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Abstract 

A voltage divider has been developed for use 
in high electric field regions of liquid dielec­
tric transmission lines. The monitor consists of 
an electrolyte-filled resistive primary divider, 
connected to a 100/1 discrete resistor secondary 
divider. The length of the primary divider is 
adjustable from 10 to 30 em to accommodate flush 
mounting of the end electrodes for a range of 
transmission line spacings. We have routinely 
used the divider in water at fields > 250 kV/cm. 
The monitor, including the secondary divider, has 
a less than 5 ns risetime, and has a division 
ratio of 4,000 to 15,000 to 1 over its adjustment 
range. For a fixed length, the division ratio is 
independent of electrolyte resistivity. 

Introduction 

Diagnostic requirements for large, water 
dielectric, pulsed power generators at PI have 
inspired the development of many novel monitors in 
the past two decades 1 ' 2 ' 3 • EAGLE, a 4.6 TW 

bounded triplate, pulsed power testbed developed 
for DNA as part of the ROULETTE Program4 , pre­
sented some different requirements for diagnos­
tics. Figure 1 shows the EAGLE module1 composed 
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Figure 1. EAGLE resistive monitor locations. The 

chart shows the line spacing (d), the 
peak voltage (V), and the pulse length 
(t) at each location. 

of four water dielectric pulse-shaping sections. 
Separated by energy transfer switches, each of 
these adjustable sections has different pulse 
characteristics, with pulse lengths from 70 to 
1300 ns, electric fields in the water from 100 
300 kV/cm over triplate spacings from 10 to 30 

to 
em. 

Background 

To optimize machine operation, it was re- , 
quired to measure the voltage waveform impressed 
upon each transmission line, preferably as near to 
the switches as feasible. In the past, most volt­
age measurements in the water insulated section of 
PI's pulsed power generators have been done with 
capacitive dividers. Capacitive dividers, because 
they measure the electric field in the neighbor­
hood of the ground conductor, can be easily 

*Work sponsored by the Defense Nuclear Agency. 
DFOISR Case Number 0213. 

installed in a generator without major electrical 
or mechanical impact. But for the same reason, 
capacitive dividers have some limitations. First, 
due to the finite resistance of the monitoring 
leg, the probe displays an RC roll-off at low 
frequencies and the waveform must be corrected for 
this decay. Second, the monitors must be cali­
brated in place to correlate the potential dif­
ference between the high voltage and ground 
connection with the field at the monitor. In the 
immediate vicinity of a switch, this can be 
especially difficult due to the difference in the 
field distributions when the switch is open and 
closed. These two factors make accurate measure­
ments of pre-pulse and switch voltage very diffi­
cult. Since investigation of high power gas and 
water switching was a primary goal of the EAGLE 
testbed, these limitations were serious and we 
chose to incorporate a resistive divider for 
EAGLE. 

Resistive dividers have the advantage that in 
making a direct connection from the high voltage 
electrode to ground, they measure the potential 
difference between the conductors. Because of 
this, they do not display the low frequency roll­
off intrinsic to capacitive dividers and also can 
be bench calibrated to determine their division 
ratio since it is independent of field geometry. 
Resistive monitors are more difficult to design, 
however, since the monitor envelope and resistive 
medium are subject to, and must withstand, the 
full voltage under measurement. 

The equivalent circuit of a resistive voltage 
monitor is shown in Figure 2. If we neglect the 
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Figure 2. Equivalent circuit of a resistive 
voltage monitor. 

effects of the secondary divider, the primary 
division ratio is: 

(1) 

where ~ is the resistance above the tap-off and 
~ is the resistance from tap-off to ground. The 
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stray capacitances CP and CT play an important 
part in the high frequency behavior of the probe. 
At frequencies greater than 1/(RpCp), the monitor 
behaves as a capacitive probe with a division 
ratio 

cP 
0 PC = CT+Cp 

(2) 

It is desirable to equate the capacitive and re­
sistive division ratios so that the response of 
the monitor is flat for all frequencies. 

Setting these equal 

cP 

CT+CP 
(3) 

implies (4) 

This condition is sufficient to insure the divi­
sion ratio of the primary divider is independent 
of frequency. 

In reality, however, all these values can be 
frequency and voltage independent due to dielec­
tric, electrolyte, and electrode materials, and 
this dependence must be taken into account in the 
design, calibration, and use of the monitor. RC 
constants which are not matched will result in an 
uneven frequency response for the monitor. The 
difference in RC constants determines the magni­
tude of the change in division ratio over fre­
quency~ and the frequency at which it occurs is 
determined by the absolute value RC. For a factor 
of ten difference in RC constants, the response 
versus frequency curve is shown in Figure 3. 
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Figure 3. The response of a resistive monitor 
when ~CT f RpCp. 

The simplest way to match the RC constants is 
to use the same method to construct the two resis­
tive elements. In practice, this is achieved by 
inserting a tap-off electrode between the high 
voltage and ground electrode of the divider column 
and allowing the electrolyte solution to fill both 
sides of the tap-off. In the ideal case, the tap­
off is a thin disk placed a distance ~ from the 
ground end of an electrolyte column of length 
Lp + ~ and uniform cross-section ~ = ~· Then, 
if we neglect fringing fields, 

Lp 
Rp = p 

Ap 

pe: 

(5) 

(6) 

(7) 

which is what we require for flat response. We 
use different symbols for the areas because the 
electrical connection to the monitoring circuit is 
made through the center of the ground electrode, 
and, therefore, the tap-off area is not necessar­
ily equal to the column area. If the electric 
fields external to the monitor are parallel and 
equal to the fields in the electrolyte column, the 
fields do not bend and the above simple equations 
can be used. This is achieved by placing the 
ground and high voltage electrode of the monitor 
flush with those of the transmission line. Sur­
rounding the column with a low dielectric constant 
electrolyte container also aids in de-coupling the 
interior and exterior fields and minimizing the 
contribution of any fringing fields. 

Another benefit of this,construction method 
is evident if one figures the primary division 
ratio 

LT 

RT 
p 

AT LT 
0 PR RT+Rp LT Lp AT 

(B) 

p 
AT 

+ p A LT + ~ A p p 

which can be seen to be purely geometric and 
independent of both p and e:. In addition, from 
Equation 8 it can be seen that if one can make ~ 
and Ap equal, then 

LT 

L +L T p 
(9) 

This provides a standard tap-off from which we can 
construct a primary monitor of any length whose 
division ratio is known in advance. This is also 
desirable since now the tap-off is placed physic­
ally at the location of its corresponding elec­
trical potential • 

The secondary divider, whose effects we have 
neglected, drops the voltage to levels which can 
be carried by conventional coax cables. For this 
particular monitor, we have total column lengths 
10 em < (LT + Lpl < 30 em. For a reasonable ~ of 
- 1 em, 0.1 < DPR < 0.03. Since the voltage on 
the tap-off is VT = DPRVHV, at VHV = 3 MV we have 
90 kV < VT < 300 kV. The secondary divider drops 
this voltage by 100 times to a level that can be 
transmitted on coaxial cable. Since RS >> ~, the 
secondary divider does not interfere with the 
electrical division ratio of the primary divider. 
Rigorously, the division ratios of the primary are 

0
PR 

R.rii(RS+ZO) 

R,J/ (RS +z
0

)+Rp 

and cP 
0 PC = C CS+Cp T 

(II indicates the parallel combination) which 
simplify to (1) and (2) if: Rs >> ~ and 
cs « cT. 

( 10) 

( 11) 

The secondary is another resistive divider 
with division ratio 

( 12) 

The total division ratio of the monitor is then 
R,}l (Rs+z

0
> z0 

R.riJ(RS+z0 )+Rp z0 +RS 

RT ZO 

RT+~ RS+ZO 
D = ( 13) 
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Application 

This monitor, which appears in Figure 4, has 
some special constraints due to its aoolication in 

Figure 4. The resistive monitor. The box at the 
bottom is the secondary divider. The 
long cylinder at the top accommodates 
the change of length. 

parallel plate lines under large electrical 
stresses. we usually limit the voltage at the 
input of the secondary divider (which is of stand­
ard design) to less than 100 kV. Since this input 
voltage is the tap-off voltage, the effective 
length of the tap-off stick-out (LT) should be 
small in relation to the length of the column 
above it (Lpl• There are limits to LT due to 
mechanical constraints and the fact that in use, 
some pitting and plating of electrodes occurs from 
current transfer, causing surface irregularities. 
We chose LT ~ 3 mm. It is also crucial to place 
the tap-off electrode electrically (by chosing ~ 
and RTl at the potential corresponding its physi­
cal location between the plates. This prevents 
field concentrations on the surface and bulk of 
the plastic that could start breakdowns in the 
monitor or in the surrounding water dielectric. 

The adjustability of the interline spacing of 
EAGLE was an important factor in the mechanical 
design of this monitor. To vary the wave imped­
ance of the EAGLE transmission lines, the outer 
ground lines of the triplate can be adjusted 
± 5 em in most regions of the generator. This 
monitor accommodates this adjustment by allowing 
the high voltage electrode to slide on the rigid 
nylon tube. The extra length of tube is taken up 
inside the long cylindrical section of the elec­
trode (see Figure 4). The change of fluid volume 
is compensated through a fitting at the tap-off 
end of the monitor. The length of the cylindrical 
section allows for ± 5 em adjustment. By chosing 
different nylon tube lengths for each section of 
EAGLE, we are able to place a monitor in each 
required location. 

Calibration 

The monitor is calibrated by discharging a 
capacitor into it. From the observed waveform and 
the known voltage on the capacitor, the division 
ratio and the resistance can be calculated using 
an exponential curve fit. 

The monitor, after calibration out of the 
machine, is used to cross-calibrate capacitive 
monitors. For a check of both calibrations, a 
discrete resistor probe is inserted alongside the 
dividers and the line pulsed with an external 

10 kV pulser. Waveforms from the resistive mon­
itor and the discrete resistor probe are shown in 
Figure 5. 
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Figure s. Overlay of signals from resistive 
monitor and discrete resistor probe. 

Performance 

The monitor was in use in EAGLE for the 
entire testing period, and is planned to be used 
in Double-EAGLE. In the greater than 600 shots on 
EAGLE, we experienced two failures, both at the 
same location. We believe that these failures 
were caused by bubbles adhering to the external 
surface of the monitor. This location is the most 
difficult to see and sweep of bubbles, and the 
damage to the monitor is most severe at the place 
where bubbles would collect. 
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