Eulerian velocity at the probe location. Furthermore, we
are free to choose the position of the origin in this problem, so we
set x0 = 0, and the ratio ū/us then simply becomes a function of the
dimensionless quantitiesmτ and ντ,

R(mτ, ντ) ≡
ū
us
=
e−ντ

mτ
[1 − exp{

mτ
ντ
(1 − eντ)}]. (3)

The value of R depends on the spatial and temporal variation
of the velocity u (x, t) between the points x0 < x < (x0 + s) over the
transit time τ. The quantity ū inferred from the probemeasurements
overestimates the flow velocity at the probe location, i.e., R > 1, when
the velocity field decreases both spatially (mτ < 0) and temporally
(ντ < 0), while it underestimates the flow velocity when the veloc-
ity field increases both spatially (mτ > 0) and temporally (ντ > 0).
When ν andm have opposite signs, the value of Rwill depend on the
relative magnitude of these terms. For spatially and temporally con-
stant velocity (ν,m→ 0), or small transit times (τ → 0), ū becomes
equal to the Eulerian velocity at the probe location (R→ 1). This
means that a smaller probe separation allows for a better estimate of
the Eulerian velocity. Estimating the quantity R requires some prior
knowledge of the variation of the velocity field u (x, t), whichmay be
informed from the simulations, previous experiments, or analytical
models.

III. DIAGNOSTIC SETUP AND DEMONSTRATION
ON MAGPIE

The inductive probe used in this demonstration consists of
two counter-wound single-turn loops of enamel coated copper wire,
threaded through an ∼ 1 mm OD thin-walled steel tube (Fig. 1).
The loops have diameters of ∼ 0.5 mm and are coated with sil-
ver paint for electrostatic shielding. The voltage signal from each
loop is attenuated using a voltage divider and recorded separately
using an oscilloscope with a 1 ns digitization rate. The voltage V1,2
across each loop can have two distinct contributions—one due to the
time-varying magnetic flux Φ̇ through the loop and the other due to
stray voltages VS from the pulsed-power generator: V1,2 = ±Φ̇ +VS.
Having two counter-wound loops allows us to combine the signals
V = 0.5(V1 −V2) = ḂAeff. and isolate the contribution of the time-
varying magnetic flux, which is the product of the rate of change of
the magnetic field Ḃ, and the effective loop area Aeff.

We position the probe to measure the azimuthal magnetic
field advected by the plasma generated during the ablation stage
of a 16 mm tall, a 16 mm wide exploding wire array with 16
equally spaced 30 μm diameter aluminum wires (California Wire
Company), as illustrated in Fig. 2. Exploding wire arrays are

FIG. 2. (a) 3D representation of the experimental geometry, showing an exploding
wire array with 16 equally spaced 30 μm Al wires. (b) Ablation of plasma from the
wire array. Left and top half of the plasma has been clipped for clarity.

commonly-used plasma sources for laboratory-astrophysics appli-
cations, and generate radially-diverging outflows of magnetized
collisional plasma.1,8,9,20,22 The probe is positioned 5.55± 0.25 mm
from the wires, with the loop normal along the magnetic field (i.e.,
in the y-direction).We use a coordinate system centered at the inter-
section of the obstacle axis and the array surface, with the magnetic
field contained in the x–y plane. The Magpie generator (Imperial
College London) drives a 1.4 MA peak current, 250 ns rise time
current pulse through the load.23 Ablation of the plasma from the
wires generates hypersonic (MS ∼ 8) and super-Alfvénic (MA ∼ 2)
outflows with frozen-in magnetic flux (RM ∼ 20).8,9 The resistive
diffusion length is lη ∼ 0.3–0.6 mm, comparable to the probe dia-
meter. We calculate lη using characteristic values of U ∼ 60 km s−1,
ne ∼ 1018 cm−3, and Te ∼ 10–15 eV.9

In addition to the probe in the flow, we place a second single-
loop b-dot probe in a recess inside Magpie’s magnetically insulated
transmission line (MITL). This probemonitors the current delivered
to the load, which in turn sets the drivingmagnetic field, a fraction of
which is advected by the flow. For a 16mm diameter array, driven by
a Ipk = 1.4 MA current, the peak driving magnetic field is 35 T (cal-
culated using Ampere’s law), and the field measured in the plasma
flow ∼5 mm from the wires is typically ∼10 T.21 By measuring the
time-of-flight between the driving and advected magnetic fields, we
can estimate the flow velocity, as discussed in Sec. III.

To image the shock around the probe, we use a Mach–Zehnder
interferometer with a 1053 nm Nd:glass laser (1 ns, 100 mJ). The
interferometer provides a line-integrated (along the y-direction)
view of the side-on (x–z) plane, with a ∼2 cm diameter field-of-view.
We combine the probe and reference beams at the CCD of a Canon
EOS 500D DSLR camera, and calculate the line-integrated electron
density from the fringe shift measured in the interferogram.24,25

We use the side-on line of sight to eliminate the effect of flux
pile-up on the shock structure, which occurs when advected field
lines accumulate and bend around an obstacle. The magnetic ten-
sion of the bent field lines opposes the ram pressure of the upstream
flow, creating a wider shock than when there is no pile-up.8,26 For 3D
obstacles such as the inductive probe, pile-up increases the opening
angle of the shock in the plane parallel to the magnetic field (the
x–y plane), but not in the plane normal to the field (the side-on
x–z plane).8 This allows us to directly estimate the upstream Mach
number from the side-on shock geometry.
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We perform 3D resistive MHD simulations of the experimen-
tal geometry using GORGON to compare velocity and sound speed
measurements with simulated values.27,28 In this paper, we use a
simple volumetric radiation-recombination model29 with a constant
multiplier to account for line radiation, and a local thermodynamic
equilibrium (LTE) Thomas–Fermi equation-of-state28 to determine
the ionization level. The simulation domain is a cuboid with dimen-
sions 60 × 60× 45 mm3 and a resolution of 100 μm. The initial mass
in the wires is distributed over 300 μm wide pre-expanded wire
cores. The applied current pulse (1.4 MA, 250 ns) was determined
by integrating the Rogowski signal monitoring the current in the
cathode for a shot with a similar load.

IV. TIME-RESOLVED VELOCITY MEASUREMENTS
Figure 3(a) shows the unattenuated voltage signals from the

oppositely wound loops of the b-dot probe in the flow, together
with the signal from the probe near the MITL (henceforth, called the
load probe). We combine the oppositely polarized signals from both
loops to isolate the inductive signal [black curve in Fig. 3(a)]. The
probe in the flow reproduces the shape and characteristic features of
the signal at the load, showing that the magnetic field is frozen into
the flow.

The features present in the signals (represented by the orange
and black circles on the load and flow signals, respectively) are
caused by voltage reflections due to impedance mismatches in the
transmission lines of the pulsed-power machine.23 These features
are typically considered undesirable, as they represent inefficient sig-
nal transmission. However, the presence of these features allows us
to measure time-of-flight of the plasma to the probe from the time
delay between corresponding features on the two signals. From the
known distance between the array and the flow probe, we estimate
the time-resolved average velocity of the plasma between the wires
and the probe over the transit time of the fluid parcel, as shown
in Fig. 3(b).

FIG. 3. (a) Voltage response of the inductive probe and the load probe. (b) Time-
resolved average velocity measurements between the wires and probe location.
Time error bars show a period over which velocity is averaged. Data marked with
an asterisk represent OTS data. The green curve represents the corrected velocity
using R = 0.67.

Our simulation shows that the velocity field increases spatially
with increasing distance from the array (m > 0) but decreases tem-
porally (ν < 0) (see Sec. II). From the simulated velocity field, we
estimatem ≈ 2 × 107 s−1 and ν ≈ −4.3 × 106 s−1. The inductive probe
measurements show that themean transit time is τ ∼ 78 ns. This cor-
responds to a correction factor R ∼ 0.67 [Eq. (3)], which indicates
that the average velocity measured by the inductive probe is about
67% of the flow velocity at the probe location. The corrected velocity
[green curve in Fig. 3(b)] estimates the Eulerian velocity at the probe
location and ranges from ∼170 km s−1 early in time to ∼78 km s−1

later in time (t ∼ 300 ns).

V. UPSTREAM MACH NUMBER AND ION SOUND
SPEED

Figures 4(a) and 4(b) show the interferograms recorded before
the start of the experiment and at t = 300 ns after the start of
the current pulse, respectively. The line-integrated electron den-
sity, reconstructed from the distorted fringes, is shown in Fig. 4(c).
A detached bow shock, which appears as a curved discontinu-
ity in the fringes and the electron density, is visible in both the
raw interferogram and the electron density map. The shock front
appears washed-out in the electron density map because line-
integrating through the bulk of the plasma obscures the intensity
of the shock front. To enhance the visibility of the shock, we plot
the gradient of the line-integrated electron density on a logarithmic
scale [Fig. 4(d)].

The shock appears more prominent on the top of the probe in
Figs. 4(b) and 4(c). This is because in the shot interferogram, the
fringes shift in such a way that they become almost parallel to the
shock front under the probe and, thus, appear relatively undistorted.
The shock appears distinct on the other side, where the fringes are
at an angle to the shock. Using a different imaging diagnostic, such

FIG. 4. (a) Side-on background interferogram recorded before current start. (b)
Side-on raw interferogram at 300 ns after current start. The red shaded region
represents the silhouette of the probe from the background interferogram. (c) Side-
on line-integrated electron density map. (d) Enhanced image of the shock. Fine-
scale structures seen here are artifacts of interpolation.
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TABLE I. Experimentally measured quantities at probe location 300 ns after current
start and comparison with the simulation and the literature.

V
(km s−1) μ (deg) MS

CS

(km s−1)
Z̄Te
(eV)

Experiment 52 ± 14 7 ± 0.5 8.2 ± 0.6 6 ± 2 10 ± 6
Corrected 78 ± 14 7 ± 0.5 8.2 ± 0.6 9.5 ± 2 22 ± 9
Simulation 68 7 7 − 11 6 − 10 9 − 25
OTS8,20,22 61 ± 1 N/A N/A N/A 28 − 40

as shadowgraphy or Schlieren imaging with a symmetric stop, can
eliminate this issue.

The shock angle σ(x) in a bow shock is the angle between the
upstream velocity vector u1 and the shock front (Fig. 1). The shock
angle decreases continuously from 90○ at the leading edge of the
obstacle in a bow shock. Far away from the obstacle, where the shock
is infinitesimally weak, the shock angle asymptotically approaches
the Mach angle μ. We can relate the Mach angle to the upstream
Mach number using the simple expression sin μ = 1/MS.17,30 From
Fig. 4, we measure the Mach angle to be μ = 7.0○ ± 0.5○, which
corresponds to an upstream sonic Mach number of MS ∼ 8.2 ± 0.6.
Combining this information with the measured flow velocity, we
estimate the ion sound speed CS, as shown in Table I.

The ion sound speed CS depends on the electron tempera-
ture Te, the ionization Z̄, and the adiabatic index γ of the plasma.
If γ is known, we can use the estimated sound speed to infer the
value of Z̄Te. In high-Z HED plasmas, internal energy and ther-
mal pressure contributions due to Coulomb interactions, ionization,
and excitation processes can make the adiabatic index of the plasma
smaller than that of an ideal gas.31 For the plasma in this experi-
ment (ne ∼ 1 × 1018 cm−3,Te ∼ 10 eV), we use a simple model to
estimate γ ≈ 1.13,24,31 using which, we estimate Z̄Te ∼ 22 ± 9 eV
(Table I).

VI. COMPARISON WITH THE SIMULATION
AND THE LITERATURE

The velocity measured by the probe [blue curve in Fig. 3(b)]
underestimates the simulated Eulerian velocity at the probe location,
but applying a correction factor of R ∼ 0.67 results in good agree-
ment with the simulation. As seen in Table I, experimental estimates
of the Mach angle, Mach number, and sound speed also agree well
with simulated values.

The first velocity data point in Fig. 3(b), however, represents a
discrepancy between the experiment and simulation. In the experi-
ment, the plasma reaches the probe earlier than in the simulation.
Wire arrays typically exhibit a ∼50 ns dwell time before ablation
begins, which means that it is unlikely that there is a plasma at
the probe location at t = 50 ns after start of the current pulse. A
magnetostatic Biot–Savart calculation of the vacuum magnetic field
shows that the contribution of the vacuum field to the probe’s volt-
age response is only ∼20 mV at peak current, which is not large
enough to explain the rising voltage at 50 ns. Further investigation is
required to resolve the discrepancy in the plasma arrival time.

In Fig. 3(b), we also compare the flow velocity determined
from inductive probe measurements with velocity measurements

reported in the literature. These measurements are acquired using
optical Thompson scattering (OTS) in experiments with aluminum
exploding wire arrays of similar dimensions, also fielded on Magpie,
and at roughly 5 mm from the wires.8,20,22 OTS measures spatially
localized flow velocity from the Doppler shift in the spectra of light
scattered by the plasma.11 The corrected flow velocity estimated
from inductive probe measurements agrees, within experimental
uncertainty, with OTSmeasurements reported in the literature.8,20,22

The ion feature of OTS also allows for the measurement of Z̄Te from
the wavelength separation of the ion acoustic peaks in the scattered
spectrum.11 Values of Z̄Te inferred from OTS in similar plasmas lie
in the range Z̄Te ∼ 28 − 40 eV.8 This range is consistent with the
values obtained by the corrected inductive probe technique reported
herein (ZTe ∼ 22 ± 9 eV).

VII. SUMMARY
We present a new experimental technique to infer the velocity

and ion sound speed in supersonic magnetized pulsed-power-driven
plasmas from simultaneous imaging and voltage measurements of
inductive probes. By measuring the transit time of the plasma
between two inductive probes, we calculate the average velocity of
a magnetized fluid parcel along its trajectory. We show that the
extent to which the measured velocity overestimates or underesti-
mates the instantaneous flow velocity at the probe location depends
on the temporal and spatial variation of the velocity field. In this
demonstration, we use aMach–Zehnder interferometer to image the
shock; however, other imaging techniques, such as shadowgraphy
or Schlieren imaging, where the intensity of the image is propor-
tional to density gradients (such as at the shock front), may enhance
the visibility of the shock. We estimate the Mach number of the
upstream flow from the Mach angle of the imaged shock, and com-
bining this information with the measured velocity allows us to
estimate the ion sound speed, which agrees well with the predic-
tion of our simulation and with OTS measurements reported in the
literature.
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