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We have developed a system of differential-output monitors that diagnose current and voltage in the
vacuum section of a 20-MA 3-MV pulsed-power accelerator. The system includes 62 gauges: 3 current
and 6 voltage monitors that are fielded on each of the accelerator’s 4 vacuum-insulator stacks, 6 current
monitors on each of the accelerator’s 4 outer magnetically insulated transmission lines (MITLs), and 2
current monitors on the accelerator’s inner MITL. The inner-MITL monitors are located 6 cm from the
axis of the load. Each of the stack and outer-MITL current monitors comprises two separate B-dot sensors,
each of which consists of four 3-mm-diameter wire loops wound in series. The two sensors are separately
located within adjacent cavities machined out of a single piece of copper. The high electrical conductivity
of copper minimizes penetration of magnetic flux into the cavity walls, which minimizes changes in the
sensitivity of the sensors on the 100-ns time scale of the accelerator’s power pulse. A model of flux
penetration has been developed and is used to correct (to first order) the B-dot signals for the penetration
that does occur. The two sensors are designed to produce signals with opposite polarities; hence, each
current monitor may be regarded as a single detector with differential outputs. Common-mode-noise
rejection is achieved by combining these signals in a 50-� balun. The signal cables that connect the B-dot
monitors to the balun are chosen to provide reasonable bandwidth and acceptable levels of Compton drive
in the bremsstrahlung field of the accelerator. A single 50-� cable transmits the output signal of each
balun to a double-wall screen room, where the signals are attenuated, digitized (0:5-ns=sample),
numerically compensated for cable losses, and numerically integrated. By contrast, each inner-MITL
current monitor contains only a single B-dot sensor. These monitors are fielded in opposite-polarity pairs.
The two signals from a pair are not combined in a balun; they are instead numerically processed for
common-mode-noise rejection after digitization. All the current monitors are calibrated on a 76-cm-
diameter axisymmetric radial transmission line that is driven by a 10-kA current pulse. The reference
current is measured by a current-viewing resistor (CVR). The stack voltage monitors are also differential-
output gauges, consisting of one 1.8-cm-diameter D-dot sensor and one null sensor. Hence, each voltage
monitor is also a differential detector with two output signals, processed as described above. The voltage
monitors are calibrated in situ at 1.5 MVon dedicated accelerator shots with a short-circuit load. Faraday’s
law of induction is used to generate the reference voltage: currents are obtained from calibrated outer-
MITL B-dot monitors, and inductances from the system geometry. In this way, both current and voltage
measurements are traceable to a single CVR. Dependable and consistent measurements are thus obtained
with this system of calibrated diagnostics. On accelerator shots that deliver 22 MA to a low-impedance
z-pinch load, the peak lineal current densities at the stack, outer-MITL, and inner-MITL monitor locations
are 0.5, 1, and 58 MA=m, respectively. On such shots the peak currents measured at these three locations
agree to within 1%.
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I. INTRODUCTION

Multiterawatt pulsed-power accelerators (such as the
55-TW Z machine [1–9]) are used to drive inertial-
confinement-fusion, material-science, radiation-physics,

radiation-effects, advanced-radiography, astrophysics,
and other high-energy-density-physics experiments. The
Z accelerator delivers as much as 2 MJ of electromagnetic
energy in a 100-ns pulse to a physics package (i.e., the
load) for such experiments.
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Pulsed-power accelerators typically incorporate a
vacuum-power-flow section that includes one or more
self-magnetically insulated transmission lines (MITLs)
[1,2,4,9] and a vacuum-insulator stack [1,2,4–9]. The
stack serves as the hermetic interface that separates the
region under vacuum from the rest of the accelerator. For
such machines, the vacuum section is that which operates
at the highest electromagnetic-power densities; it is also
that which couples the electromagnetic power and energy
generated by the accelerator to the load.

It is often useful to measure current and voltage as a
function of time in the vacuum section as part of the effort
to monitor accelerator performance [10–13]. Since the
vacuum section is that which connects directly to the
physics package, current and voltage measurements in
this region of the accelerator also provide a more complete

understanding of the experiments that are conducted on the
machine [11–13].

In this article we describe in detail a diagnostic package
[10,11] that was designed to measure current and voltage in
the vacuum section of the Z pulsed-power accelerator. An
idealized representation of the Z vacuum section is given
by Fig. 1. As indicated by the figure, the vacuum section
comprises 4 3.35-m-diameter vacuum-insulator stacks, 4
outer MITLs, a double-post-hole vacuum convolute, an
inner MITL, and the load [1,2,4–9]. The vacuum section
has been used to drive various types of loads; Fig. 1
arbitrarily assumes the load is a z pinch. (We define the
outer MITLs to be those located upstream of the convolute
[1,2,4,9]. The convolute is a structure [14–20] that con-
nects the four outer MITLs in parallel, combines the MITL
output currents, and delivers the combined current to the
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FIG. 1. (Color) Cross-sectional view of the four-level vacuum-power-flow section of the Z pulsed-power accelerator [1,2,4–9]. Each
level includes a vacuum-insulator stack and an outer MITL. This view shows the locations of the insulator-stack D-dot, outer-MITL
B-dot, and inner-MITL B-dot monitors. The stack B-dots (which are not pictured here) are located at the same radial location as that of
the stack D-dots, but at different azimuthal locations. The outer diameter of the insulator stack is 3.35 m.
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inner MITL. We define the inner MITL to be that which is
located downstream of the convolute [1,2,4,9,11]. The
inner MITL, which is a few centimeters long, delivers
the combined current from the convolute to the load.)

On a typical Z-accelerator shot, the nominal total current
in the four-level stack-MITL system is 20 MA. The nomi-
nal voltage across each of the 4 insulator stacks is 3 MV.
The diagnostic package has been successfully tested at
these current and voltage levels on over 1700 accelerator
shots. Although the package was designed specifically for
use on Z, the monitor designs can be readily adapted for
use on other accelerators.

The diagnostic package consists of differential-output
B-dot and D-dot monitors that measure the current and
voltage, respectively, at each of the 4 insulator stacks;
differential-output B-dot monitors that measure the current
at each of the 4 outer MITLs; and 2 opposite-polarity B-dot
monitors that measure the current at the inner MITL. The
differential-output monitor designs were motivated by the
previously reported differential-output B-dot monitor of
Rochau, Mowrer, and Webb [21]. Other successful current
and voltage diagnostics developed for pulsed-power appli-
cations are described in Refs. [22–78].

The present article is organized as follows. The locations
of the monitors are discussed in Sec. II. The stack and
outer-MITL B-dot monitor designs are essentially identical
except for the outer dimensions of the monitor bodies.
Section III describes the outer-MITL monitor, presents a
lumped-circuit model for analyzing its signals, and ex-
plains its calibration. Sections IV and V similarly describe
the inner-MITL B-dot monitor and the insulator-stack
D-dot monitor, respectively. Typical measurements ob-
tained with the diagnostic system are presented in
Sec. VI. Suggestions for future work are discussed in
Sec. VII.

The appendices address some issues in greater detail. All
the monitors described herein are located tens of meters
from a common double-wall screen room that contains the
digital oscilloscopes that record the monitor signals.
Hence, the signals suffer a significant degradation in band-
width due to the long coaxial cables that connect the
monitors to the screen room. To correct the degradation,
we use the numerical cable-compensation algorithm de-
veloped by Boyer [79], as discussed in Appendix A. The
bandwidth of a typical monitor system (after cable com-
pensation) is estimated in Appendix B. Systematic and
random errors of a typical monitor are listed in
Appendix C.

Part of each monitor’s coaxial-cable system is located
in an intense hard-x-ray-radiation environment.
Compton-effect interactions between the x rays and
the electrons in a monitor’s coaxial cables induce a
current in the cables. The current signal is common to
both cables. (This common-mode signal is sometimes
referred to as ‘‘Compton drive.’’) This and other

common-mode signals are reduced as discussed in
Appendix D.

II. MONITOR LOCATIONS

Figure 1 presents a cross-sectional view of the four-level
Z-accelerator stack-MITL system, which constitutes the
vacuum-power-flow section of Z [1,2,4–9]. As indicated
by the figure, the four levels are labeled A, B, C, and D.
The four insulator stacks are electrically in parallel; these
are connected to the four outer MITLs, which are also in
parallel. The currents flowing in the outer MITLs are
combined by the double-post-hole vacuum convolute
[14–20]. The convolute includes 12-upper and 12-lower
posts that connect the outer-MITL anodes together; the
posts are equally spaced on a 7.62-cm radius. The convo-
lute also connects together the outer-MITL cathodes. The
combined current is delivered from the convolute to the
load by the inner MITL.

A total of 12 current and 24 voltage monitors are located
in the three insulator-stack anode-electrode rings illus-
trated by Fig. 1. The monitors are located 165 cm from
the central axis of the accelerator. The upper and lower
anode rings each have nine holes in which the monitors are
located; the holes are equally spaced azimuthally (sepa-
rated by 40�). There are 18 monitor holes in the middle
stack-anode ring, nine that face the ring’s top surface
(which is the anode surface of B level) and nine that face
the bottom (the anode surface of C level). These holes are
also equally spaced azimuthally.

A total of three current and six voltage monitors are
fielded in the upper stack-anode ring to measure the current
and voltage, respectively, at the A-level insulator stack.
The current monitors are located azimuthally at 60�, 180�,
and 300� (from north, which is arbitrarily labeled as 0�);
the voltage monitors are located at 20�, 100�, 140�, 220�,
260�, and 340�. Similarly three current and six voltage
monitors are located in the upper half of the middle anode
ring to monitor the B-level stack, in the lower half of the
middle ring to monitor level C, and in the lower anode ring
to monitor level D.

A total of 24 B-dot monitors are located in the outer-
MITL anodes, six in each of the four anodes. These moni-
tors are located 80 cm from the axis of the accelerator. The
monitors are located at 60�, 100�, 180�, 220�, 300�, and
340� on each level.

The inner-MITL B-dot monitors are located 6 cm from
the axis of the load. Each such monitor is aligned azimu-
thally with one of the 12 upper posts of the double-post-
hole convolute, so that the posts can shield (to some extent)
the B-dots from flow electrons generated in the outer
MITLs. (We observe less electron damage to the inner-
MITL anode in the regions immediately downstream of the
posts than to nearby areas. The spatial distribution of the
damage is consistent with electron-energy-deposition cal-
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culations presented by Fig. 6 of Ref. [16] and Fig. 9 of
Ref. [18].) Hence, each inner-MITL B-dot is located at one
of 12 possible azimuthal locations. The actual locations are
determined by the presence of other experimental hard-
ware located near the load, and vary from shot to shot.

III. DIFFERENTIAL-OUTPUT INSULATOR-STACK
AND OUTER-MITL CURRENT MONITORS

A. Current-monitor design

The designs of the insulator-stack and outer-MITLB-dot
current monitors are essentially identical except for the
outer dimensions of the monitor bodies, which differ for
reasons having to do with installation and space con-
straints. Hence we describe here only the specific design
of the outer-MITL current monitor.

Two different views of the outer-MITL monitor are
presented by Fig. 2. As indicated by the figure, the monitor
consists of two B-dot sensors separately located in two
adjacent cavities in the monitor’s body. The body is fab-
ricated from either half-hard or aluminum-oxide-disper-
sion-hardened copper. The cavity that encloses each
sensor is filled with Hysol 4143 silica-filled epoxy with
3404 hardener. The epoxy is vacuum potted. A 0.005-mm-
thick nichrome film is placed over the epoxy; the film
allows the magnetic field to penetrate to the sensors, but
shields the epoxy and sensors from the electric field in the
MITL, which can reach megavolts per centimeter.

Each sensor consists of four 3-mm-diameter wire loops
that are electrically in series; these are wound using a

single continuous piece of copper wire. The wire is 26
gauge, has a nominal diameter of 0.404 mm, and is coated
with Formvar (which provides electrical insulation) [80].
The total outer diameter of the copper wire including the
Formvar insulation is 0.452 mm; hence, the Formvar coat-
ing is approximately 0.024 mm thick. For each sensor, one
end of the wire is connected to the outer conductor of a
17.9-mm-length section of 3.6-mm-diameter semirigid co-
axial cable, as shown by Fig. 2. The other end of the wire
connects to the inner conductor of the coax. Both connec-
tions are established by soldering.

The outer surface of the semirigid coax’s outer conduc-
tor is silver epoxied (using Tra-Duct 2902, manufactured
by Tra-Con [81]) to the copper body. As suggested by
Fig. 2, the coax is electrically connected to a
subminiature-version-A (SMA) barrel connector. The
SMA barrel is screwed into a threaded hole in the copper
body. The threads of the SMA barrel are coated with silver
epoxy to improve the electrical and mechanical integrity of
the connection between the barrel and body. When the
monitor is correctly assembled, the total series resistance
of the B-dot sensor (as measured across the output end of
the SMA connector) is � 20 m�. If the resistance is
greater than this value, the monitor is not used.

The two B-dot sensors of each B-dot current monitor are
designed to produce opposite-polarity signals for common-
mode-noise rejection [21]. Two matched-length 2.2-mm-
diameter 50-� conformable coaxial cables (type RG-405)
connect the monitor’s two SMA barrel connectors to a
50-� balun [82].

copper B-dot body

SMA barrel connector

four-loop B-dot sensor

3.6-mm-diameter semirigid coaxial cable

outer-MITL anode  volume filled with epoxy

retaining nut

FIG. 2. (Color) Two cross-sectional views of the differential-output B-dot current monitor that is fielded on the outer MITLs of the Z
accelerator. Not shown here is the 0.005-mm-thick nichrome foil that is placed over the epoxy-filled volumes. The foil shields the
epoxy and B-dot sensors from the high electric field in the MITL’s anode-cathode gap.
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The balun is a device that has two 50-ohm inputs and
one 50-ohm output. The balun attenuates each input signal
by a factor of 2, inverts one of the two signals, then adds it
to the other. The sum is delivered to the balun’s output.
Hence, the balun cancels—to first-order—common-mode
signals. The balun used is a Prodyn model BIB-100B
(mod); the ‘‘mod’’ designation identifies the unit as a
mechanically ruggedized version (i.e., a ‘‘modified’’ ver-
sion) of the standard BIB-100B. The balun has a 15 kHz–
400 MHz 3-dB bandwidth. The common-mode-rejection
ratio is <� 30 dB for frequencies <1 GHz, and
<� 50 dB for frequencies <10 MHz.

The RG-405 cable provides reasonable bandwidth
(0:49 dB=m at 500 MHz) while producing an acceptable
level of Compton drive, which is generated by the brems-
strahlung field of the Z accelerator [83,84]. The length of
the two RG-405 cables is just long enough to permit
locating the balun outside the most-intense bremsstrahlung
environment of the accelerator. Cancellation by the balun
of common-mode Compton signals is discussed in
Appendix D.

On a typical Z shot, the peak total voltage (which is
primarily due to the current being measured) produced by
one of the two B-dot sensors in an outer-MITL B-dot
monitor is on the order of 100 V. Since the balun attenuates
the signal produced by each sensor a factor of 2, inverts one
of the two signals, then adds it to the other, the amplitude of
the combined signal at the output of the balun is again
�100 V. A long (35–80 m) coaxial cable (which consists
of several cable sections connected in series) transmits the
balun-output signal to a double-wall screen room.

Inside the screen room, the signal’s amplitude is reduced
by high-voltage ( � 1 kV) high-bandwidth ( � 4 GHz)
50-� attenuators [85,86] before the signal is recorded on
a Tektronix 0:5 ns=sample digitizing oscilloscope [87].
The oscilloscope records the signal with a long baseline
(> 500 sample points) to permit an accurate determination
of the baseline-voltage level; i.e., the approximately dc
component of the voltage measured by the oscilloscope
before the arrival of the B-dot signal.

Because the cable connecting the balun output to the
screen-room is long (35–80 m), the recorded signal incurs
significant high-frequency degradation. A post-shot nu-
merical procedure [79] is applied to the recorded B-dot
data to compensate for cable losses, as discussed in
Appendix A. After cable compensation, the baseline volt-
age is measured, then subtracted from the signal. The
signal is subsequently numerically integrated to recon-
struct the MITL current, as discussed in Sec. III B.

We integrate the signals numerically, instead of using a
passive RC integrating circuit (as is sometimes done), for
the following reasons: (i) An integrating circuit has stray
inductances and capacitances that give the circuit resonant
frequencies, which artificially add high-frequency compo-
nents to the signal; (ii) the impedance of such a circuit is

not exactly 50 �, and the impedance is frequency depend-
ant; hence, such a circuit reflects part of the incoming
signal, and the reflection coefficient is frequency depen-
dent; (iii) an integrating circuit needs to be calibrated to
determine its effective RC time constant for pulses of
interest; (iv) the calibrations drift over time; and (v) since
an RC circuit only integrates over time scales much less
than RC, the integrated signal needs to be numerically
droop corrected for many situations of practical interest.
Moreover, RC integrating circuits are usually calibrated
using numerical integration as a reference standard. Hence,
it would appear that numerically integrating a B-dot signal
directly is more accurate than using an integrating circuit
that is, in turn, calibrated using numerical integration.

B. B-dot-sensor circuit model

A circuit model of each of the two B-dot sensors in an
outer-MITL B-dot monitor is used to reconstruct the MITL
current from the monitor-output signal. To a reasonable
approximation the outer-MITL B-dot sensor described in
this article can be modeled as indicated by Fig. 3. (The
same model is also used for the B-dot sensors of the
insulator-stack and inner-MITL current monitors.)

The model presented by Fig. 3 consists of three ele-
ments: the mutual inductance M between the outer-MITL
being monitored and the B-dot sensor, the self-inductance
L of the B-dot sensor’s wire coil, and the impedance Z of
the monitor’s output cable. (The cable impedance is the
same as that of the balun, attenuators, and digitizer that

FIG. 3. Lumped-circuit model of a single outer-MITL B-dot
current sensor.
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records the B-dot signal.) The model suggests that

 M
dIouter

dt
� L

dIB
dt
� ZIB; (1)

where Iouter is the outer-MITL current and IB is the current
flowing in the B-dot circuit. Since a 50-� data-recording
system is used,

 Z � 50 �: (2)

The B-dot-sensor’s output voltage VB can be expressed as

 VB � IBZ; (3)

hence, combining Eqs. (1) and (3) gives

 Iouter �
1

M

�
L
Z
VB �

Z t

0
VBdt

�
: (4)

When for time periods of interest the first term on the
right-hand side of Eq. (4) is much greater than the second,
the current sensor’s output voltage VB is approximately
proportional to Iouter. In this limit the sensor is said to be
self-integrating [24,25,27,58]. When the first term is much
less than the second, the sensor’s output voltage is approxi-
mately proportional to dIouter=dt, and the sensor is said to
be differentiating [24,25,27,58].

Historically, B-dot monitors have been designed to op-
erate in either of these two limits. The monitors described
herein are designed to be differentiating. However, when
desired, modern data-recording systems and computational
resources make it straightforward to use both terms on the
right-hand side of Eq. (4) to infer Iouter from VB.

For the stack and outer-MITL B-dot sensors described
herein, calculations and measurements indicate L �
40 nH. Since L=Z � 0:8 ns, the first term on the right-
hand side of Eq. (4) can be neglected for the 100-ns power
pulses of interest; hence, to a good approximation

 Iouter �
1

M

Z t

0
VBdt: (5)

When Eq. (5) is used to reconstruct Iouter, Eq. (4) pre-
dicts that the 10%–90% rise time of the B-dot sensor is
given by

 �10%–90% � 2:2
L
Z
: (6)

Of course, the rise time could be reduced significantly by
using Eq. (4) instead of Eq. (5) to reconstruct Iouter. In
principle, if Eq. (4) were an exact model of a B-dot sensor,
and the exact values of L and Z were known, then using
Eq. (4) to reconstruct Iouter would provide a sensor with
infinite bandwidth. However, Eq. (4) is a lumped-circuit
model that ignores transmission-line effects that, in prac-
tice, limit the bandwidth. (Moreover, the total diagnostic-
system bandwidth is limited in part by that of the data-
recording system.)

Equations (1), (4), and (5) account neither for effects due
to penetration of magnetic flux into the walls of the copper
aperture of the cavity surrounding the B-dot coil, nor to
penetration of flux into the wire used to form the coil itself.
Both effects increase the sensitivity of the B-dot with time;
i.e., both cause M to increase at lower frequencies. Hence,
the B-dot monitor behaves approximately as if its signal VB
were transmitted through a high-pass RC filter with a
negative RC time constant, so that high-frequency compo-
nents are unchanged, but lower frequencies are amplified.

Motivated by this observation, we make a first-order
correction for such time-dependent skin-depth effects by
using, instead of Eq. (5), the following expression:

 Iouter �
exp��t=�f	

M

Z t

0
VB exp

�
t
�f

�
dt; (7)

where �f is a characteristic flux-penetration time.
Equation (7) applies to the function Iouter [as given by
Eq. (5)] a numerical filter that leaves high frequencies
unchanged, but attenuates lower frequencies. Equa-
tion (7) is analogous to the well-known expression that is
applicable to a high-pass RC filter with a positive time
constant. The time constant of the analogous RC filter is
�f. For times t
 �f, Eq. (7) reduces to Eq. (5).

Equation (7) can also be obtained as follows. When M is
not constant in time, Eq. (5) can be expressed as

 

d�MIouter	

dt
� VB: (8)

We assume M does not change significantly with time for
time durations of interest. We also assume dM=dt can be
approximated as follows:

 

dM
dt
�
M
�f
: (9)

Combining Eqs. (8) and (9) gives

 

dIouter

dt
�
Iouter

�f
�
VB
M
: (10)

The solution of Eq. (10) is given by Eq. (7).
The outer-MITL current Iouter is reconstructed from VB

using Eq. (7). The quantities M and �f are estimated using
the calibration procedure outlined in Sec. III C. The cali-
bration procedure assumes an equation similar to Eq. (7),
and finds that for the outer-MITL B-dot, �f � 2:55 �s. (�f
is also approximately 2:55 �s for the insulator-stack
B-dot.) Hence when the current rises to its peak value in
100 ns, the flux-penetration correction performed by
Eq. (7) is �3% at peak current.

We note that the balun used by the outer-MITL and
insulator-stack B-dot monitors includes two ferromagnetic
cores that have a volt-second product of 5� 10�5. The
flux-penetration correction discussed above implicitly ac-
counts for the small signal droop caused by the balun’s
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cores, since the calibration of a monitor is performed with
the same balun that is fielded with the monitor on the
accelerator.

C. Current-monitor calibrations

This section describes the calibration of the outer-MITL
B-dot current monitors. Similar calibration procedures are
used for the insulator-stack and inner-MITL B-dots.

The outer-MITL B-dots are calibrated using a radial
transmission line that is driven by an azimuthally symmet-
ric current pulse. The reference current against which the
B-dots are calibrated is obtained using a current-viewing
resistor (CVR). The central region of the calibration sys-
tem is illustrated by Fig. 4. The adapter geometry near the
B-dot monitor is designed to be effectively the same as that
of the outer MITL near the monitor when it is fielded on the
MITL. (The adapters used to calibrate the insulator-stack
and inner-MITL B-dots differ from that illustrated by
Fig. 4.)

The calibration system’s radial transmission line is
76 cm in diameter. The radial line is driven by 48 31-�
Reynolds high-voltage coaxial cables (Reynolds part num-
ber 167-2669) [88] that are attached at 48 equally spaced
azimuthal locations along the radial line’s outer circum-
ference. The cables in turn are driven by a 10-kA pulse
generator.

The pulse generator consists of a single 40-kV 100-nF
15-nH capacitor, an inductor, a switch, and the 48 coaxial
cables. The capacitor serves as the initial energy source for
the pulser. The high-voltage electrode of the capacitor
connects to the inductor, which consists of a 10-cm-wide
metal sheet. The sheet in turn connects to a mechanical
switch that consists of two stainless-steel electrodes sub-
merged in Flourinert (a high-dielectric-strength fluid). The
output of the switch is connected to a 10-cm-wide elec-
trode, to which are attached the 48 inner conductors of the
coaxial cables. The 48 outer conductors are connected to

the ground electrode of the capacitor. The initial charge
voltage on the capacitor is on the order of 10 kV.

The capacitance of the capacitor, total system induc-
tance, and length of the 48 cables are selected to produce a
current-pulse shape similar to that of the Z accelerator. The
CVR is a 5-m� T&M Research CVR (model SSMA-2-
005) [89], and is mounted at the center of the radial trans-
mission line.

The calibrations are performed assuming an expression
similar to Eq. (7):

 Ical �
exp��t=�f	

Mcal

Z t

0
VB exp

�
t
�f

�
dt; (11)

where Ical is the current flowing in the calibration system’s
transmission line, and Mcal is the mutual inductance be-
tween the transmission line and the B-dot sensor. The
calibrations neglect variations in Mcal, �f, L, and Z with
temperature, voltage, etc.

We calibrate an outer-MITL B-dot monitor by minimiz-
ing the normalized standard deviation of the pointwise
difference �n [90] between the calibration-system current
Ical, as calculated by Eq. (11), and the calibration-system
current ICVR, as measured by the CVR. We define �n as
follows:

 �n �
1

ICVR;peak

�
1

N � 1

XN
i�1


Ical�ti	 � ICVR�ti	�
2

�
1=2
; (12)

where N is the number of samples in the time history. The
calibration procedure consists of finding the values of Mcal

and �f that minimize �n. A typical calibration result is
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FIG. 5. (Color) Result of the calibration of an outer-MITL B-dot
current monitor. The reference current is that measured by a
current-viewing resistor (CVR). The normalized standard devia-
tion of the pointwise difference [Eq. (12)] between the two
current-pulse shapes is less than 1%.

outer-MITL B-dot monitor

radial transmission line plastic insulator

current-viewing
resistor (CVR)

adapter

FIG. 4. (Color) Cross-sectional view of the central region of the
B-dot calibration system.
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presented by Fig. 5; �n for the two traces shown is less
than 1%.

Since the calibration-system transmission line and the
accelerator’s outer MITLs are approximately axisymmet-
ric,

 M � Mcal
rcal

r
: (13)

The quantity rcal is the radial distance of the monitor (when
it is installed on the calibration system) from the central
axis of the calibrator’s transmission line, and r is the radial
distance of the monitor (when it is installed on an outer
MITL) from the central axis of the accelerator.

The sensitivity of an outer-MITL B-dot monitor is nomi-
nally 1:3� 10�12 V s A�1. As discussed above, for a typi-
cal Z-accelerator shot, the peak output voltage (during the
main power pulse) of an outer-MITL monitor is �100 V.
Because the insulator-stack B-dots are located a factor of 2
further from the axis of the accelerator, their sensitivity is a
factor of 2 lower, and their peak output voltage is �50 V.

IV. INNER-MITL CURRENT MONITOR

A. Current-monitor design

The design of an inner-MITL B-dot current monitor is
outlined by Fig. 6. The monitor is located at the same
azimuthal location as that of an upper convolute post. As
discussed in Sec. II, the post assists in shielding the moni-
tor from electrons launched in the outer MITLs, which are
upstream of the convolute. The monitor is fabricated using
many of the same materials and techniques described in
Sec. III A. Differences between the inner-MITL monitor
and that described in Sec. III A are summarized below.

Because of space constraints, the inner-MITL monitor
includes a single B-dot sensor. Hence each inner-MITL
monitor is by itself not a differential-output monitor, since

it generates only one signal. (Of course, such a monitor is
still ‘‘differential’’ in the sense that it measures the time
derivative of the magnetic field.) However, two inner-
MITL monitors are fielded—with opposite polarities—
to reduce common-mode noise. (Consequently, a pair of
opposite-polarity inner-MITL monitors could be consid-
ered as a single differential-output monitor.) Each B-dot
sensor consists of a single loop of copper wire; the inner
diameter of the loop is 1.27 mm. The sensor is not potted in
epoxy or any other material. The two leads that connect the
sensor to the semirigid coaxial cable shown in Fig. 6 are
twisted to minimize the contribution of the leads to the
sensitivity.

The sensor is located in a cylindrical copper cavity that
has an inside diameter of 9.04 mm. The center of the sensor
is recessed 5.61 mm above the inner-MITL-anode surface,
which reduces damage to the sensor caused by the MITL
flow electrons. The aperture in the copper cavity through
which the magnetic field is coupled to the sensor is
5.08 mm in diameter and 2.54-mm thick.

After an inner-MITL B-dot signal is attenuated, re-
corded, and numerically cable compensated [79], the
baseline-voltage level is measured and subtracted from
the signal. The signal is subsequently numerically inte-
grated using the process described in Sec. III B. We inte-
grate numerically, instead of using a passive RC
integrating circuit, for the reasons discussed in the last
paragraph of Sec. III A.

After signals from the two inner-MITL B-dot monitors
have been integrated, one of the two signals is inverted
(since the two monitors have opposite polarities), and
added to the other to reduce common-mode noise. After
the sum is divided by 2, it is reduced 3% to correct for the
proximity of the B-dot monitors to the convolute posts,
which affect the symmetry of the magnetic field at the
monitor location. This geometric correction is suggested

cathode

inner MITL

upper vacuum-convolute post

z-pinch load

anode

inner-MITL
B-dot current
monitor

FIG. 6. (Color) Cross-sectional view of the inner-MITL B-dot current monitor.
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by double-post-hole-convolute simulations performed by
Hughes and Clark using the 3D electromagnetic code LSP

[15].

B. B-dot-sensor circuit model

The circuit model used to reconstruct the inner-MITL
current from the output voltage of an inner-MITL B-dot
monitor is identical to that described in Sec. III B; the
equation used is Eq. (7). The flux-penetration time �f for
a typical inner-MITL monitor is on the order of 2 �s.

C. Current-monitor calibration

The inner-MITL B-dot current monitors are calibrated
using the system described in Sec. III C. A typical calibra-
tion result is presented by Fig. 7. The normalized standard
deviation of the pointwise difference �n [Eq. (12)] be-
tween the B-dot and CVR current-pulse shapes is less
than 1%. The sensitivity of an inner-MITL B-dot is nomi-
nally 2� 10�13 V s A�1. On a typical Z-accelerator shot,
the peak output voltage of this monitor is �100 V.

V. DIFFERENTIAL-OUTPUT INSULATOR-STACK
VOLTAGE MONITOR

A. Voltage-monitor design

The insulator-stack D-dot voltage monitors are mounted
in the stack-anode rings as indicated by Figs. 1 and 8. Each
of the 24 D-dot monitors is located at the same radial
distance from the central axis of the accelerator, between
the anode triple junction of a stack insulator ring and an O-
ring groove. (The O-ring grooves are not shown in the
figures.) Two-dimensional electrostatic calculations per-

formed with the ELECTRO code [91] (a boundary-ele-
ment-method electric-field solver) demonstrate that the
perturbation due to the monitors of the electric field at
the vacuum-insulator interface is negligible.

The D-dot-monitor design is detailed by Fig. 9. The
outer diameter of the displacement-current sensor is
1.8 cm. The current-contact gasket is fabricated by Tyco
Electronics (AMP part number 192045-5) [92]; the gasket
is 5.08-mm wide and is fabricated from a beryllium-copper
sheet that is 0.127-mm thick. Both the displacement-
current sensor and the D-dot monitor body are fabricated
from brass. The sensor is potted in Stycast epoxy that is
cured under vacuum; Hysol epoxy is also used.

As indicated by Fig. 9, one of the monitor’s two SMA
barrels is connected to the displacement-current sensor.
The other terminates in an electromagnetic shield (which
is an open-circuit termination) to provide a null measure-
ment. The shield is penetrated by a small hole to allow
trapped air to be evacuated when the monitor is placed in a
vacuum environment. The two outputs are connected to a
balun for common-mode-noise reduction.

The balun’s output signal is attenuated, recorded, and
numerically cable compensated [79]. After cable compen-

anode

insulator ring

insulator-stack D-dot voltage monitor

cathodegrading ring

FIG. 8. (Color) Location of a differential-output D-dot voltage
monitor in the anode of the Z-accelerator’s B-level insulator
stack. (All four stack levels are illustrated by Fig. 1.)
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FIG. 7. (Color) Result of the calibration of an inner-MITL B-dot
current monitor. The reference current is that measured by a
current-viewing resistor (CVR). The normalized standard devia-
tion of the pointwise difference [Eq. (12)] between the two
current-pulse shapes is less than 1%.
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sation, the baseline voltage is measured, then subtracted
from the signal. The signal is subsequently numerically
integrated to reconstruct the insulator-stack voltage, as
discussed in Sec. V B. We integrate the signal numerically,
instead of using a passive RC integrating circuit, for the
reasons discussed in the last paragraph of Sec. III A.

B. D-dot-sensor circuit model

A lumped-circuit model of the D-dot sensor is used to
reconstruct the stack voltage from the output voltage of the
monitor [75]. To a reasonable approximation the D-dot
sensor can be modeled as indicated by Fig. 10. The model
consists of three elements [75]: the capacitance CD be-
tween the D-dot sensor and the electrode opposite the
sensor, the capacitance Cstray between the sensor and the
surrounding anode electrode, and the impedance Z of the
D-dot-monitor output cable. (The cable impedance is the
same as that of the balun, attenuators, and digitizer that
records the D-dot signal.)

An insulator stack of a pulsed-power accelerator typi-
cally includes several insulator rings connected in series.
As suggested by Figs. 1 and 8, the stack D-dot monitor
described herein directly measures the voltage across a
single insulator ring, which is the ring in contact with the
monitor. Assuming the circuit model given by Fig. 10, the
voltage across the ring Vring is estimated as follows [75]:

 Vring �

�CD � Cstray

CD

�
VD �

1

ZCD

Z t

0
VDdt; (14)

where Z is given by Eq. (2), and VD is the output voltage of
the D-dot sensor. The voltage across an entire multiring
insulator stack Vstack is approximately proportional to Vring:

 Vstack � kVring: (15)

When the voltage across the stack is evenly divided be-
tween the rings, the constant k is, of course, equal to the
number of rings in the stack.

When for time periods of interest the first term on the
right-hand side of Eq. (14) is much greater than the second,
the D-dot sensor’s output voltage VD is approximately
proportional to Vring. In this limit the sensor is said to be
self-integrating [75]. When the first term is much less than
the second, the sensor’s output voltage is approximately
proportional to dVring=dt, and the sensor is said to be
differentiating [75].

Historically, D-dot monitors have been designed to op-
erate in either of these two limits. The monitors described
herein are designed to be differentiating. However, as
discussed in Sec. III B, modern data-recording systems

FIG. 10. Lumped-circuit model of an insulator-stack D-dot
sensor [75].

FIG. 9. (Color) Cross-sectional view of the differential-output
D-dot voltage monitor that is fielded on the insulator stack of the
Z accelerator.
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and computational resources make it straightforward to use
both terms on the right-hand side of Eq. (14) to infer Vring

from VD.
For the D-dot sensors described in this article, we esti-

mate from calculations and measurements that CD �
0:1 pF and Cstray � 12 pF; hence Z�CD � Cstray	 �

0:6 ns. Consequently, the first term on the right-hand side
of Eq. (14) can be neglected for the 100-ns power-pulses of
interest, and Eqs. (14) and (15) can be combined to give

 Vstack �
k

ZCD

Z t

0
VDdt: (16)

Equation (16) can be used with an in situ calibration
process to determine the ratio k=ZCD that gives the best
match of the inferred stack voltage to the reference voltage
used for the calibration.

When Eq. (16) is used to reconstruct Vstack, Eq. (14)
predicts that the 10%–90% rise time of the D-dot sensor is
given by

 �10%–90% � 2:2Z�CD � Cstray	: (17)

Of course, the rise time could be reduced substantially by
using Eqs. (14) and (15) instead of Eq. (16) to reconstruct
Vstack. In principle, if Eq. (14) were an exact model of a
D-dot sensor, and the exact values of Cstray and Z were
known, then using Eqs. (14) and (15) to reconstruct Vstack

would provide infinite bandwidth. However, Eq. (14) is a
lumped-circuit model that ignores transmission-line effects
that, in practice, limit the bandwidth. (Moreover, the total

diagnostic-system bandwidth is limited in part by that of
the data-recording system.)

C. Voltage-monitor calibrations

Both benchtop and in situ calibrations of the D-dot
voltage monitors are performed. We describe here only
the latter, since these ultimately determine the monitor
sensitivities that are used to process data acquired on
Z-accelerator shots.

The in situ calibrations are performed assuming
Eq. (16), and give the ratio k=ZCD. The calibrations ne-
glect skin-depth effects, and variations of CD, Cstray, and Z
with temperature, voltage, etc.

The in situ calibrations are performed by applying a 1.5-
MV Z-accelerator power pulse to the insulator stack that
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FIG. 11. (Color) Result of an in situ calibration of a differential-
output D-dot voltage monitor. The reference voltage is generated
using current measurements (made with calibrated B-dot current
monitors) and the geometry of the stack-MITL-load system. The
normalized standard deviation of the pointwise difference be-
tween the two voltage-pulse shapes is less than 1%. The standard
deviation is calculated using an expression analogous to
Eq. (12).
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FIG. 12. (Color) Measurements on Z-shot 1548 of the D-level
insulator-stack voltage at 6 azimuthal locations.
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FIG. 13. (Color) Measurements on Z-shot 1548 of the A-level
insulator-stack current at 3 azimuthal locations.
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contains the voltage monitors to be calibrated. The stack’s
corresponding MITL is terminated in a short-circuit load.
Faraday’s law of induction is used to generate the reference
voltage: currents are obtained from the calibrated outer-
MITL B-dot monitors described in Sec. III, and inductan-
ces from the insulator-stack, MITL, and load geometries.
Figure 11 presents a typical calibration result. The normal-
ized standard deviation of the pointwise difference [90]
between the D-dot-monitor and reference-voltage pulse
shapes is less than 1%. The standard deviation is calculated
using an expression analogous to Eq. (12).

The sensitivity of the insulator-stack D-dot monitor
(when a balun is included in the system) is nominally 1:5�
10�13 V s m V�1. This assumes that the electric field at the
D-dot sensor is given in units of V m�1. The A- and B-level
insulator stacks of the Z accelerator have an insulator
height of 0.29 m; hence, the monitor sensitivity for these
two levels can also be expressed as 5:3� 10�13 V s V�1.
For a typical Z-accelerator shot, the peak output voltage
(during the main power pulse) of a single D-dot sensor is
on the order of 100 V; after the balun, the output voltage is
�50 V. (The balun reduces the signal by a factor of 2 since
the null sensor of the D-dot monitor does not contribute to
the signal.)

VI. RESULTS

In this section we present power-flow data that were
acquired on eight consecutive nominally identical
Z-accelerator [1–9] shots. These are numbered 1542–
1549. The load for these shots was a z-pinch-driven dy-
namic hohlraum [93–96]. The z-pinch configuration con-
sisted of two nested 12-mm-length wire arrays. The masses
of the outer and inner arrays were 2.4 and 1.2 mg, respec-
tively; the initial array diameters were 40 and 20 mm. The

two arrays imploded upon a 6-mm-diameter 14-mg=cm3

CH2 foam cylinder located on axis [93–96]. (The load
illustrated by Figs. 1 and 6 is a single wire array.)

Data acquired on Z-shot 1548 with the monitors de-
scribed in Secs. I–V are presented by Figs. 12–16.
Figures 12–14 present measurements of the D-level
insulator-stack voltage, A-level insulator-stack current,
and A-level outer-MITL current, respectively. (Level D
has the highest voltage of the four levels; level A has the
highest current.) Figure 15 plots the two inner-MITL-
current measurements; Fig. 16 plots the total stack, outer-
MITL, and inner-MITL currents. For Figs. 12–16, the data
were neither scaled nor time-shifted to facilitate the com-
parison of signals.

0

1

2

3

4

5

6

0 100 200 300 400

60°
100°
180°
220°
300°
340°

A
-le

ve
l o

ut
er

-M
IT

L 
cu

rr
en

t (
M

A
)

time (ns)

FIG. 14. (Color) Measurements on Z-shot 1548 of the A-level
MITL current at 6 azimuthal locations.

0

5

10

15

20

0 100 200 300 400

60°
240°

in
ne

r-
M

IT
L 

cu
rr

en
t (

M
A

)

time (ns)

FIG. 15. (Color) Measurements on Z-shot 1548 of the inner-
MITL current at 2 azimuthal locations.
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FIG. 16. (Color) Measurements on Z-shot 1548 of the total
insulator-stack, outer-MITL, and inner-MITL currents.
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The two current waveforms plotted by Fig. 15 show the
Compton-drive component of the inner-MITL signals at
time t� 380 ns. At this time the magnitude of the
Compton drive is 13%. Such Compton signals are caused
by the pinch implosion on axis, which generates a
IpinchdLpinch=dt voltage spike, and an associated increase
in the bremsstrahlung produced by the MITL flow elec-
trons. As suggested by Figs. 15 and 16, combining the two
inner-MITL B-dot signals as described in the last para-
graph of Sec. IVA significantly reduces the Compton-drive
component.

The total insulator-stack current plotted by Fig. 16 is the
sum over the four accelerator levels of the azimuthally
averaged current in each level. The total outer-MITL cur-
rent is similarly constructed. The total inner-MITL current
is numerically constructed from the two inner-MITL mea-
surements, as discussed in the last paragraph of Sec. IVA.
Table I lists results of peak-current measurements that were
performed on shots 1542–1549. On these shots the peak
lineal current densities at the insulator-stack, outer-MITL,
and inner-MITL monitor locations were 0.5, 1, and
58 MA=m, respectively. (We define the lineal current den-
sity to be the current divided by 2�r, where r is the
distance of the monitor from the central axis of the
accelerator.)

The peak currents listed in Table I agree to within 1%.
Since the z-pinch load on these shots had a relatively low
impedance, we expect from circuit simulations that the
peak currents at the stack, outer-MITL, and inner-MITL
locations would be the same to within a few percent, which
is within the accuracy of the simulations. We caution,
however, that agreement at the level indicated by Table I
is fortuitous, since (as suggested by Appendix C) the 2�
random uncertainty in the average value of 2 inner-MITL
B-dot measurements performed on eight shots is estimated
to be �4:5=81=2	% � 1:6%.

VII. DISCUSSION

The diagnostic package outlined in Secs. I–V could be
improved by increasing the number of monitors. This
would increase the accuracy of the measurements on ac-

celerator shots which (either intentionally or not) have a
significant timing spread in the firing of the accelerator’s
modules, since such shots do not deliver an azimuthally
symmetric power pulse to the accelerator’s vacuum-power-
flow section.

On such shots, azimuthal variations in current and volt-
age are significantly greater than indicated by Figs. 12–15.
Of course, large variations in the monitor signals compro-
mise the accuracy of azimuthal averages calculated from
the signals. Increasing the number of monitors would
reduce the random uncertainty due to such variations,
and the other sources of random error discussed in
Appendix C. For example, since there are only two
inner-MITL monitors, increasing their number to eight
would significantly reduce their random error.

The dominant source of systematic error appears to be
the 1.5% uncertainty in the self-calibration of the digital
oscilloscopes, since this calibration error is also the domi-
nant source of the systematic error of the attenuator values
and monitor-calibration procedures (Appendix C). Hence,
the accuracy of the measurements described herein could
be improved if the scope-calibration error were to be
reduced.

The inner-MITL current monitors attempt to measure
the current 6 cm from the axis of the load, to which the Z
accelerator delivers as much as 2 MJ in 100 ns. Hence,
these monitors are located in a harsh environment, one
created by the high-electromagnetic-power densities in
this region of the accelerator. The most serious difficulty
facing these monitors appears to be damage caused by the
flow electrons launched in the outer MITLs. As discussed
in Sec. II and IVA, the upper convolute posts of Figs. 1 and
6 assist in shielding these monitors from the flow electrons.
The inner-MITL-monitor performance could be improved
if superior shielding techniques were to be developed.

We also mention that the signal cables of the outer-
MITL B-dots on levels B and C extend from the middle
MITL anode to the middle insulator-stack anode, as sug-
gested by Fig. 1. We caution that the cables and cable
connections in this region must be carefully shielded, since
the electrical connection between the middle-MITL and
middle-stack anodes can be imperfect. In addition, it can
be a challenge to maintain the integrity of the cables,
connectors, and shielding in this region, since the MITLs
are removed from the accelerator for refurbishment after
every Z-accelerator shot.

Several other, less critical changes would improve the
performance of the diagnostic package in a manner that
might be significant for some applications. For example,
the stack and outer-MITL B-dot monitors could be im-
proved by laser welding the outer conductor of the semi-
rigid coax to the copper body, instead of making this
connection with silver epoxy. (Laser welding reduces con-
tact resistance, and eliminates the chance that the silver
epoxy could inadvertently flow across and short circuit one

TABLE I. The mean and standard deviation of several mea-
sured quantities obtained on eight consecutive nominally iden-
tical Z-accelerator [1–9] shots. The load on these shots was a
dynamic hohlraum driven by a wire-array z pinch [93–96].

Quantity
Mean
value

Standard
deviation

(1�)

Peak insulator-stack current Istack 21.84 MA 0.25 MA (1.1%)
Peak outer-MITL current Iouter 21.65 MA 0.30 MA (1.4%)
Peak inner-MITL current Iinner 21.71 MA 0.46 MA (2.1%)
Iouter=Istack 0.991 0.025 (2.5%)
Iinner=Iouter 1.003 0.018 (1.8%)
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end, or both, of the coax.) We also note that the impedance
of the short coaxial transmission line in the D-dot voltage
monitor could be made equal to 50 �. This would elimi-
nate high-frequency reflections due to the impedance mis-
match between the monitor’s present coaxial line and the
50-� SMA connector.

In addition, cancellation of common-mode noise in the
D-dot monitor would be more effective if the stray capaci-
tance of the end of the SMA barrel that is used as the null
sensor were made equal to the stray capacitance of the
D-dot sensor [97]. This would provide both coaxial cables
connected to the monitor with more-similar terminating
impedances. Noise generated in the cables and launched
toward the monitor in the monitor’s two cables would then
be reflected from similar impedances, and be more effec-
tively canceled by the balun.
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APPENDIX A: NUMERICAL CABLE
COMPENSATION

This Appendix presents results of the numerical cable-
compensation algorithm that we apply to a pulse trans-
ported by the coaxial-cable system used by an inner-MITL
B-dot monitor. Similar cable-compensation results are ob-
tained for the other monitors described in this article.

The components of an inner-MITL B-dot cable system
are listed in Table II. Signals transported through this
system are numerically cable compensated using the pro-
cess described by Boyer [79]. The process makes use of a

step-function pulse. The pulse we use (which is plotted by
Fig. 17) has a 10%–90% rise time of 1.3 ns and a peak
amplitude of 0.5 V. When the pulse is transported through
the system delineated by Table II, the pulse suffers a
significant reduction of its high-frequency components
due to dissipative losses in the cables. The degradation is
illustrated by Fig. 17. The undegraded and degraded pulses
are used to generate a deconvolution function [79]; when
the degraded pulse is deconvolved, the result obtained is
the cable-compensated waveform plotted by the figure.

The 10%–90% rise time of the degraded waveform is
10.2 ns; the rise time of the cable-compensated waveform
is 1.7 ns. Hence, the numerical-cable-compensation algo-

TABLE II. Components of the coaxial-cable system used by
an inner-MITL B-dot current monitor. The RG-405 cable con-
nects to the monitor; the RG-223 cable connects to a transient-
waveform-digitizing oscilloscope, which is located inside a
double-wall screen room.

Inner-MITL B-dot-monitor
coaxial-cable-system component Length

RG-405 (2.2-mm-diameter conformable cable) 4.27 m
9914 (RG-8/U) 10.67 m
12.7-mm-diameter Heliax 28.96 m
RG-223 7.62 m
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FIG. 17. (Color) Result of a numerical cable compensation [79]
that is performed using a step-function voltage pulse. The un-
degraded pulse has a 10%–90% rise time of 1.3 ns and a peak
voltage of 0.5 V. When the pulse is transported through the
coaxial-cable system delineated by Table II, the pulse suffers a
significant reduction of its high-frequency components. Both the
undegraded and degraded pulses are used to generate a decon-
volution function for the coaxial-cable system [79]. The numeri-
cally compensated pulse plotted above is obtained by
deconvolving the degraded pulse [79]. (The waveforms have
been time shifted to facilitate comparisons.)
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rithm developed by Boyer increases the effective band-
width of the cable system by a factor of 6.

APPENDIX B: ESTIMATED MONITOR-SYSTEM
RISE TIME

The principal components of an inner-MITL B-dot-
monitor system, their bandwidths, and their rise times are
listed in Table III. The components of the other monitor
systems described in this article have comparable band-
widths and rise times.

Using inductance relations given by Knoepfel [27], we
estimate that the inductance of the inner-MITL B-dot
sensor L is 19 nH; hence, Eq. (6) suggests that the 10%–
90% rise time of the sensor is 0.84 ns. Assuming that the
rise times of the components listed in Table III add in
quadrature, the rise time of the inner-MITL B-dot system
is approximately 2.0 ns.

APPENDIX C: ESTIMATED SYSTEMATIC AND
RANDOM ERRORS

Estimated systematic and random uncertainties of the
inner-MITL B-dot monitor are listed in Table IV. The
other monitors described in this article have similar
uncertainties.

The 2� random uncertainty in the average value of 2
inner-MITL B-dot-monitor signals is estimated to be 4.5%.
If the number of inner-MITL monitors were to be increased
to 8, the random uncertainty would decrease to 2.2%.

APPENDIX D: COMPTON CABLE DRIVE AND
THE EFFECTIVENESS OF COMMON-MODE-

NOISE REJECTION

The MITLs of the Z accelerator launch electron-flow
current, a large fraction of which eventually strikes the
anodes of the MITL system and generates bremsstrahlung.
The radiation in turn interacts via the Compton effect with
electrons in the coaxial cables connected to the B-dot and
D-dot monitors described in this article.

The Compton electrons induce a negative-polarity volt-
age pulse in both cables that are attached to each
differential-output monitor. The voltage is added to the
signals produced by the monitor’s two sensors. The two
cables are connected to a balun. The balun attenuates each
signal by a factor of 2, inverts one of the two signals, adds it
to the other, and delivers the sum to the output connector of
the balun. Hence to first order, the balun removes the
Compton-electron-induced signals (and other common-
mode signals) from the output signal. [The inner-MITL
B-dot monitor described in this article is not, by itself, a
differential-output detector; hence, two such monitors are
fielded with opposite polarities. Common-mode signals are
removed (to first order) by performing the operation de-
scribed above numerically, without use of a balun, as
described in the last paragraph of Sec. IVA.]

We discuss below the effectiveness of this process for
the insulator-stack D-dots fielded on the D-level of the Z
accelerator. Comparable results are obtained for the other
monitors described in this article.

Most of the Compton signal generated in the cables
attached to a D-dot monitor is produced in a 2-m-length
section of 2.2-mm-diameter RG-405 coaxial cable. This
cable section is located in a hard-x-ray-radiation environ-

TABLE IV. Estimated systematic and random errors of the
inner-MITL B-dot current monitor. The systematic calibration
error includes that due to differences between the calibration-
system and inner-MITL geometry. The random error due to
azimuthal variations is inferred from the measurements pre-
sented in Sec. VI. The estimated total random error (2�) in
the average value of two inner-MITL B-dots is estimated to be
4.5%. The total random error would decrease to 2.2% for eight
B-dots.

Inner-MITL B-dot-monitor
error source

Estimated
systematic
error (2�)

Estimated
random

error (2�)

Calibration 3% 2%
Numerical cable compensation 1% 1%
Attenuators 2% 2%
Digitizing oscilloscope 1.5% 1.5%
Common-mode signals

(such as those due to
Compton drive, ground loops,
imperfect shielding, etc.)
after the inner-MITL B-dot
signals have been processed
as discussed in Sec. IVA

2% 2%

Random azimuthal variation
in the current

5%

Total estimated error (2�) for
the average of two inner-MITL
B-dots

4.5% 4.5%

Total estimated error (2�) for the
average of eight inner-MITL B-dots

4.5% 2.2%

TABLE III. Bandwidths and rise times of the components of
an inner-MITL B-dot-monitor system. Assuming that the rise
times add in quadrature, the total system bandwidth is approxi-
mately 173 MHz, and the 10%–90% system rise time is 2.0 ns.

Inner-MITL B-dot-
monitor-system component

3-dB
bandwidth

10%–90%
rise time

Inner-MITL B-dot sensor 419 MHz 0.84 ns
Coaxial-cable system

(after numerical
cable compensation)

206 MHz 1.7 ns

Two attenuators in series � 2:8 GHz � 0:12 ns
Digitizing oscilloscope 500 MHz 0.7 ns

Total monitor system 173 MHz 2.0 ns
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ment in which the absorbed dose to calcium-fluoride ther-
moluminescent detectors is on the order of 1 Gy (100 rads).
On a typical Z-accelerator shot, the total time-integrated
Compton current generated in such a cable is 3.2 nC; i.e.,
1.6 nC is launched in each of the cable’s two directions.
The Compton signal peaks at �4 volts.

Without common-mode rejection, the Compton contri-
bution to the total signal generated by a monitor (after the
signal is integrated) is 10%; the balun reduces the Compton
contribution to 0.3%. When 3.6-mm-diameter cable (RG-
402) is used instead of RG-405, the Compton signal in-
creases a factor of 1.7; however, the larger-diameter cable
has a superior frequency response.

The optimum cable choice for a given experiment is, of
course, determined by the experiment’s specific require-
ments. For experiments conducted on the Z accelerator,
2.2-mm-diameter RG-405 cable provides reasonable over-
all performance throughout Z’s vacuum section. However,
it is clear that other applications with different bremsstrah-
lung environments, and accuracy and bandwidth require-
ments, may find that a different cable choice offers superior
system performance.
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