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Abstract 

Characterization and measurement of magnetic fields is important to pulsed- 

power plasma experiments. Fast and compact magnetic field probes have 

been developed to measure rapidly changing magnetic fields. We developed 

a method for calibrating the probes at higher current and lower uncertainty 

than existing methods. We show a simple setup for calibration of a loop- 

type magnetic field probe and a method of calibration with a tolerance of 5 

% with potential to achieve even better tolerance in the future. The results 

are compared to those suggested by electromagnetic theory. We find that 

this setup should allow for more accurate determination of magnetic fields 

in pulsed-power experiments than existing methods. 
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1 Introduction 

Pulsed-power accelerators are used for a variety of high energy-density physics ex- 

periments, such as radiation physics, inertial confinement fusion and astrophysics. 

Such experiments use rapidly changing high-energy plasmas, which can be diffi 

cult to characterize. Knowledge of the magnetic fi behavior is often crucial to 

understanding the behavior of the plasma [1]. 

1.1 Pulsed-Power 

Pulsed-power, originally called ’pulse-power’ is the technique of storing electrical 

energy (e.g., in a capacitor bank) and releasing it in a very short pulse. The 

amount of power is a function of both the energy stored and the time over which 

it is released. The equation relating the two is: 

E 
P = (1) 

t 

Where P is the power, E is the energy stored, and t is the time over which it is 

released. The shorter the time period over which the pulse takes place, the greater 

the power for a given E [2]. 

The energy is initially stored in capacitor banks and discharged rapidly into 

pulse-forming lines. These lines act as voltage multipliers, further accelerating 

the charges. The energy is then transferred to transmission lines which must be 

heavily insulated to avoid electrical fi  breakdown at the high voltages.  The 
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transmission lines connect to a cathode and anode in order to produce an electron 

beam. In the early pulse-power experiments, x-ray tubes were used whereas more 

modern setups use a diode [2]. 

In the 1950s and 1960s, it was realized that radiation from nuclear explosions 

(neutrons, x-rays and gamma rays) would produce electromagnetic pulses which 

could damage electronics. Testing and hardening electrical components against 

electromagnetic pulses became an active area of research [2]. Pulsed-power tech- 

nology was used to simulate the electromagnetic pulses from a nuclear weapon. 

The high-energy electron beam generated by a pulsed-power setup was targeted 

at a metal. The collision of the electrons with the metal produces gamma-rays in 

a process known as bremsstrahlung [2]. 

Bremsstrahlung means ’braking radiation’ in German. It is the radiative en- 

ergy released by the deceleration of charged particles. Electrons, because of their 

low mass, produce more bremsstrahlung radiation than protons or other charged 

particles. The moving particle loses kinetic energy as it slows down and this ki- 

netic energy is released as photons. The greater the change in kinetic energy, the 

higher the frequency of the produced photon. Thus, it is of importance that the 

electrons in pulsed-power experiments are accelerated to high velocities in order 

to produce the higher frequency gamma and x-rays [3]. 

As a charged particle passes the target, it experiences the effect of the target’s 
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1 

1 1 

 

electro-magnetic fi   at the surface. The fi    of the target accelerates (deflects) 

the charged particle with an impulse lasting a time τ = b/v0 where b is the impact 

parameter and v0 is the velocity of the incoming particle. As the charge experiences 

this impulse, it radiates power given by the relation [4] 

2 

P t = 1
 

2 v̇ 2 
 

(2) 
4πE0 3c c2 

 

where P t is the radiated power, q is the charge, v̇ is the acceleration of the charged 

particle, E0 is the permittivity of free space, and c is the speed of light in a vacuum. 

Integrating this relation over time yields the total radiated energy [4]. The total 

energy radiated in a single collision can be estimated by taking the characteristic 

value of the acceleration to be that given by the electric fi force at the closest 

approach of the particle, 

v̇ = qE/m  = 
q1q2

 
1 

4πE b2m 

 

(3) 

 

and using that to derive an estimate of the radiated power [4] 

 
q4  2 

P t = 1 q2 2 1 (4) 
(4πE0)3 3c3 m2v0b3 

 

To obtain the energy, W , lost per unit length we integrate over the impact param- 

eters and multiply by the density of the target, n2 

 

 

dW 
r 

q4q2 2 1 q4q2 4π 
1 1  b

max 

= n2 
1  2 2πb db = n2 

1   2
 (5) 

dl (4πE0)3 3c3 m2v0b3 (4πE0)3 3c3 m2v0 b bmin 

1 
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We can assume the upper limit to be infi y because of the 1/b behavior of the 

integral. The lower limit is taken to be the quantum limit at which the wave 

nature of the particle becomes important [4], 

 

h̄ 
bmin = 

m v
 

 
. (6) 

 

The energy radiated per unit length then becomes [4] 
 

 

dW q4q2 4π 1 

= n2 
1  2 . (7) 

dl (4πE0)3 3c3 m1h̄ 
 

For collisions where the electron collides with a nucleus, the above equation 

can be written as [4] 

 

dW 4π 
= n2Z

2mec
2α 2

 

dl 3 e
 

 
(8) 

 

where α is the fi structure constant, e2/4πE0h̄c, and re is the classical electron 

radius, e2/4πE0mec
2  [4]. 

Producing high-energy radiation such as x-rays and gamma-rays requires high 

power. In order to run the tests with high power but without using large amounts 

of energy, a very short pulse is needed. Pulsed-power setups are therefore better 

suited to applications requiring x-ray or gamma-ray production, because they can 

produce the requisite high powers and currents at a lower total energy. 

0 
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1.1.1  Pulsed-power and Pinches 
 

An x-pinch is when a massive amount of current is put through a thin wire, va- 

porizing it. The magnetic forces produced compress the resulting plasma further. 

Pinches are of interest to the study of magnetic confinement fusion, but can also 

provide a particle heating and compression mechanism for inertial confinement 

fusion. For example, the wire, when vaporized, becomes a conducting plasma and 

carries a very high current. The current creates a magnetic fi encircling the 

plasma and the force of that fi on the conducting plasma squeezes it inwards, 

through J × B action, imploding it. The implosion releases x-rays which then 

could be used to compress a deuterium-tritium fuel capsule and confine it suffi- 

ciently so that it fuses, releasing energy. Progress in pulsed-power technology has 

led to interest in using pinches for inertial confinement fusion [2][3]. 
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2 Electromagnetic Theory of Pulsed-Power 

 
In order to accelerate the electrons in a pulsed-power system, a force must be 

applied to them. Pulsed-power systems accelerate charges electrostatically through 

the application of electric fi      A charged particle is subjected to a force due to 

an electric fi     as described by the following equation: 

∂v 

F = qE = −q∇φ = m 
∂t 

(9) 

 
The kinetic energy of the particle can then be given 

 
 

 
r 

∂v 

r 

K = 

dt 
r
 

F · dx (10) 

∂φ 

m 
∂t 
· ∂x · 

dt 
= 

r v 

−q 
∂x

 
r φ 

dx (11) 

mv dv = 
v0 

1 

−q dφ (12) 
φ0 

m(v2 − v2) = −q(φ − φ0) (13) 
 
 

where m is the mass of the electron, v is its velocity, t is the time, q is the electron 

charge, x is the spatial  coordinate, and φ is the scalar potential [5].  Thus,  we 

see that applying a voltage to a charged particle will accelerate the particle and 

increase its kinetic energy as it moves through the potential. 

The voltage can be applied through a direct current source such as a high- 

voltage transformer with diodes or a Van de Graaff generator, or in the case of 

pulsed-power, by a pulsed voltage. 

2 
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Pulsing the voltage has several benefits over direct current voltage that pulsed- 

power experiments capitalize on. When dealing with  very  high-voltages,  break- 

down of the dielectric is a concern. However, sufficiently fast pulses can apply the 

potential to a particle in less time than it takes for breakdown or other detrimental 

effects to occur [5]. 

Fast pulses are also useful for viewing fast phenomena. Generating a fast x-ray 

pulse can be used to observe events which take place over very short timescales 

[5]. 

For experiments which involve very high power, releasing the energy in fast 

pulses increases the power without increasing the total energy used (see Equation 

1). 

Pulsed-power systems can be described in an ideal case by a capacitor, inductor 

and resistor connected in series. A switch connects the pulsed-power system to 

the resistive load. 

The switch is initially open as the capacitor charges. To fi the pulse, the 

switch is closed and the capacitor rapidly discharges through the resistive load. 

The governing diff tial equation for this process is: 

 

d2i 
L

dt2 

di 

+ (R + RL) 
dt 

+ 

1 
i(t) = 0 (14) 

C 

 

where L is the inductance, i is the current, R is the resistance of the resistor, RL 

 
is the resistance of the load, and C is the capacitance [5]. 
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ω2 − β2, and ω2 = 0 

I  

L/C 

 

For initial conditions we have 
 

i(t = 0) = 0 

 
di 

(t = 0) = 
V0 

dt L 

 
 
 

(15) 

 

where V0 is the initial voltage to which the capacitor is charged. 

From these conditions, it is convenient to defi the frequencies ω0 = 1/
√

LC, 
 

ω1 = 0 β2 − ω2, where β = (R + RL)/2L. Note that w1  and 

 

w2  have units of inverse time. 

We also have the phase shift δ = tan−1
I

β/ω1. 

This leads naturally to three classes of solutions for the original diff tial 

equation. The fi case is known as ’underdamped’ and occurs when ω0 > β 

i(t) = 
cv0 

 

 

cosδ 
exp(−βt)[ω1sin(ω1t − δ) + βcos(ω1t − δ)] (16) 

 

The second case is called ’overdamped’ and occurs when ω0  < β 

cv0(β
2 − ω2) 

i(t) = 
2ω2 

2   [exp(ω2t) − exp(−ω2t)]exp(−βt) (17) 

 

The third case is the ’critically damped’ case where ω0 = β 

 

i(t) = βCv0(βt)exp(−βt) (18) 

These three cases are shown graphically in Figure 1. 

Maximum energy transfer occurs in the critically damped case. The impedence 
 

of the circuit in the critically damped case will be R = Rc = 2
I

 since ω0 = β 
 

[5]. 

I  
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Figure 1: The three cases of damping for RLC circuits.  Overdamped (top), un- 

derdamped (middle), and critically damped (bottom) [6]. 
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In order to create a pulse, it is necessary to charge a capacitor to some voltage. 

 
The pulse length may be set by changing the inductance of the circuit. 

 
For this pulsed-power experiment, we use a pulse forming line setup, which is 

characterized by two inductors separated by an insulator. To form the pulse, the 

transmission line is charged using pulsed high voltage. The resistive load between 

the two plates is attached at the end of the transmission line. The pulse is then 

discharged into the load. 

The characteristic impedance is given by the properties of the material used in 

 
the strip-line conductors [5]. 

 

Z0 = 
I  

µ/E (19) 
 

where µ is the permeability of the material and E is the permittivity. 

 
A pulse on the strip-line moves at phase velocity [5] 

 
1 

vp = I  

µ/E 

 

(20) 

 

At the end of the line we expect some of the pulse to be reflected because of 

the changing impedance at the interface. The reflection coefficient is given by 

Γ = 
z2 − z1 

z2 + z1 

 

(21) 

 

with z1 and z2 being the impedance of the two materials, which gives the reflected 

voltage Vrefl = ΓVi and the reflected power Prefl = Γ2Pi in terms of the initial 

voltage, Vi, and initial power, Pi[5]. 
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Magnetic fi diff  and conductivity and magnetic fl  are all important 

properties and concepts for a theoretical modeling of this work. Maxwell’s equa- 

tions form the foundation of classical electrodynamics by showing the relations 

between the magnetic and electrical fi     Maxwell’s equations are given in vec- 

tor form: 

∇ × H = j + 
∂D 

(22) 
∂t 

E = 
−∂B 
∂t 

(23) 

 

∇ · B = 0 (24) 

∇ · D = ρ (25) 

 
where H is the magnetic fi strength, B is the magnetic fl  density, D is the 

electric fl      density, E is the electrical fi       strength, and j is the current density. 

ρ is a scalar representing the density of free electric charges. We also have the 

material properties of magnetic permeability, µ, and dielectric permittivity,  E, 

which relate the electric and magentic fl     densities to the electric and magnetic 

fi       respectively [7]. 

 

B = µH (26) 

 
D = EE (27) 

∇ × 
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3 Calibration 

 
There are numerous existing ways to calibrate the signal of the magnetic fi 

probe. One of the most common is to generate a magnetic fi of known strength 

and compare the resulting signal of the probe to the known strength of the fi 

The magnetic fi may be generated in a number of ways whether by a Helmholtz 

coil, a loop, or a straight wire.  The various ways of generating fi each come 

with their own drawbacks [8] [9]. 

A Helmholtz coil may be used to compare its output to the output of the B- 

dot probe to be calibrated. Helmholtz coils generate uniform fi at their center 

given by the equation  
  

µ0NI      8 

 
  (28) 

Bz  = 
a
 53/2 

 

where a is the coil radius, N is the number of turns in the coil, and I is the 

current in the coils [9]. Helmholtz coils are generally the preferred method for 

calibration of B-dot probes, but in order to be accurate it is necessary to know 

precisely the current, I, in the coils as well as have accurate measurements of the 

coil radius. The frequency response of the coil must also be considered, based on 

its capacitance and inductance [9]. 

Using a straight wire to generate the magnetic fi  will provide a simple well- 

defi       fi      at high-frequencies but faces the challenge of the high-current needed 

to generate a fi         Additionally, the uniformity of the fi       suffers and the high 
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gradient may make calibration diffi [9]. 

 
A main issue for current calibration is the lack of precise knowledge of the ge- 

ometry of the magnetic fi    and magnetic fi    diff    in solid conductors. It has 

been proposed to build calibrated current monitors by computationally modelling 

the magnetic fi     diff      with a 3-D EM code. This could be a path toward bet- 

ter understanding of the physics involved, but is not a very good calibration idea. 

The use of diff ent materials and the geometries involved makes obtaining an ac- 

curate calibration diffi       For example, copper is used in the bodies of magnetic 

fi     probes and in electrodes in order to minimize current diff and in order 

to simulate this, exact details about the copper need to be known. Simulation of 

the actual diff       to better than a one percent accuracy depends on knowledge 

of the exact alloy of copper, the time history of the current pulse, the magnitude 

of the current, the current contacts, the exact as built mechanical details of the 

monitor, and the mechanical shape of the conductor [10]. Simulating each of these 

details to the required accuracy would be computationally prohibitive. 

Current practice for calibrating magnetic fi probes is to create a test current 

pulse of exactly the same pulse shape as the experimental one and use a calibration 

geometry exactly the same as the experimental geometry. Each magnetic probe 

would be calibrated for use only in that calibration fi However, diff 

of up to ten percent between monitors have been observed due to manufacturing 
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tolerances [10]. 

 
For the reference in this work we use a current viewing resistor (CVR). A CVR 

was chosen because it has the necessary fast time response needed for pulsed-power 

calibration as well as the resilience to withstand the high currents to be discharged 

through it. The particular CVR used in this work is described in Section 3.5. 

 

3.1 Calibration Theory 

 
The governing physics of B-dot probes is Faraday’s law 

 
∆Φ 

E = −N 
∆t 

(29) 

Where E is the induced electromotive force (EMF), N is the number of turns of 

the coil, and ∆Φ/∆t is the change in magnetic fl per time. 

Since the area of the loop is constant, the change in fl will give the time rate 
 

of change of the magnetic fi ∆B/∆t,  which is also written as Ḃ from which 
 

notation B-dot probes take their name [11]. 

 
The expected voltage signal of capacitor discharge is an exponentially decaying 

cosine function. 

e−τtcos(ω1t + φ) (30) 

 
where τ is the time constant of decay, t is time, ω1  is the frequency and φ is the 

phase. 
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Figure 2: The circuit model of the setup produced with LTSpice IV for simulating 

the current produced in the CVR when the capacitors are charged to 1 kV. 

This equation is given by an electrophysical consideration of RLC circuits. 

The frequency of such circuits, ω1  is given by 1/
√

LC and the time constant by 

τ = R/2L. 

 

 
3.2 Circuit Simulation 

 
The voltage output of the CVR was simulated using a circuit analysis program 

LT Spice IV [12]. The calibration system was modeled as an RLC circuit shown 

in Figure 2. 

The voltage predicted by the simulation is shown in Figure 3 



 

 
 

 
 

16 
Figure 3: Simulated output from the CVR when the capacitors were charged to 1 

kV. Volts are on the vertical axis and time on the horizontal axis. 
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3.3 Electromagnetic Modeling 

 
To demonstrate the theoretical concepts discussed in the preceding sections on 

electromagnetic theory as it pertains to the calibration experiment, we employed 

fi element modeling software. This software was able to provide graphical 

outputs of the current density and allowed us to select an appropriate geometry 

for our waveguide strip-line. 

 
3.3.1 XF7 Solver 

 

The modeling software used for this project was Remcom’s XF7-FDTD solver [13]. 

It is a 3-D electromagnetic simulation software which solves Maxwell’s equations in 

both the frequency-domain and the time-domain. This capability allowed a view 

of the changes in the electromagnetic fi s at each point in time. In a frequency- 

domain-time-domain (FDTD) model, space is segmented into cubic cells. Electric 

fi  are located on the edges of each cell and magnetic fi   on the faces. When 

these cells are small compared to the wavelength, accurate simulations can be 

performed and continuity can be achieved in the limit of infi cell size. 

Time is also discretized, and the step-size is the time it takes for the fi to travel 

from one cell to an adjacent one [14]. The cells are combined together to form the 

three-dimensional model. This collection of cells is called the mesh. Each cell has 

three electric fi       and three magnetic fi       associated with it even though they 
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share edges and faces with neighboring cells. Materials can be defi by specifying 

how the fields are calculated at given locations. For instance, a conductor would 

be represented by a cell edge with an electric fi of zero. Joining a series of these 

cells together would produce a perfectly conducting wire. Similar principles may 

be used to build various three-dimensional geometries. The cell size is specified by 

the user. Smaller cells give more resolution but take more computational power. 

The maximum cell size is usually set such that ten cells can make up a wavelength 

of the excitation wave. So, for an 8 GHz frequency wave moving at the speed of 

light, the maximum cell size would be, 

c 

8GHz × 10 

 

= 3.75 mm (31) 

 

Excitations are applied to the cells at the start of the simulation using a user- 

defi    waveform. The value of this waveform is added to the fi    of certain cells 

and then allowed to propagate until a certain user specified criterion of conver- 

gence is met or until a user-defi time limit is reached [14]. For this study, the 

simulation was allowed to run for a preset time which allowed the characteristic 

shape of the waveform to appear. 

 
3.3.2 Model 

 

The model simulated in XF7 [13] consisted of two strip-line plates made of ideal 

conductors separated by a 10 mil thick sheet of mylar for which the appropriate 
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electrical properties were specified. The plates were joined by an ideal resistor of 

 
0.1 Ohms with a series inductance of 200 nH to represent the inductance of the 

circuit. 

A long strip-line with width approximately 1/5 the length was theorized to 

provide the uniform current needed to produce a clear signal for the sensors. To 

demonstrate this, a model of two plates 50 inches long and 5 inches wide was 

created and compared to a model of two plates which were 5 inches square. The 

strip-lines were defi    to be perfect conductors. Defining the material properties 

of aluminum, while possible in the software, would add unnecessary complications 

to the model.  Aluminum is a good enough conductor that it can be modeled as 

a perfect conductor, in order to simplify the code and reduce the runtime of the 

simulation. 

A current source of 1 kA was applied to one of the pair of plates to represent 

the discharge of a capacitor bank. The current source used a Gaussian waveform 

with a rise time of 10 nanoseconds to represent a fast pulse discharge from the 

capacitors. 

It was determined that a long, relatively narrow strip-line terminating in a point 

would yield the most uniform current density, while also minimizing reflections. 

A visualization of how the strip-line geometry behaves when exposed to a current 

source is shown in Figure 4. 
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Figure 4: Visualization of the current density over time. The top picture shows 

just after the discharge (3 ns), the middle shows the current traveling down the 

stripline (8 ns), and the bottom shows the current becoming uniform over the 

length of the line (24 ns). 

 

To eliminate fi   breakdown at the sharp-edges, the edges were rounded down 

to a quarter-inch radius. 

The long strip-line model performed much better than the shorter version in 

the uniformity of the current produced. Figure 5 compares the shorter model 

and the longer model to show how the current is able to become more uniform 

with the longer design. The current density near the middle and right side of 

the longer model shows a current density that diff by less than an order of 

magnitude, whereas the current density in the short plate ranges across several 

orders of magnitude on the right-hand side. 

Additionally, the B-field produced by the longer strip-line model is much more 
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Figure 5: The longer strip-line model (top) allows the current to achieve more 

uniformity than the shorter model (bottom). Neither of these models have the 

tapered end used in the fi al design. These visualizations are from 33 ns after the 

simulated discharge. 
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Figure 6: Side-view of the shorter plate model at 3 ns (top) and 33 ns (bottom) 

after simulated discharge. The B-field produced by the shorter model was not 

uniform compared with the longer plate model in Figure 7. 
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Figure 7: Visualization of the B-field produced by the capacitor discharge for the 

longer plate model. This is a side view of the model with the point to which the 

capacitor discharged on the bottom right of the plate. The second picture shows 

the B-field becoming more uniform as the current has a chance to propagate. The 

times shown are for 3 ns and 18 ns after simulated discharge 
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uniform than the one produced by the shorter design.  See Figure 6 for the sim- 

ulation of the B-field for the shorter plates.  Figure 7 shows the behavior of the 

B-field in the longer plate model.  The B-field is much more uniform, especially 

around the region of interest near the middle of the plate. The longer plate model 

shows fi  strength diff  of less than an order of magnitude in that region, 

while the shorter plate model shows diff of several orders of magnitude in 

the fi strength in that region.  Near the discharge point on both models, the 

fi becomes asymmetric because the current source is applied locally to a single 

point on one side of the plate. This point discharge causes the local magnetic fi   

to behave in a non-uniform manner. In order to obtain a uniform fi and current 

for the experiment, it is necessary to take measurements further away from this 

point where the field has become more uniform. A longer plate allows the current 

to distribute uniformly and the B-field to become more uniform further from the 

discharge point. If the fi were visualized near the discharge point on the longer 

model, there would be similar non-uniformities in the fi as those seen in the 

shorter plate model. Thus, both the longer-plate model and the idea of mounting 

the B-dot probe in the center of the plate received validation from the model. 

The current through the simulated resistor was also tracked by the software. 

This enabled a check to see if the more idealized circuit simulation performed in 

Section 3.2 was accurate.  The current output by the model is seen in Figure 8. 
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Figure 8: The current through the simulated resistor for a 1 kA discharge. 
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The shape of the current graph is qualitatively similar to the output of the circuit 

simulation carried out in LT Spice (Figure 3), and shows an exponentially decaying 

cosine function which is what was expected given the calculations in Section 3.1. 

 

 

 

 

 

3.4 Calibration System 

 
To produce the uniform current needed for a reliable signal from the B-dot probe, 

a simplistic strip-line geometry was used. This setup consisted of two long metal 

plates insulated from each other by 10-mil mylar sheeting. Aluminum was chosen 

as the conducting material as it is a cheap and common conductor. The plates 

were of 0.25 inch thickness to sustain mechanical stability and to have enough 

thickness to mount the B-dot probe. 

The two plates were stacked one on top of the other. Uniform current, being 

necessary for the reliability of the signal, was achieved by employing strip-lines 

ten times longer than their width. The plate to which the current was applied, 

henceforth referred to as the ’hot plate,’ was tapered to a point at one end to 

allow the current to converge and minimize reflection as explained in the previous 

section. The CVR was mounted at the end of the tapered point. The two plates 

were both 50 inches long. The hot plate was 5 inches wide and the ground plate 
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was 10 inches wide. The taper of the hot plate began 5 inches from the end. 

 
A narrow spacing between the plates ensured current uniformity. The spacing 

between the plates was 10-mil mylar sheeting which was kept fl by four clamps 

joining the two plates together. To prevent the clamps from conducting, mylar 

insulation was used at each clamping site. 

The energy needed for the pulse was stored in four 35 nano-farad capacitors 

connected in parallel. They were discharged by means of a metal strip protruding 

from the bottom capacitor. This strip was pressed down by an insulated rod until 

it contacted the top aluminum plate, at which point the capacitors disharged in a 

pulse. 

Since pulsed-power experiments use very high current, a more accurate cali- 

bration must also take place at a high current [10]. We thus used a 2.5 kV high 

voltage power supply to generate the high currents needed. 

The capacitors were charged by a 5000 Ohm resistor and the 2.5 kV power 

supply. The power supply was attached to the resistor by high-voltage cabling. 

The B-dot probe design used for the calibration was the B2-L2 B-Dot from 

Sandia National Laboratories (Part No. J10977-000). The L2 type B-dot is a 

wire loop of approximately 1/8 of an inch outer diameter mounted in a metal cas- 

ing which was then mounted to the ground plate by two screws. The probe was 

mounted such that the open face of the loop was perpendicular to the path of the 
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current to ensure maximum electromagnetic fl  through the loop. Perpendicular- 

ity was ensured through the use of a square in marking the mounting holes. The 

signal from the wire loop was output to an oscilloscope. 

 

3.5 Current-Viewing Resistor 

 
The key component of this calibration setup is the current-viewing resistor. To 

achieve high-precision calibration, the reference value must have a precision equal 

to or better than the precision that is hoped to be achieved. Current-viewing 

resistors are ruggedly designed and are able to sustain high peak power generated 

by capacitor banks or pulse-generator systems. 

CVRs have a set energy capacity at which they are rated. This rating is defi 
 

as 

 r 

Emax = RCV R 

 

  

I2dt 

 
 
 
 
 

max 

 

 
(32) 

 

This is the maximum amount of energy that should be discharged through the 

capacitor in a time period under which losses are negligible. 

The current-viewing resistor selected was a TandM Research SSDN-10 0.010 

±1% Ohm with threaded mounting (Figure 9), which was mounted to the two 

plates through a 0.25 inch diameter hole and held in place with brass nuts. The 

hole on the ground plate side was threaded, allowing the CVR to screw in and 

ensure good connection and common ground. A small ’x’ was cut in the inuslating 
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Figure 9: The current-viewing resistor model SSDN-10 from TandM Research [15]. 

Modifi   for legibility. 

 

mylar layer allowing the threaded central conductor of the CVR to pass through 

the mylar and through the small hole on the hot-plate side where it was affixed by 

two brass nuts. 

The SSDN-10 model was rated for an Emax of 2 Joules and had a risetime 

of 0.18 nanoseconds. Simulations run in circuit modeling program LT Spice and 

checked by hand showed that the power dissipated in the resistor would be well 

under the specified maximum as can be seen in Figure 10. 

 
The entire setup was mounted on a table and hooked up to a common ground 

(see Figures 11 and 12). 

 

3.6 Calibration Method 

 
The voltage readings on the high voltage power supply were verified to within 0.1 

volts by a multimeter before the experiment was run. 
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Figure 10: The anticipated power dissipated through the resistor as a function 

of time, as modeled in LTSpice. This shows the highest power case: a capacitor 

discharge of 2 kV which results in a total energy of 230 mJ compared to an Emax 

of 2 J. 
 

 

 

 

 
 

 

 

Figure 11: Diagram of the experimental setup. Side-view. Not to scale. 
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Figure 12: A photograph of the completed setup. 
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The CVR was attached to a 1 GHz scope by means of a 50-Ohm cable with 

two 5x attenuators.  The attenuators were Tektronix BNC type (part number 

011006003) with attenuation strength 14 dB ± 0.4 dB. The B-dot signal was a 

50-Ohm cable terminated with a 50-ohm terminator to reduce reflection. 

 
The capacitors were charged to 1 kV, 1.25, 1.5, and 2 kV and discharged 

into the plates. The voltage seen by the CVR and the B-dot were recorded and 

compared. 



33  

 

4 Results 

 
Figures 13 through 16 are the results of the oscilloscope output for the measure- 

ments at each of the four voltages used. Five measurements at each voltage were 

taken for reproducibility although only one of each is shown. 

 

 

 

 
 

 

 

Figure 13: Capacitor discharge from 1 kV. Signal from the CVR is in channel 1 

(yellow) and signal from the B-dot is in channel 2 (blue) of the oscilliscope which 

was triggered by the CVR signal. 
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Figure 14: Capacitor discharge from initial charge of 1.25 kV. Signal from the 

CVR is in channel 1 (yellow) and signal from the B-dot is in channel 2 (blue) of 

the oscilloscope. 
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Figure 15:  Capacitor discharge from 1.5 kV. Signal from the CVR is in channel 1 

(yellow) and signal from the B-dot is in channel 2 (blue) of the oscilloscope. 
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Figure 16: Capacitor discharge from a charge of 2 kV. Signal from the CVR is 

in channel 1 (yellow) and signal from the B-dot is in channel 2 (blue) of the 

oscilloscope. 
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5 Discussion and Analysis 

 
To calibrate the B-dot probe signal, it was necessary to fi the correspondance 

between it and the pre-calibrated CVR signal. Since the shape of the two signals 

matched, it was only necessary to apply a scaling factor to the B-dot signal to 

bring it to the same amplitude value as the reference CVR signal. This was done 

by taking the second positive peak of both signals and comparing them together 

to determine an appropriate factor to scale up the B-dot signal. The second peak 

was chosen as the one to perform the calibration on since it is the least noisy of the 

peaks. The fi   peak has a notably noisy rise in the B-dot signal due to transients 

in the system. Further discussion of the scaling factor is in Section 5.2. 

 

5.1 Variance of the Runs 

 
To gain an understanding of how the signal varied between runs, the results of 

fi e discharges at each of the four voltages were averaged together. This allows a 

mathematical look at how much variance there is between discharges at the same 

voltage and how repeatable is the calibration process. The variance of the shots 

from the mean is a statistical description of how much each run diff from the 

average. 

The fi e runs were averaged together to produce a mean signal at the given 

voltage. Since only the second peak is used for calibration, the 3000 points in the 
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Table 1: Difference from the mean, Vrun/V avg, for each of the fi  e CVR outputs 

at each voltage. 

 

Difference from the mean 
 

 

Run Number 
 

1 kV 
 

1.25 kV 
 

1.5 kV 
 

2 kV 
 

 

1 
 

1.0203 
 

0.9748 
 

1.0261 
 

0.9965 
 

2 1.0147 1.0175 1.0078 0.9585 
 

3 1.008 0.9627 0.9868 1.0199 
 

4 0.9999 1.007 0.9932 1.0266 
 

5 0.9571 1.038 0.9861 0.9985 
 

Variance 0.0252 0.0309 0.017 0.0267 
 

 

second peak for each run were divided by the 3000 points in the mean second peak 

to produce a voltage ratio, Vrun/V avg, representing the percent difference between 

each run and the mean. These results are summarized in Table 1 and Table 2. 

Tables 1 and 2 show how much the signal changes between each discharge of 

the capacitors. We see that there is about 3% variation in the CVR signal between 

shots and 2-4% variation for the B-dot. This is a random uncertainty and any bias 

introduced in each measurement is small.  The diff between the shots are 

likely due  to  inconsistencies  in  the  switching  technique  used  and  random  noise 

in the signal.   Using automated switches to discharge the capacitor for each run 
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Table 2: Difference from the mean, Vrun/V avg, for each of the fi  e B-dot outputs 

at each voltage. 

 

Difference from the mean 
 

 

Run Number 
 

1 kV 
 

1.25 kV 
 

1.5 kV 
 

2 kV 
 

 

1 
 

1.0638 
 

0.9970 
 

1.0124 
 

0.9983 
 

2 0.9998 1.0383 0.9905 0.9720 
 

3 0.9973 0.9635 1.0060 1.0095 
 

4 0.9888 0.9928 0.9867 1.0222 
 

5 0.9503 1.0084 1.0045 0.9979 
 

Variance 0.0408 0.0271 0.0109 0.0185 
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would likely reduce the variance. 

 

 

5.2 Scaling Factor 

 
To fi    the scaling factor diff between the B-dot signal and the CVR signal, 

we focused on comparing the second peaks of the CVR and B-dot signal to each 

other. As mentioned previously, the second positive peak was chosen as it was the 

cleanest of the peaks. 

It was found that the CVR signal preceded the B-dot signal in time by a fi 

amount for each of the diff t voltages. 

To resolve the delay offset between the two datasets, the channel number of 

the center of the peak was compared between the two. The channel number of the 

CVR data peak was used as the reference and an appropriate offset was applied 

to the B-dot data so that the two peaks occurred at the same x-value. 

To reduce the noise of the data and aid in the process of curve fi the raw 

data were averaged together in bins of 100 points where each point is in 0.4 ns 

bins. The binned data were then used to fi  various functions for calibration. 

 

5.3 Polynomial Fit 

 
A fi order polynomial was fi d to each data set using the entire second peak 

amplitude above the zero level (3000 points, 120 ns).  The polynomial was gen- 
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Figure 17: A 5-th order polynomial was fi   to each data set in the vicinity of 

the second peak. The B-dot curve was scaled up to match the voltage of the CVR 

curve (see Section 5.4). The CVR curves are in blue and the B-dot curves are in 

green. Vertical axis shows voltage in units of volts and horizontal axis shows time 

in units of 4 ns. 

 

erated by MATLAB’s polyfit function. The results of this fi for each of the 

detectors at each voltage is shown in Figure 17. 

The polyfit function uses the least-squares method of fi   a curve to the 

data.  The squares of the diff (residuals) between the data and the curve 

were averaged together to analyze the goodness of the fi to the data. The results 

of this analysis are presented in Table 3. 

The R2 statistical test was used as another guarantor of the goodness of the 
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Table 3: The average residuals between the fi curve and the data. 

 
 

Average Square Difference 
 

 

 

Voltage CVR B-Dot 
 

 

 

1 kV 1.109E-4 7.14E-5 

 
1.25 kV 1.837E-4 1.099E-4 

 
1.5 kV 2.554E-6 1.626E-4 

 
2 kV 4.554E-4 2.822E-4 

 
 

 

polynomial curve fi  to the data.  R2  is defi ed as the sum of the squares of the 

residuals divided by the total sum of the squares. 

R2 = 1 − SSres 

SStot 

 
(33) 

 

SSres = 
\
(yi − fi)

2
 

i 

(34) 

SStot = 
\
(yi − ȳ)2

 

i 

(35) 

 

where yi are the observed values and fi are the values predicted by the curve. The 

R2 values for each of the curves fi ed to the unbinned data are given in Table 4. 

The errors represent the variation between fi    for different runs. 

After binning the data (100 points per bin where each point is 0.4 ns wide) 

to average out the noise, the residuals were reduced, leading to a better fi The 

average R2  values for the binned data are given in Table 5. 
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Table 4: The R2 goodness of fi  values for the 5-th order polynomial curve fi 

to the unbinned data. 

R2  Values (Unbinned Data) 
 

 

Voltage 
 

CVR 
 

B-Dot 
 

 

1 kV 

 
1.25 kV 

1.5 kV 

2 kV 

0.9447 ± 0.0022 

0.9672 ± 0.0013 

0.9758 ± 0.0006 

0.9864 ± 0.0002 

0.9495 ± 0.0024 

0.9635 ± 0.0018 

0.9750 ± 0.0009 

0.9868 ± 0.0005 

 

 

 

 

 

Table 5: The R2 goodness of fi  values for the 5-th order polynomial curve fi 

to the binned data. Each bin contained 100 points (40 ns). 

R2  Values (Binned Data) 
 

 

Voltage 
 

CVR 
 

B-Dot 
 

 

1 kV 

 
1.25 kV 

1.5 kV 

2 kV 

0.9889 ±0.0024 

0.9903 ±0.0004 

0.9912 ± 0.0005 

0.9911 ± 0.0001 

0.9876 ± 0.0018 

0.9881 ± 0.0009 

0.9899 ± 0.0008 

0.9902 ± 0.0004 
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5.4 Peak Matching 

 
Once the polynomials fi    to the CVR signals at each voltage and the polynomi- 

als fi to the corresponding B-dot signals were matched such that their peaks 

occured at the same value, they were compared to determine if meaningful cali- 

bration could be done. In order to remove outliers caused by the signal being near 

0, 250 points on each side of the curve were discarded from this analysis, leaving 

the 2500 points making up the peak of the signal. To fi the error between the 

two polynomials at each capacitor voltage, each of the 2500 points on the polyno- 

mial curve was divided by the corresponding point on the scaled B-dot polynomial 

curve to determine the ratio between the two. The average ratio for each capacitor 

voltage is given in Table 6. A graphical representation of the diff between 

the two curves is given in Figure 18. 
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Figure 18: The polynomial curve matched to the B-dot is in red and the curve 

matched to the CVR is in green. Vertical axis is voltage and horizontal axis is 

channel number (4E-11 s). Below the curves is the ratio of the two curves minus 

1 so that zero indicates that the two curves are equal at that point. 
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Table 6: Each of the 2500 points on the polynomial curve fi to the CVR data 

were divided by the corresponding points on the scaled B-dot polynomial curve to 

measure how well the scaled signals matched. 

Average Ratio (CVR/B-dot) 
 

 

 

Voltage Average Ratio 
 

 

 

1 kV 1.003 ± 0.004 

1.25 kV 1.0042 ± 0.0014 

1.5 kV 1.0002 ± 0.0013 

2 kV 1.0121 ± 0.0005 
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6 Error Analysis 

 
The factors by which the amplitude of the B-dot signal needed to be multiplied 

for the peaks to match are recorded in Table 7. The uncertainties in the scaling 

factor come from the variation in the runs and uncertainties in the fi of the 

polynomial used for scaling. These give an average error of 1.7%. 

Table 7: The factors by which the B-dot signal needed to be multiplied to calibrate 

with the CVR. 

Scaling Factors 
 

 

 

Voltage Multiplication Factor 
 

 

 

1 kV 21.2 ± 0.6 

1.25 kV 22.6 ± 0.5 

1.5 kV 23.5 ±0.3 

2 kV 23.7 ± 0.2 
 

 

Average 22.8 ± 0.4 
 

 

 
 

However, taking into account the 14 ± 0.4 dB attenuators applied to the CVR 

signal, the scaling factor is found to be 570 ± 30 for a total error of 5 % 

The polynomial curves representing the B-dot and CVR match each other to an 

error of less than one percent on average and reduce the noise in the raw data. 

However, there is still enough variation in the runs for the error to exceed one 
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percent. Even if the signals were perfectly calibrated to each other, other limita- 

tions on verifying the true current signal include the error on the NIST calibration 

of the CVR (one percent) and the NIST calibration of the scope, which is also 

assumed to be on the order of one percent [16]. The attenuators used also have 

an intrinsic error of about three percent resulting in more than half of the error in 

the fi calibration value. With better calibrated electronics, however, this setup 

could potentially provide calibration of under one percent error. 
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7 Future Work 

 
This setup is a promising method for low-cost, customizable magnetic-fi probe 

calibration. Some areas for further development include ways to reduce the error 

in the calibration and methods for generalizing the mounting of the probes to the 

strip-line so that probes of diff      t geometries can be used. 

 

7.1 Error Reduction 

 
Using more precisely verified parts, especially the signal attenuators, could sub- 

stantially reduce error in the calibration factor. It is believed by the author that 

the human factor in closing the switch to discharge the capacitors contributed in 

large part to the diff between shots at the same voltage. Automatic switch- 

ing technology could be employed in the place of the human operator to achieve 

consistent discharges in the future. Fast, high-voltage switching could be used 

to provide consistency and shorter discharge times leading to better calibration. 

It is also noted that the curve fi improved at higher voltages. Running this 

experiment at even higher voltages than those used could potentially improve the 

signal-to-noise ratio and reduce the amount that each run varies from the others. 
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7.2 Interfacing With Other Probes 

 
In this work, only one type of B-dot probe was used. The probe was fi ted 

by screws into the ground plate. Although the current setup allows easy removal 

and mounting of B-dot probes of the same type as the one used in this work, the 

system could be designed to allow other models of B-dot probes to be mounted 

and calibrated. It was conjectured that an interface could be designed that would 

allow a larger B-dot probe to mount onto the ground plate. This would have the 

advantage of not needing to remachine the plates each time a new probe needed 

to be tested; one could simply mount a diff      t adapter. 



51  

 

8 Conclusion 

We developed a simple method for calibrating B-dot magnetic fi   probes for use 

in high-current experiments, particularly involving pulsed-power. The calibration 

system was shown to generate uniform current through the use of electrophysics 

modeling software. This uniform current was used to provide the calibration cur- 

rent to a B-dot magnetic fi probe. The signal produced by the probe was com- 

pared to a pre-calibrated current-viewing resistor which had a resistance known 

to within one-percent precision. Due to uncertainties in the electronics used and 

random error introduced in the system, the calibration of the B-dot obtained an 

uncertainty of 5 %. The fi    calibration value was that the B-dot signal needed 

to be scaled up by a factor of 570 ± 30. 
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