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A B-dot monitor that measures the current 6 cm from the axis of dynamic loads fielded on 107-A

multiterawatt pulsed-power accelerators has been developed. The monitor improves upon the multi-

megampere load-current gauge described in Phys. Rev. ST Accel. Beams 11, 100401 (2008). The design

of the improved monitor was developed using three-dimensional particle-in-cell simulations that model

vacuum electron flow in the transmission line near the monitor. The simulations include important

geometric features of the B-dot probe and model the deposition of electron energy within the probe. The

simulations show that the improved design reduces by as much as a factor of 5 the electron energy

deposition to the interior of the monitor. Data taken on accelerator shots demonstrate that the improved

monitor works as well as the original monitor on shots with low-impedance loads, and delivers superior

performance on higher-impedance-load shots.
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I. INTRODUCTION

Accurate determination of the current delivered to dy-
namic loads by large-scale pulsed-power accelerators is
critical in understanding the performance of the
accelerator-load system. The measurement of electrical
currents delivered by the complex vacuum transmission
line near the centrally located load on the 26-MA ZR
accelerator [1–14] is particularly difficult due to dynamics
of energetic electron flow in the evolving electromagnetic
field.

B-dot probes that are used to measure currents in high-
power transmission lines are often located in small cavities
that are recessed behind the surfaces of the transmission-
line electrodes [15]. The probes are recessed to prevent
them from perturbing the performance of the transmission
lines, shield the probes from electric fields in the lines, and
in the case of magnetically insulated transmission lines
(MITLs), shield the probes from electrons that flow in the
lines. For a multiterawatt multimegajoule power pulse,
shielding of the probes near a load is more difficult due
to the high-energy-density environment [15]. Load-current
measurements, such as those described in Ref. [15], are
used to assess the performance of the accelerator-load
system for a variety of load types, including z-pinches
[16] and loads designed for isentropic-compression experi-
ments [17–19].

The load-current B-dot probes on ZR are located 6 cm
from the axis of the load, which is located at the center of
the machine. Just upstream of these probes, electrical
power that is transported by four radial MITLs is combined

by a double-post-hole vacuum convolute [4,14,20–29]. The
four MITLs located upstream of the convolute are referred
to as the outer MITLs. The convolute delivers the com-
bined power to a single MITL that drives the load. This
single MITL, which connects the output of the convolute to
the load, is referred to as the inner MITL.
It has long been recognized that electrons launched from

the cathodes of the outer MITLs and convolute can reach
the anode of the inner MITL. The original design of the
inner-MITL B-dot probes used on the Z and ZR accelera-
tors is described in Ref. [15]. These probes are located
inside the convolute, which permits measurement of the
total current delivered by the convolute to the inner MITL.
The B-dot loop is recessed from the inner-MITL anode to
keep the B-dot detector away from electrons that strike the
anode. The B-dot loop is surrounded by copper to reduce
penetration of magnetic flux into the walls of the B-dot-
monitor aperture. (Such penetration changes the sensitivity
of the monitor as a function of time.) In addition, the B-dot
monitor is located at the same azimuthal location as one of
the anode posts of the double-post convolute. The post is
used to shield the B-dot from electrons that are launched
upstream in the MITLs and convolute [4,14,23–28]. A
more complete description of these monitors is given in
Ref. [15].
The monitors described in this article are an improved

version of the inner-MITL B-dot monitors discussed in
Ref. [15]. The location of one of these monitors can be
seen in Fig. 1, which illustrates ZR’s four outer MITLs,
double-post-hole convolute, and inner MITL. The drawing
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shows the placement of the inner-MITL B-dot probe
(upper left-hand corner of the figure) presently in use on
ZR. Also shown are the locations of the four upstream
outer-MITL monitors [15].

In this article, we describe 3D particle-in-cell (PIC)
simulations that are used to model electron power flow in
the vicinity of ZR’s double-post-hole convolute during the
rise time of the power pulse. The simulations include
important geometric features of the existing ZR inner-
MITL B-dot probes [15], and show electron energy depo-
sition within the B-dot probe that is consistent with failure
of the probe on relatively high-impedance-load shots. The
simulation results have led to a redesign of the inner-MITL
B-dot probes. The new probes have been fielded simulta-
neously with the original probes on recent ZR shots. The
redesigned probes give current measurements through
peak load power for shots with low-impedance loads
(i.e., loads with an inductance of �3 nH at peak load
voltage) that are in good agreement with measurements
made with the original probes. In addition, the redesigned
probes track the machine (total outer-MITL) current past
the time of peak load power, an improvement over the
performance of the original B-dot probes. For shots with
higher-impedance loads (i.e., shots with an inductance of
�5 nH at peak load voltage), the redesigned probes give
load-current rise times that are more consistent with the

machine current, provide more realistic load-current am-
plitudes through peak power, and track the machine current
well past peak power. Overall, the redesigned B-dot probes
have proven to be more robust to the deleterious effects of
the dynamic electron power flow on ZR.
This paper mainly addresses electron impact at the

monitor location prior to the onset of magnetic insulation
of the electron flow as the total current flowing in theMITL
increases. Other mechanisms can lead to failure of these
types of probes, including the formation of dense electrode
plasmas that can span the probe entrance aperture, soft x-
ray and UV radiation bombardment of probe hardware
(produced in the various load packages fielded on ZR),
and direct electron pickup on the field-measuring wire
loop. These topics are not treated in this work, but could,
in principle, be modeled in the numerical simulations.
This paper is organized as follows. The 3D PIC simula-

tion model of the ZR double-post-hole convolute and B-dot
probe is described in Sec. II. The baseline B-dot probe
design and two modifications are analyzed in Sec. III. A
comparison of measured B-dot probe performance on sev-
eral ZR dynamic-load shots is presented in Sec. IV.
Section V provides a summary.

II. SIMULATION MODEL

The simulation model used here is similar to that de-
scribed in Refs. [14,28]. The LSP PIC code [30] is used
throughout in 3D (r, �, z) coordinates. The simulations are
fully electromagnetic, explicit, and use an energy-
conserving cloud-in-cell model for the particles [31–33].
The cloud-in-cell model reduces numerical heating asso-
ciated with under-resolution of the plasma Debye length
and electrostatic fluctuations on the grid. The objective is
to efficiently model electron dynamics in the convolute at
early times in the power pulse, prior to the onset of mag-
netic insulation in the vicinity of the inner-MITL B-dot
probes. To achieve this, the simulations are driven by a
forward-going voltage pulse that gives a current rise time,
dI=dt, of 200 kA=ns, which is approximately equal to the
ZR load-current rate of rise for a shot with a nominal
current rise time of 100 ns (i.e., a shot taken in ZR’s
short-pulse operating mode). At this value of dI=dt, mag-
netic insulation occurs in the simulations within 30 ns of
the beginning of the power pulse.
The basic simulation geometry is illustrated by Fig. 2

and represents the standard 12-post ZR convolute [4,14].
Power enters the PIC simulation through four inlets located
at a radius of 14 cm. The load is modeled as an idealized
cylindrical imploding liner with a 2-cm initial radius. The
load inductance is time dependent and is calculated assum-
ing a simple single-shell, snow-plow model [28]. On the
short time scales used for the present simulations, the load
dynamics are not important and the load model is used only
to provide the approximate time-dependent inductance of
the load at the simulation outlet boundary.

FIG. 1. (Color) Schematic of the ZR MITLs and double-post-
hole convolute showing the locations of outer-MITL and inner-
MITL current monitors. A detailed drawing of an inner-MITL
monitor design is also shown.
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Current bifurcations within the double-post-hole convo-
lute result in the formation of magnetic field nulls through
which electrons can cross from cathode to anode.
The locations of these nulls are illustrated in Figs. 2(b)
and 2(c). The simulations model space-charge-limited
emission of electrons from cathode surfaces. The emission
of electrons is initiated once the local electric field at the
surface exceeds 240 kV=cm. This emission-threshold
value is consistent with several published estimates for
stainless steel and aluminum cathode materials (see, for
example, Ref. [34]).

A few test simulations that included the emission of ions
(protons) from the anode components were conducted to
determine if the presence of positive space-charge in the
convolute and B-dot probe region would significantly in-
fluence the electron energy deposition in the B-dot probes.
The ion emission model used here is described in detail in
Ref. [28]. In the test cases that were considered, no sig-
nificant changes were found to the electron deposition in
the B-dot probes when ion emission was included.

To illustrate the complex electron flow in the convolute
and MITLs, Fig. 3 plots the electron density in the � ¼ 0
plane from a simulation at 45 ns. This illustrates the rapid
creation and mobility of the electrons throughout the con-
volute region, especially in the vicinity of the B-dot probe
aperture. The simulations typically use between 5� 105

and 1:1� 106 macroparticles, have a time step �t ’
2:85� 10�4 ns, and run for 1:6� 105 steps.

The inner-MITL B-dot probe designs considered here
were modeled as recessed cavities in the upper anode plate.
The grid resolution was increased in this region to approxi-
mate the significant features of the B-dot probes including
entrance apertures and cavity wall dimensions. A crude
representation of the wire loop is also included in the

models, and this provides a relative energy deposition
measurement for electron bombardment of the wire loop.
Electron energy deposition and scattering in the B-dot
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FIG. 3. (Color) Electron density plot illustrating the space-
charge power flow in the convolute region with original inner-
MITL current probe design at t ¼ 45 ns in the � ¼ 0 plane.
Anode (A) and cathode (K) parts are labeled.

FIG. 2. (Color) ZR convolute simulation geometry used for evaluating inner-MITL current probe designs. (a) 3D rendering of the
entire simulation space with cathode parts in blue, anode parts in red. Magnetic field amplitude contours (in kG) at t ¼ 45 ns in the
(b) � ¼ 0 and (c) � ¼ 15 deg simulation planes. Anode (A) and cathode (K) parts are labeled as well as the locations of the magnetic
field nulls.
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probe region is treated using a time-accurate formulation
of the Integrated Tiger Series of electron transport
Monte Carlo algorithms [35] which are incorporated into
LSP [36]. The B-dot probe cavity is constructed primarily

from copper, and the model includes approximate repre-
sentations for the thicknesses of cavity walls and apertures.

III. ANALYSIS AND REDESIGN OF THE
ORIGINAL B-DOT PROBE

The original inner-MITL B-dot probe design, which has
been used on both the Z and ZR accelerators (see Fig. 6 of
Ref. [15]), is shown in Fig. 4(a). The probe is placed
immediately downstream of, and in azimuthal alignment
with, one of the upper posts to partially shield the probe
aperture from electron flow exiting the convolute. The
probe contains a single loop of copper wire in the vacuum
cavity. The wire has a nominal diameter of 0.404 mm (26
gauge) and is coated with �0:024 mm of FORMVAR [37]
which provides electrical insulation [15]. The two leads are
twisted and pass through the top of the vacuum cavity and
are attached to a semirigid coaxial cable through which the
signal is collected [15]. The wire loop is centered in a 9-
mm-diameter copper cavity. The center of the loop is
recessed 5.6 mm above the upper-MITL anode surface.
The entrance aperture of the probe is 5.1 mm in diameter
and 2.5 mm thick. For clarity, we refer to this probe
configuration as the original design in the remainder of
this paper.

The numerical simulations show that the original ZR
inner-MITL B-dot probe design undergoes electron bom-
bardment before the onset of magnetic insulation of the
electron flow. A 3D plot of the particle positions at 30 ns
[Fig. 5(a)] shows electrons present in the entrance aperture
and cavity. The gray regions in the figure are fabricated
from stainless steel; yellow and gold designate copper. The
blue particles are electrons launched from the upper cath-
ode on the upstream side of the convolute. The red elec-
trons are emitted from the upper cathode ‘‘hole’’ in the
convolute. These electron sources represent the main con-
tributors to the electron energy deposited inside the B-dot
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FIG. 5. (Color) Sample particle positions after t ¼ 30 ns in
simulations of the (a) original inner-MITL B-dot probe configu-
ration, (b) the best design, and (c) the final design. The electron
macroparticles are colored according to their origin as described
in the text.

FIG. 4. (Color) Schematic of the (a) original inner-MITL current monitor configuration, (b) the best design, and (c) the experimentally
fielded or final design. In each of these schematics, the load is to the left and the upper post of the convolute is to the right of the probe.
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probe cavity and wire loop. Some green particles emitted
from the lower cathode components also are visible, but
they contribute only a small fraction of the total energy
deposited within the probe.

The electron energy deposited in the inner-MITL B-dot
probe cavity after 45 ns in the � ¼ 0 plane is shown in
Fig. 6(a). Several features immediately stand out. The
deposited energy is primarily on the downstream side of
the probe cavity. This is because the electrons drift from
the convolute towards the load (� r direction) and the
magnetic field streamlines have an upward (þ z direction)
curvature. Note that the color contour levels in Fig. 6 have
been truncated at 250 J=cm3 to facilitate comparison with
the other designs. The peak deposited energy (Epeak) values

for different regions of the probe are given in Table I. The

peak deposited energy on the downstream side of the
entrance aperture is ’ 1:1 kJ=cm3. Anode-plasma forma-
tion begins at surface temperatures of 400 K [38,39], which
corresponds to a deposited energy density of 1:4 kJ=cm3 in
copper. Therefore the peak energy density observed in
Fig. 6(a) will likely be sufficient to drive the formation
of electrode plasmas. This, in turn, may lead to closure of
the aperture on time scales fast enough to impact the
current measurement prior to peak load power. In addition,
electron energy deposition on the wire after 45 ns has a
peak value of �180 J=cm3, large enough to suggest that
electron strikes to the wire loop might compromise the
electrical signal.
Based on these findings, we explored a number of op-

tions for reducing (i) the energy deposited to the entrance
aperture of the cup and (ii) the energy deposited on the wire
loop. The design considerations included realistic con-
straints associated with fielding a probe in the limited space
available at the center of the machine, signal-to-noise
ratios at the pickup loop, cable connection and routing,
and minimization of any modifications to the existing
convolute and MITL hardware. The ‘‘best’’ design option
that we envisioned was one of the simplest: retraction of
the existing B-dot hardware assembly approximately
0.6 cm up into the upper anode plate, illustrated in
Fig. 4(b). Figure 5(b) shows the simulated retracted probe
design and qualitatively illustrates the reduction in the
number of electrons present in the B-dot cavity. The re-
duction in the deposited electron energy at the probe
entrance aperture and throughout the B-dot cavity is
shown in Fig. 6(b) (see Table I for peak values). The
energy deposited at the inner edge of the hole in the
stainless steel anode has a peak deposited energy density

TABLE I. Comparison of simulation results for the
(a) original, (b) best, and (c) final inner-MITL B-dot probe
designs. All data from these simulations was taken at 45 ns.
The second and fifth columns give the peak deposited energy
density (Epeak) on the wire loop and the cup aperture, respec-

tively. The third and fourth columns give the total energy
deposited (E) on the wire loop and the coaxial wire feed,
respectively. The last column gives the magnetic field magnitude
(jBj) at the center of the wire loop.

Epeak E E Epeak jBj
Design Loop

(J=cm3)

Loop

(J)

Coax/wire

(J)

Cup aperture

(J=cm3)

Loop

center (kG)

(a) Original 189.7 0.89 0.33 1054 20.2

(b) Best 6.9 0.035 0.016 85 7.0

(c) Final 26.5 <0:02 0.028 119 3.9

a) b) c)

J/cm3

250

2.5

125

FIG. 6. (Color) Simulated electron energy deposition in the � ¼ 0 plane after 45 ns for the three inner-MITL B-dot probe designs:
(a) original, (b) best, and (c) final.
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of ’ 0:8 kJ=cm3, consistent with the results from inside the
copper entrance aperture in the original design. However,
the effectively larger diameter hole at this peak energy
deposition location should reduce the impact of any plasma
hole closure on the current measurement.

During the fabrication and calibration stages for this new
B-dot probe design, the design was modified to include a
copper lining of the stainless steel anode hardware. The
thickness of this lining was made to be the same as the wall
thickness of the inside of the B-dot probe cavity. This
practical design change provides a more secure fitting for
the probe hardware in the finite thickness anode hardware.
This change can be seen in Fig. 4(c) and is represented in
the simulations by extending the copper wall of the B-dot
cavity below the copper entrance aperture [see Figs. 5(c)
and 6(c)]. We simulated this design change prior to actual
testing of the probe on ZR. The main features associated
with the improvements of the best design over the original
design are mostly retained in the final design (see Table I).
The number of electrons that enter the cup prior to the
onset of magnetic insulation increases slightly. This in-
crease is reflected by the increased energy deposition on
interior walls of the B-dot cavity and wire loop (see
Table I). The final impact of these design changes relative
to the original B-dot probe can be seen clearly in Fig. 7
which plots the net electron current entering the 5.1-mm-
diameter probe entrance aperture for the three cases. In the
original design, electrons striking the inside edge of the
entrance aperture can scatter into the probe interior even
after the onset of magnetic insulation, keeping the total
electron current relatively high. In these simulations, the
new designs significantly reduce the electron current enter-
ing the probe cavity before the onset of magnetic insulation
and effectively eliminate electrons from entering the probe
cavity at later times. In the final design, the peak electron

current entering the aperture is �90 A, a reduction by a
factor of 6 over the original design.
Table I includes a column for comparing the simulated

peak magnetic field magnitude, jBj, at the location of the
wire loop. It was important to keep this value sufficiently
high to permit accurate current measurements in ZR’s
noisy environment. The values listed in Table I were ob-
tained from simulations that did not include charged par-
ticle emission or propagation and did not include the wire
loop at the center of the B-dot cavity as shown in Figs. 5
and 6. Macroparticle electrons used in the full PIC simu-
lations for determining energy deposition and space-charge
currents in the B-dot probe typically represent 108 to 109

actual electrons. Hence, individual particles traveling in-
side the probe cavity generate large fluctuations in the
currents that can disrupt the calculation of the ambient
magnetic field inside the probe. Removal of the wire loop
in these simulations was also necessary to determine jBj
since the simulated wire is much thicker than the 26-gauge
copper wire used in the actual probe and therefore tends to
largely exclude the ambient magnetic field from the center
of the loop. During calibration and fielding of the final
probe design, the reduced magnetic field amplitude,
measured as a reduced voltage, decreased as predicted by
the numerical simulations to within experimental
uncertainties.

IV. EXPERIMENTAL RESULTS

The final probe design was fielded on a series of shots
that also included the original probe design. For these
shots, each of the probes was fielded immediately down-
stream of one of the 12 upper anode posts, as shown in
Fig. 1. Probes of identical design are fielded in opposite
polarity pairs, which enables the removal of electron
pickup currents from the signals during post-shot data
processing [15]. On each of the shots described herein,
two each of the original design and two each of the final
probe design were fielded. The first test series used rela-
tively low inductance dynamic z-pinch loads [40–43] on a
series of nominally identical shots. For clarity, we refer to
the final probe design as the redesigned B-dot probe for the
remainder of this paper.
Figure 8 plots the measured MITL current and the

average signals from each of the probe designs for two
ZR shots, 1951 and 1954. During the rising portion of the
power pulse, both B-dot designs give the same measured
current values which track the outer-MITL current, indi-
cating essentially no current losses between the outer-
MITL and inner-MITL B-dot probe locations. Near the
time of peak power, the MITL current exceeds the load
current measured by both probes by an average of
�1:1 MA. For shot 1951, the redesigned probe gives a
slightly higher peak load current (the redesigned probe
gives 23.3 MA versus 22.8 MA for the original) while for
shot 1954, the original probe gives a higher peak load
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FIG. 7. (Color) The simulated electron current passing through
the inner-MITL B-dot probe apertures for the (a) original design
(black curve), (b) the best design (blue curve), and (c) the final
design (red curve) as a function of time.
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current (the redesigned probe gives 23.6 MA versus
23.9 MA for the original). After peak power, the load
currents fall together in good agreement until they reach
the �10-MA level. At this point the original B-dot probe
currents increase, while the redesigned probe continues to
fall and approximately track the MITL current for several
hundred ns. This suggests the original B-dot probe works
well on low-impedance shots through the main power
pulse but eventually fails. This failure could arise from
either electron current entering the probe as the decreasing
load-current results in lower magnetic fields that do not
insulate the electron flow from the cup aperture, or from
plasma expansion at the probe aperture.

Soft x-rays and UV radiation from these dynamic
z-pinch loads are a possible mechanism for load-current
monitor failure. The dynamic z-pinch loads fielded on

shots 1951 and 1954 produced approximately 1 MJ of
soft x-rays at times near peak load power. Typically load-
current monitor failures are correlated only with the time-
dependent impedance history of the load. The improved
load-current measurement obtained during the rising por-
tion of the power pulse suggests that the failure of the
original probe design is not related to photoemission of
electrons due to load radiation.
The original and redesigned probes were also fielded on

a series of shots with a higher-impedance load. The load
was an annular imploding solid liner that was seeded with
single-wavelength perturbation features to study the
growth of the magneto-Rayleigh-Taylor instability
[44,45]. The higher impedance of the load during the rising
portion of the power pulse resulted in higher voltages in the
MITLs and convolute. The higher voltages result in greater
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FIG. 9. (Color) Outer-MITL current (solid black line) and inner-MITL load-current measurements from two ZR shots with high-
impedance imploding liner loads. The current obtained from the original inner-MITL monitor design is shown as a red dashed line and
the current obtained from the redesigned inner-MITL monitor is shown as a blue dash-dotted line.
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current losses between the outer-MITL and inner-MITL
B-dot probes [29]. The actual nature of these current losses
is the subject of considerable study [4,14,23–29] with
particular emphasis on the formation of electrode plasmas
in the convolute that lead to gap closure.

Current measurements from two ZR shots, 1965 and
1968, using identical annular imploding loads are shown
in Fig. 9. For both shots, the load current measured by the
redesigned B-dot probes rises with the MITL until these
currents exceed �15 MA. The original inner-MITL B-dot
monitor signals begin to deviate from the outer-MITL
current during this phase at lower current amplitudes,
between 4 MA (shot 1968) and 10 MA (shot 1965). The
time-to-peak current value of the redesigned inner-MITL
monitors is in good agreement with the outer-MITL cur-
rent. As in the case of the low-impedance loads, the rede-
signed inner-MITL B-dot monitors give falling current
amplitudes that are more consistent with the outer-MITL
values at late times. For these liner shots an on-axis 2-mm-
diameter tungsten rod was used to quench the x-ray emis-
sion from the target to improve the quality of radiographic
diagnostic images. As a result, the final inductance of the
liner load was probably lower than the final inductance of
the dynamic hohlraum load (discussed above), which has a
relatively high pinch-convergence ratio. This may explain
why the MITL current remains high for a longer period of
time on these shots.

We note that these thick metal liner loads produce
essentially no x-rays [45], and therefore this potential
monitor failure mechanism is not present for shots 1965
and 1968.

V. SUMMARY

Three-dimensional PIC simulations have been used to
model the electron power flow in the vicinity of the inner-
MITL B-dot probe and ZR double-post-hole convolute
during the rise time of the power pulse. The simulations
show electron energy deposition within the original B-dot
probe consistent with failure of the probe in relatively
high-impedance load shots. New B-dot design concepts,
inspired by the simulations, have led to a redesign of the
inner-MITL B-dot probes. These redesigned probes have
been fielded simultaneously with the original probes on
recent ZR shots. The redesigned probes give current mea-
surements through peak load power for low-impedance
shots that are in good agreement with the original probes.
In addition, the redesigned probes track the outer-MITL
current past the time of peak load power, an improvement
over the performance of the original inner-MITL B-dot
probes. For higher-impedance-load shots, the redesigned
probes give load-current rise times that are more consistent
with machine current, provide more realistic load-current
amplitudes at peak power, and track the machine current
well past peak power. Overall, the redesigned inner-MITL

B-dot probes have proven to be more robust to the delete-
rious effects of dynamic electron power flow.
The design changes summarized here were guided by

large-scale 3D PIC simulations which enabled the rapid
evaluation of a number of design ideas. However, the
simulations described herein do not address the formation
and evolution of B-dot aperture plasmas. High-impedance
loads generate high voltages inside the MITLs and con-
volute, which increase the likelihood of rapid formation of
dense aperture plasmas early in the pulse. Such plasmas
can lead to hole closure, and possibly alter the electron-
flow trajectories in the vicinity of the probes. Future work
will examine the possible role of electrode plasma forma-
tion on inner-MITL B-dot probe performance on ZR.
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