Optimization of Switch Diagnostics on the MAIZE Linear Transformer Driver
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The MAIZE Linear Transformer Driver consists of 40 capacitor-switch-capacitor ‘bricks’ connected in paral-
lel. When these 40 bricks are charged to £100-kV and then discharged synchronously, the MAIZE facility
generates a 1-MA current pulse with a 100-ns rise time into a matched load impedance. Discharging each of
the capacitors in a brick is carried out by the breakdown of a spark-gap switch, a process which results in the
emission of light. Monitoring this output light with a fiber optic coupled to a photomultiplier tube (PMT) and
an oscilloscope channel provides information on switch performance and timing jitter— whether a switch fired
early, late, or in phase with the other switches. However, monitoring each switch with a dedicated detector-
oscilloscope channel can be problematic for facilities where the number of switches to be monitored (e.g., 40
on MAIZE) greatly exceeds the number of detector-oscilloscope channels available. The technique of using
fibers to monitor light emission from switches can be optimized by treating a PMT as a binary digit or bit
and using a combinatorial encoding scheme, where each switch is monitored by a unique combination of fiber-
PMT-oscilloscope channels simultaneously. By observing the unique combination of fiber-PMT-oscilloscope
channels that are turned on, the pre-firing or late-firing of a single switch on MAIZE can be identified by as
few as six PMT-oscilloscope channels. The number of PMT-oscilloscope channels, N, required to monitor X
switches can be calculated by 2% = X + 1, where the number ‘2’ is selected because the PMT-oscilloscope
acts as a bit. In this paper, we demonstrate the use of this diagnostic technique on MAIZE. We also present
an analysis of how this technique could be scaled to monitor the tens of thousands of switches proposed for

various next generation pulsed power facilities.

I. INTRODUCTION

Pulsed power technology, including Linear Trans-
former Driver (LTD) technology'™, is a cornerstone of
high energy density physics (HEDP)®, supporting ap-
plications in nuclear fusion®®, material properties'®!!
radiation science'>'®, and laboratory astrophysics
experiments'. An LTD consists of the parallel con-
nection of fast capacitors and switches around the outer
perimeter of a cylindrical cavity (see Fig. 1). These ca-
pacitors and switches are grouped together in units called
‘bricks’ (see Fig. 2). Each brick consists of an upper
and lower capacitor charged as high as +100-kV. The
two capacitors are connected in series with each other
through the breakdown (closure) of a pressurized spark-
gap switch. The MAIZE LTD' at the University of
Michigan consists of 40 such bricks (Fig. 1). When the
bricks are charged to £100-kV and then discharged syn-
chronously, MAIZE generates a 1-MA current pulse with
a 100-ns rise time into a matched load impedance!®.

The capacitors in a brick are rapidly discharged when
the switch is closed, driving a current pulse into the ex-
periment of interest. The spark-gap switch is closed by
applying a high-voltage pulse to the trigger electrode,
which is positioned between the positively charged an-
ode and the negatively charged cathode. All of the elec-
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trodes are housed within the switch’s pressurized, dielec-
tric body. The applied voltage pulse ionizes the gas,
which ‘closes’ the switch and allows the capacitors to
discharge as shown in the equivalent circuit model of a
brick in Fig. 2 (bottom). The breakdown of the gas also
results in the emission of light, which can be monitored
as a proxy for switch performance since the light emitted
is temporally correlated with the switch closing.

Monitoring switches by their output light provides in-
formation about when the switches first close and thus
when the capacitors first begin to discharge. Knowing
when each switch closes is crucial for producing the de-
sired current pulse and thus the desired experimental
conditions. For example, some experiments require
that all the switches close simultaneously, while other
experiments require that the switches close at varied, yet
predetermined times in order to customize the current
pulse delivered to the load!®.

The diagnostic system presented herein is set up such
that light from a switch is collected by an optical fiber,
which is coupled to a photomultiplier tube (PMT). The
PMT converts collected light into a voltage signal, which
is monitored by an oscilloscope channel. Monitoring each
switch with a dedicated fiber-PMT-oscilloscope channel
requires 40 such channels on MAIZE, which was problem-
atic for our laboratory, as 40 PMT-oscilloscope channels
were not available. This paper establishes a framework
for optimizing a fiber-based switch diagnostics scheme for
limited PMT-oscilloscope channels. This is done by as-
signing each switch to a unique combination of PMTs. A
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FIG. 1. Top: top view of the 3-m-diameter MAIZE LTD with
the outer cavity wall and top lids removed to illustrate the in-
ternal components: (1) spark-gap switch- 40 such switches in
the LTD; (2) 40 nF capacitor- 80 such capacitors in the LTD;
(3) radial transmission line section; (4) load region; and (5)
vacuum chamber. Bottom: an example of the discharge cur-
rent through a matched load impedance on MAIZE, showing
an approximately 1-MA current outputll3.

pre-firing (or late-firing) switch can then be identified by
the unique combination of PMT output pulses.

II. OPERATING THEORY BASED ON BOOLEAN
LOGIC

Optimizing switch diagnostics to require fewer PMTs
and oscilloscope channels can be accomplished by imple-
menting a logic circuit after light from the switches is
collected. In particular, a light circuit can be set up us-
ing a network of light-collecting hber optic cables such
that each PMT functions as a binary digit or bit. In this
approach, a given PMT is either in an ‘on’ state (collect-
ing light) or in an ‘off state (not collecting light) at each
point in time. Note that a given PMT is in an ‘on’ state
if any one of the switches coupled to the PMT is emitting
light, while the PMT is in an ‘off state only if all of the

FIG. 2. Top: a gas filled spark-gap switch connected in series
with two capacitors to form a ‘brick’. Bottom: an equivalent
circuit model of a brick.

switches coupled to the PMT are not emitting light.
With &V PMTs functioning as bits, one can distinctly
represent

28 =X+ 1 (1)

characters, where X is the number of switches. Given X
switches, solving for NV provides the minimum number of
PMTs required to represent each switch independently.
This is shown by

IV = (logg (X + )1 2)

where | is a ceiling function that rounds up its argument,
log2 (X + 1), to the next whole number. With X = 40
switches on MAIZE, the fewest number of PMTs needed
to uniquely identify a pre-firing or late-firing switch is

This diagnostic technique requires coupling each
switch to a unique combination of PMTs (as opposed
to a unique permutation of PMTs). A combination of
PMTs is a selection of a subset of PMTs from the total,
such that the order of selection does not matter- select-
ing PMT ‘1" and 2’ is the same as selecting PMT 2’
and ‘1. A permutation of PMTs is a selection where the
order does matter- selecting PMT ‘1" and ‘2’ is not the
same as selecting PMT ‘2" and ‘1”.

With a unique combination of PMTs coupled to each
switch, the bring of a single switch can then be iden-
tified by the combination of PMTs that are turned on.
The available combinations are determined using bino-
mial coefficients,

!

&!(IV-&)! &

which give the number of ways to choose a subset of &
elements from a set of V elements. Each switch is as-



SWITCH | p Fli)ll)\ZrTs lto
SWITCH 2 X Fli)ll)\ZrTs ;o
* .
PMTI SWITCH 3 Fll)lln\ers 3to
SWITCH 4 X Fli)lln\ers ;o
RMT2 SWITCH 5
SWITCH 6
RMT3 SWITCH 7
SWITCH 8
PMT4 SWITCH 9
SWITCH 10

FIG. 3. An example of how four PMT-oscilloscope channels
can be used to monitor 10 switches.

signed to one of these combinations. Figure 3 provides
an example of what such a circuit would look like in or-
der to monitor ten switches. Note that there is one way
to choose 0 elements from a set: (*) = 1, which corre-
sponds to assigning a switch to zero PMTs. However, this
assignment is not used since it does not actually moni-
tor any switches. This offset in the number of available,
practical assignments is accounted for by the “+1' on the
right hand side of Eqn. 1.

On MAIZE (having calculated that we need a min-
imum of six PMTs to monitor 40 switches) there are
™) = (1) = 6 ways to choose one PMT, which im-
plies that each of the first six switches get assigned to
each of the six PMTs. There are () = (®) = 15 ways
to choose two PMTs, which corresponds to a further 15
switches getting assigned, albeit to two PMTs instead of
one. The remaining 19 switches are assigned to three
PMTs by choosing three PMTs from the set of six [i.e,
> = @ = 20 > 19]. In this manner, a minimum
of six PMTs allows diagnosis of 40 individual switches.
Note that, while only six PMTs are needed, the system
implemented on MAIZE uses seven PMTs, since seven
PMTs and oscilloscope channels were already available
(see Sec. III).

Note that other switch diagnostic schemes could be
implemented. For instance, the output light from each
switch could be monitored by an inexpensive photodi-
ode, converting the light signal into a digital electrical
signal (‘0" for no light; T for light). The digital signal
from each photodiode could then be fed into one of the
inputs of a resistor ladder, so that the digital voltage
from the first photodiode gets divided by 1, the second
by 2, the third by 4, and so on. The total resistor lad-
der output voltage (the sum of all the scaled photodiode

voltages) then uniquely identifies the combination of fir-
ing switches. Analyzing the amplitude of the summed
signal would then allow pre-firing or late-firing switches
to be identified. Mathematically, a resistor ladder of ar-
bitrary length could be constructed such that any num-
ber of switches could be monitored using a single ladder-
oscilloscope channel. In practice, however, this technique
is limited by noise levels on the oscilloscope. Neverthe-
less, each oscilloscope channel should be able to resolve
eight switches, which means that the number of oscil-
loscope channels required to monitor all 40 switches on
MAIZE could be reduced to five. Another benefit of the
resistor ladder technique is that there is only one fiber per
switch. For these reasons, the resistor ladder solution
could be quite useful for smaller facilities like MAIZE.
However, we note that the number of oscilloscope chan-
nels required to monitor a given number of switches grows
linearly with the number of switches to be monitored,
which is not as favorable as the logarithmic scaling of
the Boolean technique demonstrated in this paper. For
example, to monitor 100,000 switches (see Sec. V), a re-
sistor ladder solution might require 12,500 oscilloscope
channels, while the Boolean technique demonstrated in
this paper could require as few as 17 oscilloscope chan-
nels.

III. IMPLEMENTATION ON THE MAIZE FACILITY

Coupling 40 spark-gap switches on MAIZE to unique
combinations of PMTs allows for their monitoring us-
ing exponentially fewer PMT-oscilloscope channels than
monitoring each switch with its own, dedicated PMT-
oscilloscope channel. While 40 switches can be monitored
with only 6 PMTs (as calculated in Sec. II), the system
on MAIZE was implemented with seven PMTs because
we already had seven PMT-oscilloscope channels avail-
able. As such, we assigned (%) = (1) = ? switches to one

PMT; () = (I) = 21 switches to 21 different combina-
tions of two PMTs; and the remaining 12 switches to 12
combinations of three PMTs [ie., (*) = Q =35> 12].
Table I shows the PMT assignments for the 40 switches
on MAIZE. Note that the total number of fibers is de-
pendent on the number of switches in the LTD, the num-
ber of PMTs used to monitor the switches, and how the
PMTs are assigned to the switches. This number can
grow rapidly, and meticulous cable management becomes
a necessity. Additional analysis of this issue is presented
in Sec. V.

We used roughly 18 m of 1-mm-diameter step-indexed
multimode fiber optic cable to couple each switch to its
respective combination of PMTs. The fibers were at-
tached to the switches using 3D-printed fiber holders,
where each holder had an elongated support structure,
which was fitted into a feedthrough port in the spark-
gap switch’s dielectric housing. These holders also pro-
vide fiber strain relief, which reduces the chances of a
fiber breaking. This is useful because the setup does not



TABLE 1. PMT Assignments on MAIZE

SWITCH PMT(s) SWITCH PMT(s)
| 21 3,6
2 2 2 3,7
3 3 23 4,5
4 4 24 4.6
5 5 25 4,7
6 6 26 5.6
7 7 27 5,7
8 1,2 28 6,7
9 1,3 29 1,2,3
10 1,4 30 12,4
1 1,5 31 1,2,5
12 1,6 32 1,2,6
13 1,7 33 1,3,4
14 2,3 34 1,3,7
15 2,4 35 23,5
16 2,5 36 45,6
17 2,6 37 4,57
18 2,7 38 3,6,7
19 3.4 39 4,6,7
20 3,5 40 56,7

detect damaged fibers. For switches that are assigned
to multiple PMTs, we used a dedicated fiber for each
switch-PMT connection. This means that each switch
had one, two, or three fibers residing in its feedthrough
port, which required running 85 fibers in total from the
MAIZE LTD cavity to the PMT box in the MAIZE screen
room. The PMTs were housed within a light-tight Fara-
day cage to minimize electromagnetic interference from
potential noise sources.

The system is triggered by the first switch that fires.
This is done so that the oscilloscopes can be set to record
waveforms with nanosecond resolution while also contin-
ually monitoring for pre-firing switches during the charg-
ing of the LTD, which can take several tens of seconds.
To enable this triggering scheme, we split the output of
each of the seven PMTs into two lines (see Fig. 4). One
of the lines connects to the input of an oscilloscope chan-
nel, while the other line connects to one of the inputs
of an eight-channel adder (of which we only used seven
channels). We used a 1N4148 diode between the PMT
outputs and the adder inputs to isolate the PMT out-
puts from each other (i.e., without the diodes, the PMT
outputs are shorted together in the adder circuit). The
IN4148 diode was selected because of its sufficiently low
forward bias voltage (allowing signals to propagate rela-
tively unimpeded in the forward direction) and because
of its sufficiently large backwards bias voltage (isolating
the PMT outputs from each other). We then split the
adder output into two trigger signals, one for each four-
channel oscilloscope.

CHANNEL |

CHANNEL2

CHANNEL3

OSCILLOSCOPE 1

CHANNEL4

CHANNEL 5

0«

3 CHANNELS

CHANNEL 7

_ADDED SIGNAL WITH
1N4148 DIODE
7-CHANNEL ADDER

FIG. 4. A schematic of the experimental setup to monitor the
40 switches on MAIZE.

IV. RESULTS ON THE MAIZE FACILITY AND
POTENTIAL FUTURE IMPROVEMENTS

The diagnostic configuration described in Sec. Ill is
now routinely used on MAIZE to identify both single
pre-firing and single late-firing switches, while using only
seven PMT-oscilloscope channels (see Fig. 5). In Fig. 5
(top), we present the case where all of the switches fire
synchronously, thus all of the PMTs turn on at the same
time, which indicates proper firing of the LTD. By con-
trast, in Fig. 5 (bottom), we present the case where
switch ‘27" pre-fires, which, in accordance with Table I, is
indicated by PMTs ‘5’ and ‘7' turning on before the oth-
ers. For the results presented above, the switches were
filled to 95 psig with "Ultra Zero Grade” dry air, the
bricks were charged to =70 kV, and the load was a short-
circuit metal rod.

While this diagnostics scheme works as intended for
identifying single switches firing early or very late rela-
tive to the rest of the switches, our present implementa-
tion has trouble distinguishing which switches closed first
when multiple switches pre-fire or late-fire at nearly the
same time. For example, switches ‘5’ and “7' pre-firing at
the same time would result in a graph similar to Fig. 5
(bottom). Thus, time resolution is important, including
both the oscilloscope sampling rate and the PMT detec-
tor response. With sufficient time resolution (sub-ns),
identifying the first switch to pre-fire should still be pos-
sible, as it is very unlikely that multiple switches pre-fire
at exactly the same time during a relatively long charg-
ing sequence (which occurs over many tens of seconds on
MAIZE). Additionally, monitoring calibrated PMT out-
put amplitudes should allow us to distinguish between a
single switch pre-firing (lower PMT output amplitudes)
and multiple switches pre-firing at the same time (higher
PMT output amplitudes). This would also allow us to
identify problematic non-firing switches. Such a diag-
nostic scheme could be simplified by digitizing the light
output from the switches (e.g., using inexpensive pho-
todiodes) instead of relying on calibrated PMTs. We
also note that implementing the resistor ladder technique



PMT VOLTAGE vs. TIME

PMT2

PMTS

PMT7

TIME (ns)

PMT VOLTAGE vs. TIME

0.0 -

PMT2

PMT4

TIME (ns)

FIG. 5. Top: ideal functioning of MAIZE where all 40
switches fire at the same time. Bottom: a pre-fire in switch
27°, as indicated by the early signal received by PMTs ‘5’ and
“7°, which correspond to the combination of PMTs assigned
to switch 27" (¢/. Table I).

mentioned in Sec. II could help to resolve issues with mul-
tiple switches pre-firing at the same time.

The fiber-based techniques described in this paper
could give false-positive results for pre-firing switches if
a significant amount of light is collected by the fibers
from sources other than the switches (e.g., from oil arcs).
These issues can be mitigated by shielding and collimat-
ing the fibers such that they collect light only from the
switches. We intend to implement better shielding and
collimation in future implementations on MAIZE. An-
other potential improvement for this diagnostic is the de-
velopment of machine learning tools. These tools would
be trained on known data sets and could be used to dif-
ferentiate between single misfiring switches, multiple mis-
firing switches, and spurious signals (e.g., oil arcs). Such
tools would be particularly useful for implementing this
diagnostic on large-scale facilities, where tens of thou-

sands of switches may need to be monitored.

V. SCALING SWITCH MONITORING SOLUTIONS TO
LARGE PULSED POWER FACILITIES

The diagnostic technique presented in this paper allows
for monitoring of X switches by < X PMT-oscilloscope
channels. One trade-off in reducing the number of PMT-
oscilloscope channels to < X is that the total number of
optical fibers that must be routed in the system grows to
a number > X.

In Fig. 6, we illustrate how the total number of re-
quired fibers scales with the number of switches moni-
tored and the number of PMT-oscilloscope channels used.
The straight diagonal blue line represents both the num-
ber of PMT-oscilloscope channels and the total number
of fibers needed when every switch is monitored using an
independent hber-PMT-oscilloscope channel (a 1:1 mon-
itoring scheme). By contrast, the red line is a plot of
Eqn. 2, which represents a system using the minimum
number of PMT-oscilloscope channels. Note that the red
line is the lower bound and the blue line is the upper
bound for the overall solution space shaded in red, which
represents the range in the number of PMT-oscilloscope
channels that could be used to monitor a given number
of switches, X. Each point in the lower shaded region
(red) corresponds to a point in the upper shaded region
(green). The green shaded region represents the range in
the total number of optical fibers required to monitor X
switches. Note that the upper bound for the green region
(the green line) corresponds to the lower bound for the
red region (the red line). Also note that, to our knowl-
edge, there is no simple analytic function for calculating
the fiber scaling represented by the green line. Thus, we
wrote a simple computer algorithm to automate the fiber
counting and generate the plot.

In analyzing Fig. 6, a useful heuristic is to recog-
nize that the closer the system is to the red line, the
closer it will be to the green line. Similarly, the fur-
ther the system is from the red line, the further it will
be from the green line, until the solutions in the upper
and lower shaded regions ultimately converge on the 1:1
monitoring scheme represented by the straight diagonal
blue line. This illustrates the trade-off whereby using
fewer PMT-oscilloscope channels requires a greater total
number of fibers to be routed in the system. For exam-
ple, the minimum number of PMTs required to moni-
tor the 40 switches on MAIZE is six, as calculated by
Eqn. 2. Using this solution would require a total of 93
fibers to be run into the LTD cavity. In Fig. 6, for the
case of X = 40 switches, the points corresponding to six
PMT-oscilloscope channels and 93 fibers lie on the red
and green lines, respectively. In our implementation on
MAIZE, however, we chose to use seven PMTs instead of
six, which then required only 85 fibers total. In Fig. 6,
and again for the case of X = 40 switches, the points cor-
responding to seven PMT-oscilloscope channels and 85
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FIG. 6. The solution space for the number of PMT-
oscilloscope channels needed and the total number of fibers
needed as a function of the number of spark-gap switches
to be monitored. The lower bound for the red shaded re-
gion (the red line) is given by Eq. 2, which represents the
minimum number of PMT-oscilloscope channels needed for
monitoring X switches. This solution requires the maximum
number of fibers, which is indicated by the green line (the
upper bound of the green shaded region). The red and green
shaded regions represent intermediate solutions, where extra
PMT-oscilloscope channels are employed in order to use fewer
fibers. The red and green solution spaces converge on each
other at the straight diagonal blue line, which represents a
1:1 monitoring scheme, where every switch is monitored by a
dedicated hber-PMT-oscilloscope channel (i.e., the number of
fibers used equals the number of PMT-oscilloscope channels
used, which equals the number of switches monitored).

fibers lie in the red and green shaded areas, respectively.
If we continued adding more PMT-oscilloscope channels
to the system, then the total number of fibers required
would continue to decrease until the system eventually
converged on the 1:1 scheme, where X = 40 switches
requires 40 PMT-oscilloscope channels and 40 fibers in
total. Indeed, researchers working at large pulsed power
facilities might not necessarily want to use the minimum
number of PMT-oscilloscope channels; instead, they may
want to use more PMT-oscilloscope channels to gain the
advantage of using fewer fiber optic cables. Finding a
suitable compromise between the number of PMTs used
and the number of fibers used depends on the goals of
the facility and on the resources available at the facility.

The switch monitoring diagnostic presented in this pa-
per could be useful for next generation pulsed power fa-
cilities, where the number of switches to be monitored
may be large. For example, some candidate architectures
for replacing today’s Z facility at Sandia National Lab-
oratories include LTD-based designs with approximately
100,000 switches19. Referring to the solution space avail-
able for X = 100,000 switches in Fig. 6, the diagnostic el-
ements needed range from 17 PMT-oscilloscope channels
and 768,001 fiber optic cables (with a Boolean scheme) to

100,000 PMT-oscilloscope channels and 100,000 fiber op-
tic cables (with a 1:1 scheme). The diagnostic technique
presented in this paper could significantly reduce the re-
sources needed by finding a solution that uses a suitable
number of PMT-oscilloscope channels along with a suit-
able number of fibers.
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