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Inductive magnetic field probes (also known as -dot probes and sometimes as -probes
or magnetic probes) are often employed to perform field measurements in electric
propulsion applications where there are time-varying fields. Magnetic field probes provide
the means to measure these magnetic fields and can even be used to measure the plasma
current density indirectly through the application of Ampère’s law. Measurements of this
type can yield either global information related to a thruster and its performance or
detailed, local data related to the specific physical processes occurring in the plasma.
Results of the development of a standard for -dot probe measurements are presented,
condensing the available literature on the subject into an accessible set of rules, guidelines,
and techniques to standardize the performance and presentation of future measurements.
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I.

Introduction

T

he Electric Propulsion Technical Committee (EPTC) of the American Institute of Aeronautics and Astronautics
(AIAA) was recently asked to assemble a Committee on Standards (CoS) for Electric Propulsion Testing. The
assembled CoS was tasked with developing Standards and Recommended Practices for various diagnostic
techniques used in the evaluation of plasma thrusters. These diagnostics included measurements that can yield
either global information related to a thruster and its performance or detailed, local data related to the specific
physical processes occurring in the plasma. In this document we describe the resulting standards and recommended
practices developed for inductive magnetic field probes.
Inductive magnetic field probes (also called -dot probes throughout this document) are commonly used in
electric propulsion (EP) research and testing to measure unsteady magnetic fields produced by time-varying currents
[1,2]. The -dot probe is relatively simple in construction and materials cost, making it an inexpensive technique
that is readily accessible to most researchers. While simple, the design of a -dot probe is not trivial and there are
many opportunities for errors in probe construction, calibration, usage, and in the post-processing of data that is
produced by the probe. There are typically several ways in which each of these steps can be approached, and
different applications may require more or less vigorous attention to various issues. While there is significantly
more information in the AIAA draft Standard document regarding different techniques and variations, in this paper
we present only the recommended or ‘preferred’ techniques as outlined by the assembled committee in the Standard.
While the main discussion in the document focuses on single probe heads, much of the content is also applicable to
multi-head and multiple-probe configurations (including so-called probe ‘rakes’). Not included in this standard are
other inductive magnetic field probes known as magnetic flux loops, inductive current-measuring probes known as
Rogowski coils, and Hall probes for DC-to-low frequency magnetic field measurements.
Pulsed electric propulsion applications for which -dot probes are typically employed have discharge periods
ranging from the order of 1-10 s to a few ms. Unlike pulsed fusion research applications, the plasma in electric
thrusters is generally relatively low in temperature, on the order of 1-10 eV. The probe construction detailed in the
present document is not meant for application in very high temperature plasmas, both because of excessive heat flux
to the probe and because the plasma resistivity may be low enough where the flux lines would be ‘frozen’ into the
plasma and would not readily diffuse into the magnetic probe to permit a measurement. If a probe is to be used in
an electric propulsion application operating in a continuous/continuous-wave mode, additional attention must be
given to heat flux into the probe walls. In these situations the probe may require rapid translating in and out of the
plasma to avoid excessive heating.
In this paper, we provide a summary of only the recommended standard practices for using -dot probes in
electric thrusters. There are other standard practices and probe permutations above and beyond those contained in
this paper and for the sake of brevity the reader is referred to the Standards document for more background and
discussion on those techniques. In the following section we describe the underlying physics of the -dot probe
measurement, and provide ‘standard’ probe designs from the literature. In Section III, the probe calibration method
is explained. The use of the calibration to generate meaningful data from measurements is explained in Section IV,
with some examples of data presented in Section V. Sources of error and uncertainty are discussed and quantified in
Section VI.

II.

Probe Description

A -dot probe represents an attractive plasma diagnostic that can provide a wealth of quantitative information
about a plasma. These types of probes self-generate an output voltage when immersed in a time-changing magnetic
field and in electric propulsion applications the output typically does not require amplification making -dot probes
⁄ -generated probe signal can be time-integrated to provide a local
both robust and simple to use. The raw
measurement. Several other attractive features of -dot probes include design flexibility and the fact that
fabrication is relatively straightforward and inexpensive.
A -dot probe consists of a small inductive loop of 1 or more turns of light-gauge wire that is inserted into a
time-varying plasma discharge, oriented so that the -field of the discharge passes through the loop. For accurate
measurements, the probe axis and the -field must be aligned within 10 degrees (see Sect. IV.C). The loop must be
electrically insulated from the discharge, commonly accomplished by enclosing the loop and its leads in a thinwalled sealed insulating tube (Pyrex, for example). A schematic showing a notional -dot probe design is presented
in Fig. 1.
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Probe operation is based on Faraday’s Law in which time-varying magnetic fields perpendicular to and linking
the inductive coil windings induce a voltage that is proportional to the time derivative of the magnetic field. The
voltage output by the probe head is conveyed through a coaxial cable or similar transmission line and measured as
voltage p across a load impedance p , which is typically 50Ω. The signal can be integrated prior to digitization
using an analog integrating circuit (not shown), or it can be recorded directly and integrated in post-processing.
Frequency-dependent transmission line effects can cause differences between the voltage output by loops of wire
comprising the probe coil ( c ) and the measured voltage ( p ), and in general p
c . In these cases, the measured
signal must be corrected to account for the differences between the two voltages.
Probe head
output Vc( t )

Insulating sheath

N-turns
Twisted leads

Electrical shield

Transmission line

Zp
typ 50Ω

+
Vp ( t )
-

Loop area A

B(t)

Figure 1: Schematic illustration of a -dot probe (shown with an optional electrical shield) with the probe head connected
through a transmission line (either a coaxial cable or a twisted-shielded pair of wires) to a load impedance p (typically 50Ω) on
the right hand side, where the output p is measured.

A. Generalized Probe Theory
Assume a -dot probe is comprised of a loop of wire having a cross-sectional area . The theory governing the
time-varying voltage response is a relatively simple application of Faraday’s Law [3,4]. For completeness, we
repeat the derivation of the relationship between the measured magnetic field and the voltage produced by that
magnetic field passing through the probe. Faraday’s law can be integrated over the probe area to yield
E ∙ A

B

E∙ l

∙ A

(1)

where E is the electric field, B is the magnetic induction, and the integral of the term
E over the surface has
been transformed using Stokes’ theorem to a line integral about the contour Γ that encloses the area .
Qualitatively, Eq. (1) states that a changing magnetic field through a closed loop results in an electric field. The
customary definition of the electromotive force (EMF) induced by an electric field in a single loop of the coil with
this contour is
E∙ l

(2)

The magnetic field can be considered approximately constant over the area
fulfills the condition
1

for a probe of loop diameter

≪1

if it

(3)

If the magnetic field component parallel to the coil axis can be assumed constant over the area , then the right-hand
side of Eq. (1) can be integrated to yield
Φ
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(4)

is the total magnetic field along the loop axis and Φ is the magnetic flux through the loop. The total
where
and any fields that arise from current
magnetic field is the sum of any externally-generated magnetic fields
. Currents in the loop arise because the windings are conductive paths and have an
driven in the loop
associated inductance. The EMF produced by a single turn of wire is generally quite small, but it can be amplified
by winding successive loops to form a coil. The voltage output by an -turn loop of wire is
(5)
The magnetic flux generated by the loop is related to the time-changing current
such that
and the total EMF is

and the coil self-inductance

(6)
is the EMF owing to the externally-generated fields. As an example, a probe with = 5 turns and = 4
where
mm2 = 4x10-6 m2 inserted into a magnetic field of a pulsed plasma where ⁄ = 106 T/s will output a voltage =
20 V.
In addition to the self-inductance of the loop, real probes and the transmission lines to which they are connected
have resistance, inductance, and capacitance which alter the ideal response. As the pickup loop conducts current,
these parasitic elements affect the output voltage such that
c
p (see Fig. 2). At low frequencies, inductance
and resistance attenuate and shift the probe’s signal through inductive reactance. Capacitance in the transmission
lines and in the probe head begins to take effect at higher frequencies as the capacitive reactance increases. The
signal can also experience transmission line effects when the wavelength of the transmitted signal approaches the
line length. These effects can all contribute to the frequency dependence of the probe sensitivity.
Following Ref. [4], the magnetic field fluctuations and the subsequent measured voltage p can be related by
considering the probe system modeled as the circuit shown in Fig. 2b, with the pickup coil having a complex
impedance c , the transmission line having characteristic impedance 0 , and a termination impedance p at the data
acquisition system.
a)

b)

Pickup Coil

Transmission Line
Z0

Rc
Cc

Lc

Rp

Z0
Vp

+
-

Vc

Zp

Zc
+

Vc

Vp

+
-

~
ε
B

+

~
ε
B

Data Acquisition
System

-

-

Figure 2: a) Circuit model of a -dot probe. b) Equivalent circuit model with all elements given as impedances.

In general we must develop a relationship between the voltage p and the time-varying externally-generated
, where
. While in some cases an analytical function for this relationship can
magnetic field
written, in all cases there does exists a relationship between p and
that defines the complex probe amplitude
and phase response and is represented as a frequency-dependent transfer function (sensitivity)
, generally
written as
p

p

(7)

where the denominator is written generally as the sum of a frequency-dependent resistance and a reactance . It
is typically straightforward to perform a calibration for the probe sensitivity. For this reason, it is recommended that
the value of
be determined through calibration using known field sources. This procedure is described in
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greater detail in Sect. III. For wide bandwidth applications, it is important for the probe’s response to be wellcharacterized across the entire frequency range of operation.
B. “Standard” Probes
Two ‘standard’ single-axis probe designs are provided in this section; one for higher-frequency measurements
and another for lower-frequency fields. A schematic showing the general construction of the probe from probe tip to
data acquisition system is presented in Fig. 3, with the coil and coil form the only things that differ between the two
probe designs, each being dependent upon the operating frequency of the experiment. Both designs have been used
to perform measurements in real pulsed electric thruster applications. It should be noted that these designs are not
the only acceptable or possible probes configurations. For example, while hand-wound coil designs are given for
the standard probe, commercial ceramic core (i.e. non-ferrite) surface mount inductors represent a mass produced,
low variability, relatively fixed inductance alternative that could be used instead. A researcher skilled in the art will
be able to use the -dot probe standard and the background materials provided therein to develop many
permutations on the standard designs based upon the measurement needs as dictated by the application.
high-speed digitizer
with 50Ω termination

+

Vp

triaxial to
coaxial transition

epoxy

quartz
twisted #26 Formvar tube
coated wire (optional)

epoxy
(a) coil

Rp

TRC-50-1
50Ω triaxial cable
RG58 (or comparable)
50Ω coaxial cable

Figure 3: Schematic for construction of a ‘standard’

heat
shrink

Cu or S.S. shielding
tube 2.77 mm
(0.109") OD (optional)

(b) coil form

-dot probe. Probe head drawing from Ref. [5].

The high-frequency probe head design is based on the work in Refs. [6,7] where it was used in pulsed plasma
accelerators, which have time variations in the magnetic field on time scales of <1 µs to on the order of 10 µs (100
kHz to >1 MHz). The head consists of (a) a 5-turn coil formed by wrapping #44 Formvar coated wire around (b) a
PVC or Lucite rod coil form having a 2.5 mm (0.098 in) diameter. The rapidly-changing magnetic field (high
⁄ ) leads to a probe design where a low value of the quantity
(~2 10 turns-m2) can be used, providing
a relatively high signal strength [Eq. (5)] while minimizing the overall effect of the probe head impedance on the
measurement [Eq. (7)].
A lower-frequency probe head design is based on the work in Ref. [5], where it was used in quasi-steady
magnetoplasmadynamic (MPD) thrusters, which have magnetic-field time variations on the order of at least ~10 µs
to 1 ms (1 kHz to 100 kHz). The head consists of (a) a 30-turn coil formed by wrapping #44 Formvar coated wire
around (b) a Lucite rod coil form having a 1.5 mm (0.059 in) diameter. Since the time rate of change of magnetic
field variations is lower than in the high-frequency application, the higher value of
(~5.3 10 turns-m2) is
helpful in resolving the data.
The ends of the #44 wire forming the coil are shown connected to a larger, twisted #26 Formvar coated wire
pair. This twisted pair is enclosed in an optional but recommended conducting electrostatic shield consisting of a
copper or stainless steel tube. The entire assembly that will be inserted into the plasma is electrically insulated and
protected by a quartz tube sealed at the end containing the coil. The #26 wire is connected to the center conductor
and inner shield of a 50 Ω TRC-50-1 triaxial cable, with the electrostatic shield connected to the outer shield of the
triaxial cable. In Fig. 3 the #26 wire and electrostatic shield are shown as ‘optional’. The probe can instead be
fabricated by pushing the triaxial cable directly into the quartz tube and directly connecting it to the #44 wire
forming the coil, obviating the need for the #26 twisted wire pair and shield tube.
Eventually, the triaxial cable needs to transition to a two-conductor cable to permit measurement on a data
acquisition system. The simplest way to do this is to use a triaxial to coaxial transition, typically available for
purchase as an adapter. In the present case, the adapter connects the center conductors of the triaxial and coaxial
cables, and the inner and outer shields of the triaxial cable are connected to the shield of the coaxial cable. The
cabling between the adapter and the digitizer is RG58 (or comparable) 50 Ω coaxial cabling. Grounding of the
shield at the data acquisition system has been known to drastically decrease noise interference in -dot signals.
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While proper grounding is especially important in high-frequency applications, its use should be considered in lowfrequency applications as well.
As with most probes, using a termination that matches the cable impedance is preferable. Terminating the cable
in this manner will absorb the voltage wave at the data acquisition system, minimizing signal reflections at that end
of the transmission line. This will have the effect of reducing the signal voltage by a factor of two relative to the
unterminated sensitivity.

III.

Calibration

Calibration of the output of the -dot probe is typically required to yield the relationship for
given in Eq.
(7). Just like in the actual experimental measurements, the probe and calibration source should be appropriately
sized such that the magnetic flux through the cross-section of the loops is approximately constant. The frequencydependent nature of
requires that the probe should be calibrated over the frequency range of the measurement.
Matching the field magnitude is not required, but it is not discouraged either.
The use of a known magnetic field source is the preferred manner in which to calibrate the output of a -dot
probe. In this case the -dot probe is inserted into a field that is well-known in value and orientation. The field
should be measured using a separate measurement, but if none is possible field values in simple geometries can
potentially be obtained through analytical calculations.
Helmholtz coils, like the one shown pictorially in Fig. 4, are often used to generate the magnetic field sources for
probe calibration because they are simple to construct and have a volume near their center where there is a relatively
uniform field, which is given as
4
5

⁄

(8)

is the permeability of free space, is the number of turns of the Helmholtz coil, is the coil current, and
where
is the radius. The derivation of Eq. (8) assumes that the axial distance (labeled in Fig. 4) between the two
Helmholtz coils is equal to . This value must be large enough to accommodate the size of the probe being
calibrated. The volume over which the Helmholtz coil field is constant scales with the radius , with a relatively
uniform axial field being present from
0 to ⁄
0.2, providing an upper bound to the size of probe that can
be calibrated within a Helmholtz coil of a given radius.

Figure 4: Diagram of Helmholtz coils and the magnetic field produced within the volume.

The preferred, standard method to determine the functional relationship between the coil current and produced
magnetic field as given in Eq. (8) is to directly measure the output for known current input levels. Although a timechanging magnetic field must be used for probe calibration, the field source output can be calibrated by applying a
DC current and measuring the resulting magnetic field in both the radial and axial direction with a DC
gaussmeter/Hall probe. Once this is accomplished, the calibration of a -dot probe using Helmholtz coils is reduced
to a problem of accurately measuring the current to the coil, which can be accomplished in a number of ways (e.g.
Rogowski coils, Pearson current monitors, etc.).
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The simplest test field for probe calibration is sinusoidal. When possible, the standard way in which a probe
should be calibrated is by using magnetic fields with amplitudes and frequencies comparable to those which the
probe will measure while in use. Also use the same cabling and data acquisition setup that will be employed in the
experiment. This will reveal saturation and bandwidth problems in the measurement, isolation, and integration
hardware. It may be challenging to achieve in calibration both the amplitude and frequency that will be experienced
during operation of a pulsed electric thruster. As long as the probe does not contain components that will saturate or
provide a non-linear response as the field strength and commensurate signal are increased, calibration at the
expected field amplitude is not required. However, it is still necessary to calibrate the probe over the range of
frequencies expected in the experiment. For probes used in broadband applications, a series of Helmholtz coils may
be required to accurately resolve
across the frequency range.
For narrow bandwidth applications where the probe sensitivity is approximately constant over the frequency
range of interest, the value of
can obtained by numerically integrating p and scaling it by the known
p

const

(9)

Phase shift can be calculated from these data by comparing the delay between
and p
. Any phase
shift must be removed by time shifting one signal relative to the other before proceeding with the division operation
in Eq. (9).
If there is significant variation of sensitivity function (in either amplitude or phase) over the expected frequency
range in the application, Fourier transform techniques can be employed to construct a general, calibrated
over
the measurement range of interest [8]. Applying a fast-Fourier transform (FFT) (in the complex domain) to Eq. (7)
yields
FFT

FFT
FFT

p

FFT

p

(10)

to which the probe is
In the recommended Helmholtz-coil calibration apparatus, the external magnetic field
subjected is calculated from the current waveform in the coil. The factor of
arises from the FFT of the timederivative on
. The FFT always produces a component at
0 (related to the DC offset of the signal), which
must be removed or otherwise excluded so the division operation in the second ratio in Eq. (10) does not result in a
and , it is relatively straightforward to construct the
singularity. With a simultaneous measurement of both
complex frequency-domain function
. The problem can be simplified by moving the factor
to the righthand side of Eq. (10), yielding the probe transfer function
FFT
FFT

p

′

(11)

Using this technique the values of ′
will be known only at discrete frequencies. Enough samples should be
obtained so that the sensitivity does not vary appreciably from point to point, making it possible to obtain values at
other, neighboring frequencies through interpolation. Also, when processing data with FFTs, attention must be
given to how the signal is sampled and processed. An FFT will produce an accurate signal magnitude in the
frequency domain only if the data span several complete cycles. If the data do not, they must be windowed or
truncated.

IV.

Data Reduction and Integration

⁄ . However, since the
The voltage output by inductive magnetic probes is typically proportional to
measurement of interest is the magnetic field , the measured signal from the probe must be reduced and integrated
with respect to time. The current density j [A/m2] and force density j B [N/m3] can then be found from the
B , , , field by spatial differentiation.
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A. Digitization and Numerical Integration
Before 1990, it had been the case that digital integration was an acceptable method only at relatively low
frequencies where an oscilloscope’s sampling rate could be set sufficiently high so as to avoid undersampling issues.
However, with digitizers now capable of operating well above 1 Gsample/sec at bandwidths greater than 1 GHz on
some systems, it is possible to perform much more accurate digitization of the input signal, making this the preferred
and most widely used method for data acquisition and integration. The advent of fast, high bandwidth digitization
significantly reduces the numerical integration error by decreasing the step size. High resolution digitizers (12-bit)
can be employed to capture -dot probe measurements with greater voltage resolution leading to a reduction in the
integration error. Digital integration requires no additional circuitry be added to the setup and, with present-day data
acquisition systems, it is the easiest integration technique to implement.
The signal can be numerically integrated if the sampling time is much smaller than the time in which the
magnetic field is varying. Numerical integration can be accomplished using various techniques (the mid-point rule
or the trapezoidal rule for integration, for example, which are usually included in modern data analysis software
packages). Digitizers can add a small offset to the data resulting in a rising or falling baseline added to the
integrated signal. An acceptable method for calculating the offset is to collect an initial sequence of data in the prebuffer of the digitizer when the magnetic field is not present. The average voltage of this interval (typically 10% or
less of the record length) is the offset, which can be subtracted from the data before it is integrated. Note that even
after this there can be a slight rising or falling baseline in the data. This effect can be further reduced by using high
resolution (12-bit or higher) digitizers.
If the magnetic field source contains a single frequency or
does not change appreciably over the frequency
range of the signal, the integrated signal scaled by the sensitivity will yield the amplitude of the magnetic field. It is
relatively straightforward to correct the signal if it is time-shifted owing to a temporal delay in transmission of the
signal from the probe head to the data acquisition system. The resulting magnetic field measurement is then
processed using the equation
1
|

|

(12)

p

B. Fourier Techniques Applied to Broadband Data
The situation may arise where the frequencies present in an experiment span a wide range, and the variation of
may be significant over that range. In these cases, Fourier techniques can be used to properly scale the probe
measurement [8]. The process to determine the sensitivity transfer function ′
for the probe using FFTs was
resulted in Eq. (11). Once ′
is known, it can be used to scale broadband probe data obtained in the experiment
to yield a measure of the magnetic field
IFFT

FFT
′

p

(13)

where IFFT is the inverse fast-Fourier transform (in the complex domain). Since the points comprising the transfer
function and those resulting from an FFT of the measured probe voltage may not occupy the same frequencies, it
may be necessary to construct spline curve fits or use interpolation to make ′
compatible with the output of
, with the
FFT p . The fitting process may have to be performed separately on the real and imaginary parts of ′
resulting fits then used to generate a complex array representing a transfer function that is also compatible with the
probe measurement.
Care must be exercised when using fast-Fourier transforms. The FFT algorithm assumes that the signal spans
full cycles of data. If the signal does not span several cycles, the data at the frequency of interest will be split among
neighboring frequencies. To avoid this, the data should be properly windowed. The factor
in Eq. (10) arises
from the FFT of the time-derivative of the magnetic field, producing a singularity at
0. If the probe signal
contains only AC components and the DC offset of the digitizer can be removed prior to calculating the FFT of p ,
the value at
0 can be excluded and ignored during data processing. In general the value at
0 can be
ignored because -dot probes do not respond to DC magnetic fields.
The hybrid integration technique [9] is an alternative method of processing data where the fast-Fourier transform
is applied only to the voltage measurement, leaving the time-derivative of the magnetic field term intact. The
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resulting function is divided by the sensitivity
and then converted back into the time domain for numerical
integration. This sequence of steps is compactly written as
IFFT

FFT

The hybrid integration technique will avoid the singularity at
are no sharp changes in sensitivity.

V.

p

(14)
0. It can also be used without windowing if there

Example Data

Applications where -dot probes can be employed span a diverse spectrum. Measurements performed in
different applications are presented to demonstrate instances when -dot probes have been used. Example magnetic
field measurements are presented first, followed by examples where other data were extracted from a magnetic field
measurement.
Measurements of the magnetic field produced in an inductively coupled plasma known as a Field Reversed
Configuration (FRC) or plasmoid accelerator are presented in Fig. 5, where the voltage collected by the probe is
shown in Fig. 5a and the time-integrated signal giving the value of
is shown in Fig. 5b. In this particular
measurement, the -dot probe was located inside the formation coil but external to the plasma, minimizing the
plasma perturbations caused by the probe. A current pulse through the coil driven by energy stored in a capacitor
bank produced the oscillating vacuum magnetic field, which is modified when a plasma is permitted to form and
inductively-couples with the current in the coil. The resulting measurements of the vacuum magnetic field and the
net magnetic field resulting from the currents in the inductively-coupled plasma are shown. In this example, the
probe had a value of
1.24 10 m2, while it was connected to a data acquisition system through 4-m of
twisted-shielded pair cabling and 2-m of coaxial cabling. The signal was terminated into 50Ω, resulting in a
sensitivity at 10 kHz of | | 1.15 10 turns-m2 and a lagging phase shift of 0.7° (delay of 195 ns). The hybrid
integration technique of Eq. (14) was used to post-process the signals without any additional filtering.

Figure 5: -dot probe sample data from an inductively coupled plasmoid experiment showing measurements of a vacuum
magnetic field and the net field produced when a plasma forms. a) The raw voltage signal from the probe and b) the magnetic
field found using Eq. (14).

If knowledge of the magnetic field in all three dimensions is available, then the current density in the plasma j
can be calculated [3] using Ampère’s law (neglecting the displacement current, which is typically very small in this
case unless the fluctuations vary at a frequency greater than the plasma frequency)
B

j
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(15)

The information about B can be obtained through direct measurement using -dot probes. However, the need to
perform this measurement in every dimension may be obviated if the experimental apparatus is set up in such a way
that some components of field can be approximated or if symmetries exist in the system that can be exploited. For
example, if a plasma can be assumed cylindrically symmetric and it can be argued that the field is purely in the
azimuthal direction, then
varies only in the radial and axial directions. Measurement of the azimuthal magnetic
field at locations within an - plane permits the calculation of the current density as
1
1

(16)

Evaluation of current density becomes a matter of numerically evaluating the partial derivatives. This process is
more accurate as the step size between measurement locations is reduced. The measurements of the magnetic field
can be obtained at one location at a time (i.e., with data acquired on separate pulses), if it can be assumed that the
process is repeatable. The data in Fig. 6a were acquired in this manner on a parallel-plate pulsed plasma accelerator
[7,10], with the current density contours in Fig. 6b computed using the Cartesian coordinate system equivalent of
Eqs. (16). An alternative is to use a pair of -dot probes together, separated by some distance greater than the probe
diameter, ∆
, which can capture the spatial gradient of B between the two points during a single pulse. Other
derived quantities that can be calculated from a mapping of the magnetic field are the Lorentz body force on the
plasma and, if MHD equilibrium can be assumed, the pressure.

0.0
a)

0.4
Magnetic field (T)

0.8

0

20
Current density (MA/m2)

b)

40

Figure 6: a) Measured magnetic field (directed out of the page) in a parallel-plate pulsed plasma accelerator (plates at top and
bottom of image with 5 cm separation) and b) current density contours (in the plane of the page) computed using the Cartesian
coordinate system equivalents of Eqs. (16). Data are from Ref. [10], enlarged from the original to more clearly show detail.

VI.

Error Analysis and Uncertainty

Errors in magnetic induction probe measurements can arise from a number of sources, and subsequently affect
all calculated or derived quantities that utilize the magnetic field measurement. The error sources include:
(1) Data reduction errors
a. Calibration errors
b. Integration errors
c. Statistical (repeatability) errors
(2) Field non-uniformity errors
(3) Probe orientation errors and spatial uncertainty
(4) Errors created by nearby conductors
(5) Other sources of error

(
(
(
(
(
(
(
(

)
)
)
)
)
)
)
)

These sources of error are typically uncorrelated, combining to yield a single uncertainty in the magnetic field
The standard equation for combining these errors is
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.

(17)
While the list above is provided as an indication of the myriad potential error sources in a -dot probe
measurement, it is mostly important in electric thruster applications to quantify the errors associated with items (1)(3) above. Methods to estimate and quantify these errors are given in this section.
A. Data Reduction Errors
Probes used in a low-noise environment coupled with the use of accurate digitizers can yield measurements with
relatively small statistical errors on the order of a few percent or less. In this case, the error due to data reduction
is a combination of the uncertainty in the calibration of the sensitivity
and the integration error
. For
a calculated quantity the transmission of each error through the magnetic field measurement can be resolved using
, ,…,
the method of partial derivatives [11,12]. The partial derivative method linearizes a function
about a point
contributes to the total error.
to determine how the uncertainty
of each variable
, ,…,
is calculated in the direction of each variable around as
The linearization
,

,…,

(18)

Each uncertainty is weighted by its linearization and summed for the total error
⋯

(19)

Assuming the errors are not large, this provides a conservative estimate for the total variation. The partial derivatives
3 away from
can either be calculated analytically or obtained by using a point
Using Eqs. (18) and (19), the error for the calculated magnetic field based upon the uncertainties in the
and the error associated with the integration process
is given as
sensitivity
(20)
represents how the calculated magnetic field varies due to the uncertainty in the calibration of the
where
sensitivity and
describes how errors in the integration process contribute to the overall error.
Internal probing of plasmas generally does not yield low-noise signals. Large transient signals can appear
sporadically at the probe and add irregularities to integrated signal. In this case, it is advised to average over many
repeated data sets to generate a composite signal with acceptable error bounds. The overall error associated with the
data reduction process is then given as
(21)
For low-noise applications where the statistical spread of the data is small, the processing error is primarily the error
used in calculating the magnetic field.
1. Calibration Errors
Errors in the calibration process are perhaps the easiest to quantify. Calibration errors will depend on the method
used for probe calibration and are generally quite small (on the order of a few percent). If a single calibration
process is used to directly determine the sensitivity , the calibration error
will be given as a combination of the
magnetic field uncertainty produced by the field source and the uncertainty associated with the instruments used to
acquire data during the calibration process.

11
The 33rd International Electric Propulsion Conference, The George Washington University, USA
October 6 – 10, 2013

2. Integration Errors
Digital integration of the scaled EMF signals yields small error levels when using a low-noise, high-speed, highresolution (12-bit or higher) digitizer and with proper removal of any DC offset (as described in Sect. IV.A).
Digitizers can have random noise associated with their internal components which often manifest as bit noise on a
waveform. Since this noise is predominantly random, it will not noticeably contribute to the error during the
integration provided the sampling rate is several orders of magnitude higher than the frequency of the signal being
measured. A useful estimate for the digital integration error is generally small (1-2%) for high-resolution
measurements. Digitizers and other data acquisition equipment may also have their own systematic errors, and these
will also appear as errors in the integrated signal.
Integration errors from any scheme, including those employing passive and active integrators, can be estimated
by passing a known signal from a signal generator into the data acquisition hardware. The signal is passed through
the integration circuitry if those methods are employed, and then the integrated output can be compared to the
analytically-integrated input. The error will typically be frequency dependent and should be mapped over a broad
bandwidth that covers the frequency range of signals being measured.
3. Statistical (Repeatability) Errors
For similar initial conditions there will naturally be variations in the data waveforms acquired for each trial (socalled ‘shot-to-shot’ variation). Some of these variations may owe to real differences between two trials. For
example, a capacitor bank powering a high-current pulsed discharge may not have the same initial charge on two
separate pulses. Controls on the experiment can be instituted to try and ensure that these types of systematic
variations are minimized for a series of experimental trials at ‘similar’ conditions. However, a certain level of
variation will also exist between two separate data sets due to random or non-repeatable processes in the operation
of the experimental device. The shot-to-shot variation in a measurement performed using a given experimental
apparatus can be quantified by sampling data over a number of pulses, each starting from the same initial conditions.
This variation should be quantified in a given apparatus, and if the probe is being used to map the magnetic field
over a spatially-distributed grid this quantification should be performed at multiple spatial locations to obtain an
accurate measure of the experimental repeatability. If the shot-to-shot random variation in the data is larger than the
other errors on the data, then the former should be used as the error bar on the data set.
B. Field Non-Uniformity Errors
As per Eq. (3), it is desirable that the magnetic induction probe be sufficiently small in size relative to the
magnetic field gradient so that the field is approximately uniform across the cross-sectional area of the probe loops.
This can be checked by measuring the magnetic field in several locations near to the primary location of the probe
and numerically computing the approximate field gradient. If the field is not uniform, then the gradient can be used
to estimate how different the actual field may be from the measured field.
Electromagnetic field simulation tools can be used to estimate how local field gradients will contribute to the
non-uniformity error on a -dot probe measurement. It should be noted that this will be useful only in situations
where the geometry, electrical currents, and nearby conducting surfaces can be captured by a model
C. Orientation and Spatial Errors
A -dot probe measures the time-varying magnetic field that is perpendicular to the loops of wire comprising the
probe head. If the normal vector to these wire loops and the magnetic field do not align, the probe will measure only
the component of the magnetic field perpendicular to the probe loops instead of the total field. While multiple
probes at different orientations can be used to capture all three components of the magnetic field, if a probe meant to
measure the field in a given direction is misaligned by an angle , then the measured field
and actual field
in that direction are related as
cos

(22)

The small angle approximation assures that the measured signal will have a deviation of less than 1.5% from the
true signal for mis-orientations that are less than 10°. If the probe misalignment is more than 10°, the alignment
error will be
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1
cos

1

(23)

An estimate of the error associated with uncertainty in the spatial location of the probe can be found using the
same methods as those used in the previous subsection to estimate errors associated with field non-uniformities.
D. Errors in Calculated Quantities
In Sect. V, other data that could be derived using measurements of the magnetic field were discussed. These are
calculated quantities and the error on them can be bounded using the partial derivative method described in Eqs. (18)
and (19). Note that there may additionally be other error sources that have to be accounted for when calculating the
errors on these secondary quantities. For example, the error on spatial resolution and accuracy of probe placement
within the measurement volume can contribute to the overall error in the step size between measurements, which
will affect any quantities based on derivatives that are practically computed using finite difference methods

VII.

Conclusion

The -dot probe is an effective means to measure unsteady magnetic fields produced by time-varying currents in
electric propulsion applications, providing spatial and temporal resolution of the fields. The probe itself is relatively
simple in construction and materials cost, but the design, construction, calibration, and usage of a -dot probe is not
trivial, presenting many opportunities for error.
In this paper we have presented the recommended or ‘preferred’ techniques for -dot probes. A discussion of
additional techniques and implementations not discussed in this paper can be found in the technical Standard. These
other methods, while not representing the ‘preferred’ techniques, might be useful in various applications where the
recommended method cannot or should not be used for some reason. Two probe designs from the literature were
given as examples of how to fabricate a -dot probe, serving not only as step-by-step descriptions of how to
fabricate probes but also providing points of common comparison for other designs derived by those skilled in the
art. It is recommended that the probe response is calibrated, and that this calibration should always be performed
over the entire frequency range of interest to ensure that the probe sensitivity
is properly represented. The use
of high-resolution, high-speed digitizers is recommended as they make it possible to accurately capture the
waveform and analyze the data through numerical integration and Fourier transform techniques during postprocessing. There are many potential sources of error that should be quantified when performing -dot probe
measurements, with the best probe designs being those that minimize as many error sources as possible.
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