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CHAPTER I

INTRODUCTION

Consilderable effort is currently being.put forth to
understand the dynamics of electrical pumping of laser gas
mixtures. Extensive computer codes exist which are used to
predict the behavior of electrical discharges through these
media. An experiment was formulated at the Los Alamos
National Laboratory in Los Alamos, New Mexico, to charac-
terize the resistive phase of fast electrical discharges
through several gases in support of these codes. This
involves accurate measurements of the voltage dropped
across the discharge and the current flowing through the
gas on nanosecond time scales. ‘

Research personnel at Los Alamos desired a single
voltage probe which could accurately measure the DC voltage
across the gas just prior to breakdown, as well as allowing
the recording of the details of the voltage fall as the
current 1increased through the gas. No voltage probes have
been previously developed which will meet the exacting
parameters required for this experiment; namely, to measure
both DC and nanosecond time scale changing voltages at the
100 KV level required. The development of such a probe for

the Los Alamos National Laboratory is described herein [1].
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Resistive probes have been developed for fast rise-
time, high voltage measurements [2,3,4,5,6,7,8,9]. These
probes dissipate too much power for DC measurements due to
their low input resistances.

Capacitive probes are also well understood and have
been designed for fast risetime measurements, but these are
also not suited to DC measurements [10,11,12,13,14,15,16,
17,18,19,20,21,22,23,24].

A high voltage probe was developed which combines the
most desirable characteristics of the resistive and
capacitive probes in such a way as to preserve the fast
response time while allowing the measurement of DC and low
frequency, high voltage signals. This was accomplished
with a high resistance divider for DC and low frequency
response operating in parallel with a combination resistive

and capacitive divider for good high frequency response.
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CHAPTER II

COMMON PROBE DESIGNS

General Information

The most common types of voltage probes are purely
resistive and capacitive dividers. The most basic form of
each of these probes is illustrated in Figure 1. Each
probe, whether it is resistive or capacitive, exhibits the
minimum number of components for voltage division. Both
require the use of some accessory instrument such as an

oscilloscope or digitizer for recording waveforms.

Resistive Dividers

The resistive divider is the most straightforward type
of voltage probe to analyze and construct. As 1is implied,
the voltage to be measured 1s divided across the probe
elements such that the output voltage is proportional to
RO/(RO+KRO) and also the input voltage. For high voltage
probes, the value of K is normally much greater than one
yielding an attenuation or division ratio approximately
equal to 1/K. This also implies that almost all of the

input voltage is impressed across resistor KR or the high

O,

voltage arm, and a much smaller potential is dropped across

the termination resistor, or low'voltage arm.
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b.
Figure 1. Basic probe types: (a) resistive

divider; (b) capacitive divider.
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Let us now consider a specific application for this
seemingly i1deal voltage probe. Consider a case in which we

4 to 105 range which

want to measure some voltage in the 10
has significant variations on a nanosecond time scale. In
addition, we will assume that the DC component of the

Y £0 10 Vv 1level. It is clear

voltage 1is also in the 10
that some steady state power is dissipated in the probe
resistors, primarily the high voltage arm. If we restrict
this power dissipation to a few tens of watts, one can show
that KRO must be in the 100 M range at the 100 KV DC input
level.

The frequency response of our simple resistive divider
is theoretically infinite, but can 1t be physically
realized? The answer, of course, is no, as one always has
stray capacitive and inductive elements with which to
contend. Conslider the effect of a relatively small
capacitance coupling the center of the high voltage arm to
ground. At this point the resistive source resistance is
25 MR, Even a small capacitance such as 0.1 pF has a RC
time constant of 2.5 us. In this example our probe will
not accurately attenuate signals with risetimes on the
order of 2.5 us or less. The obvious way to eliminate or
at least diminish the problem of inadequate high frequency
response 1s to decrease the value of the high voltage arnm

resistance. Decreasing the resistance by a factor of 1000

in the preceeding example would yield a response time of a
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few nanoseconds. In addition, the DC power dissipation
would also increase 1000 times, certainly an unacceptable
level. One may conclude that resistive dividers are most
sultable for measuring high DC voltages with slow varia-
tions relative to a nanosecond time scale, or for measuring
much faster transient wave forms with 1little or no DC
component. Obviously, no single resistive probe will serve

both purposes.

Capacitive Probes

The capacitive divider exhibits the same basic form as
the resistive divider. As the name implies, the resistors
have been replaced with capacitors as shown in Figure 1b.
The high voltage arm is a capacitance of value CO and the
low voltage arm has a capacitance of KCO in parallel with a
resistance RO. One must include RO, which 1is the input
resistance of the amplifier which will be used to measure
the voltage across the low voltage arm. The attenuation
ratio of the capacitive divider 1is therefore 1/K for
frequencies at which the impedance of the low voltage arm
is much less than the impedance, RO. As with the resistive
divider, it also is assumed that K >> 1.

Let us now consider the use of a capacitive divider to
measure 100 KV voltages with risetimes of a few nano-

seconds. We shall restrict the input impedance to 100 KQ

or greater in order to prevent our divider from heavily
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loading the voltage source. The input impedance of our
divider 1is approximately 1/(2nfCo). A convenient frequency
of interest for comparison is 100 MHz. A probe whose
response 1s down by 0.707 (-3 dB) at 100 MHz has a 10 to
90% risetime of a few nanoseconds, specifically, 3.5 ns,.
Using an impedance of 100 © and a frequency of 100 MHz, CO
is determined to be less than or equal to 16 pF. The
attenuation of our 100 KV probe should be about 1/10,000
to make the output level compatible with most high input
impedance amplifiers; hence, K = 10,000. If the physical
size of the divider capacitors is small, the component
inductances will be low enough for our divider to function
at 100 MHz. This is a reasonable assumption, as almost all
100 KV, high frequency systems will be o0il or vacuum
insulated. Typical voltage stresses in o0il insulation
systems are on the order of 50 KV/cm. Consequently, one
can make a capacitive divider for very high voltages with
excellent high frequency response. It 1s the low frequency
and DC response that 1s now a problem. We are limited to
amplifiers with finite input resistances, so it 1s clear
that the capacitive divider cannot be used for DC measure-
ments in this case. The low frequency response will be
determined primarily by the time constant of the termina-
tion capacitance in parallel with the termination resis-

tance. Uslng our previous example and a typical amplifier

input resistance of 1 MQ, we have an RC time constant of
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160 ms. In other words, the output of the divider in
response to a step input function will decay to 1/e, or
37%, in 160 ms. 1In addition, high voltage dividers with
nanosecond risetimes are usually terminated with a resis-
tive dilvider connected to a 50 § coaxial cable in order to
remove the low voltage amplifier from the harsh high
voltage environment. This typically brings the shunt
resistance down to between 100 © and 1 KQ with the accom-
panying reduction in the low voltage arm time constant. It
is therefore clear that the capacitive divider is quite
useful for measuring nanosecond risetime high voltage
signals as long as the DC and low frequency components are

not of interest.

The Compensated Divider

In many high voltage electrical systems, it 1is
necessary to measure DC and high frequency signals simul-
taneously. The traditional approach to thls measurement
problem is to use what is generally described as a compen-
sated divider. This is nothing more than the parallel
combination of a resistive and a capacitive divider.
Figure 2 illustrates a simple divider of this type. One
may view the operation of the compensated divider as two
separate dividers with the same voltage division ratio.
101 = R202, or in other
words, the time constants of the high voltage and low

Mathematically, this implies that R



1
AN, ———y
O- 0
| |
R
€1
input CZ:::: R2 out»nut
0 O

Figure 2. A simplified compensated divider.
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voltage arms are equal. All commercially available wide
bandwidth probes with DC response are variations of this
basic scheme, and are designed for use with high input
impedance amplifiers. By wusing high input impedance
amplifiers, the DC input resistance of the probe may be
many megohms for low loading of the source and low DC power
dissipation. The capacitance and resistance of the low
voltage arm are set equal to the input capacitance and
resistance, respectively, of the amplifier. A graph
showing the peak and DC voltage ratings vs. the risetime of
many typical commercially available probes is shown in
Figure 3. Design and construction of probes which operate
above this curve become 1increasingly more complex and
expensive, when technically possible at all. Commercial
voltage probes are availlable which have DC ratings to 20 KV
with a risetime of about 4.7 ns [25]. Voltage probes with
DC measurement capability above 20 KV have increasingly
longer risetimes. There exists a need for a 100 KV DC
probe with a risetime on the order of a few nanoseconds.

An effort to develop such a probe was therefore undertaken.

A Wide Bandwidth High Voltage Probe

In almost all cases of interest, it is desirable for a
voltage divider to have a linear transfer function as a
function of both voltage and frequency. Such a divider is

shown in Figure 4. An arbitrary impedance function, Z(s),



DC voltage level

11

3 4 5

risetime (ns)

10°[
10%k
107
Y W d A 3 '
2
Figure 3. Graph of DC voltage capability vs. rise-

time of typical commercially available
probes. The response of most probes
falls on or below this curve.
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o, XZ (S) o
in»nut RZ (S) outout
0y O

Figure 4. General linear divider.
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is defined for the termination or low voltage arm of the
divider. The 1impedance of the high voltage arm is a
constant multiple of the termination impedance. The
transfer function is therefore 1/(1 + K), or approximately
1/K for K >> 1. The response of such a divider is linear
by definition. In practice, one only expects to realize
this linear function throughout a frequency band of finite
width. To be linear in response to varying voltage levels
within some finite range, we must restrict ourselves to
using components whose impedance is a weak function of the
voltage level encountered. For our purpose, we shall
define weak as a 1% change in response of the divider to
input levels between 10 V and 100 KV.

Let us now consider an extension of the ideal divider
illustrated in Figure 4. The high voltage arm, which has
an impedance of KZ(s), may be divided into N networks in
series, each of which is identical, as shown in Figure 5.

Now one can set Kl = K2 = L e = Kn such that the total

impedance of this arm is:

n
7 = Z Kq Z(s) . (Eq. 1)

a
q=1
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KlZ (S) KZZ (S) KnZ(S)
oO— — - — — 0
input Z(S) outout
O- ©

Figure 5. Distributed ideal divider.
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The division ratio of the divider, G, is now:

Z(s)

G = — . (Eq. 2)
2. Ky 2(s) + 2(s)
q=1

By defining Kq = K/n and assuming K >> 1, Equation 2

reduces to a familiar result:
G = 1/K . (Eq. 3)

One may also show that for the divider shown in
Figure 5, the voltage across each section of the high
voltage arm is equal to the input voltage, Vi’ divided by N
for large values of K. This observation is quite important
for fast risetime, high voltage probes. By dividing the
probe into multiple sections, one reduces the voltage which
is impressed across each section. Since we desire a
divider with a low voltage coefficient (or high linearity),
we must reduce the component voltages to levels where such
nonlinearities are acceptable. The availability of 100 KV
components, namely, resistors and capacitors, 1s also quite
limited, whereas there 1s a much larger selection of
components suitable for use at 10 KV or less. In addition,
the physical size of 100 KV components makes them difficult
to use at very high frequencies. This is due to the large

self-inductance and stray capacitances which are associated
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with physically large devices. A component which is rated
at a lower voltage, and hence is physically smaller, will
be much more appropriate for high frequency use. A high

voltage, fast risetime probe was therefore designed using

these principles.



CHAPTER III

A NOVEL PROBE DESIGN

Theoretical Approach

A new voltage probe was designed based on these

initial specifications:

l. 100 KV DC rating;

2. DC input resistance of 100 MQ or higher;
3. system risetime of a few nanoseconds;
I

. compatibllity with conventional oscilloscopes
via a 50 ft long cable; and

5. overall accuracy of + 1%.

The combination of these requirements is particularly
difficult to handle with conventional designs. The 100 KV
DC rating with low power dissipation necessitates the
100 MQ DC resistance. This eliminates using a low input
impedance (50 Q) amplifier due to the excessive signal
attenuation. In addition, this requires the output cable
to terminate into a high input impedance amplifier without
signal distortion caused by reflections in the transmission
line.

The design which ultimately satisfied these require-

ments 1is shown in Figure 6 in an abbreviated form for

17
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Figure 6. The simplified composite probe
design.
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clarity. Consider a three section probe consisting of a

high voltage arm and an intermediate coupling stage. The

first section, the high voltage arm, contains Rl’ Cl and

Ru. A 50 @ transmission line, R2, C2 and R5 comprise the

coupling stage, and the termination is made up of R C

3 73
and R6. By considering the system as two probes in
parallel, the operation is more easily understood.

The DC probe contains elements RM’ RS’ R2 and R6.
Most of the input voltage is dropped across RM’ a 1000 MQ
high voltage resistor. R6 is a 100 KQ termination resis-
tor, across which the output voltage 1is viewed. The values
of R2 and R
little effect on the DC performance of the probe. They are

5 are 50 4 and 50 MQ, respectively, and have

required as part of the coupling section. The DC attenua-
tion fatio is:
6 Re

Gpe = = ; (Eq. 4)
R, + Ry + Rg + Rg Ry

for the values indicated, G, = 1/10,000.

In parallel with this DC probe is a fast risetime,
AC-coupled probe with the same attenuation ratio. The AC
probe consists of three RC sections, each of which has the
same time constant, 1. Section 1 i1s the high voltage arm
and contains Rl and Cl' The values of R1 and C1 are 1000 @
and 4 pF, respectively. This yields a time constant of

= R or 4 ns. Section 3 is the termination or low

1 171°
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voltage arm, consisting of R3 and C,. As before, the tine

3

constant of this section is T, = 4 ns with R, = 0.1 © and

3 3

C3 = 40 nF. Likewise, the coupling section also has a time

constant of 4 ns with R2 = 50 2 and C2 = 80 pF. The 50 Q

transmission line is terminated with R, and C (R3 << R,),

2 2
which minimizes reflections on the cable. The element

values of the AC probe are chosen such that the attenuation

ratio, GAC’ equals that of the DC probe, constrained by
C R
1
GAC = = 3 s (Eq. 5)
C1 + 02 + C3 R1 + R2 + R3
and by
R1C; = RyC, = R3Cq . (Eq. 6)

The high voltage arm is 1in reality comprised of ten
identical sections for the reasons previously discussed
with respect to high frequency response, component availa-
bility, and so on. A schematic of the high voltage arm 1is
shown in Figure 7. The DC probe resistors, Ru(l) through
Ru(lo), are each one-tenth of the value of Ry in Figure 6,
or 100 MR each. The AC probe resistors, Rl(l) through
Rl(lo) are each 100 ©, and the capacitors Cl(l) through
Cl(lo) are 40 pF each. The impedance of each high voltage
arm in Figures 6 and 7 1s mathematically identical for

lumped elements.
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Schematic of the multi-

section high voltage arm.
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Probe Construction

The high voltage divider is made up of ten identical
sections, as previously discussed, which are mounted in a
3 1n outside diameter acrylic tube. This assembly is then
centered in a 10 in inside diameter aluminum cylinder with
a high voltage bushing on one end and a 50 £ output
connector on the opposite end. A cross-section of the
assembly 1is shown in Figure 8. Figure 9 shows in detail
how the high voltage arm is assembled. The components of
each of the ten sections are mounted between 3/32 in thick
aluminum disks which serve as electrical field grading and
shielding for the resistors and capacitors. Connections to
each end of the 1inner probe are made through sealed
fittings with standard banana jack contacts. The acrylic
housing is sealed with O-rings because the assembly is
filled with silicone o0il for insulating purposes. It would
not be possible to operate such a device in air at 100 KV
without excessive corona.

The input feedthrough insulator on the top of the
probe was machined from a 3 in thick casting of epoxy. It
was designed for a long creepage path to inhibit surface
arcing at high voltages. It is desirable to minimize the
input capacitance of the probe for decreased high frequency
loading characteristics, so the insulator tapers down
toward the outside for a minimal circumferential cross-

section. The insulator has a calculated bursting strength
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input insulator

\

probe inrut

inout damning
resistance
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housing

high voltage

‘(/——" arm

- . counling

‘(/’,,———- — network

\\—GR outnut connector

Figure 8. Cross-section of the high voltage
probe housing.
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of 150 psi, allowing the probe to be safely pressurized
with dry nitrogen to 40 psi above atmospheric pressure. One
therefore can move the operating point to a higher pd
(pressure x distance) region on the Paschen breakdown curve
to eliminate internal corona and arcing.

The probe output coupling consists of two 40 pF
ceramic NPO (low voltage coefficlent) capacitors and a
50 MQ resistor mounted across a ceramic support with banana
jack contacts. It is mounted between the inner probe and a
modified GR 874 output connector. A new insulator and
center feedthrough were designed to incorporate O-rings for
sealing and for additional strength to support the heavy
inner probe assembly.

The output cable is a 50 ft length of RG-214 coaxial
line and is considered to be a part of the coupling
network. The cable is connected to an oscilloscope via the
termination network which includes R,, R3, Rg and C3 (as
shown in Figure 6), as well as an additional compensation

network to be described later.



CHAPTER IV

COMPUTER ANALYSIS OF THE PROBE RESPONSE

The Need for a Distributed
Model for Analysis

The high voltage probe was computer modeled with a
NET2 transient circuit analysis program; because of the
complexity of any reasonably accurate, high frequency
model of such a probe. It is desirable to have a model
which 1is accurate to at least 1 ns, inasmuch as the
response of the probe must be on the order of a few
nanoseconds. This implies an interest in frequenciles in
the 500 MHz range, which have wavelengths as short as 2 ft
and less. The probe body 1s in this range with a length of
20 in. The circuit model of the probe, therefore, must be

a distributed network in order to serve as an accurate

design aid.

Circuit Model Topology

Each of the ten sections in the high voltage divider
is modeled as shown in Figure 10. Elements Ri and Ci
are the same as previously described in each section of the
divider shown in Figure 7, and are responsible for the

primary division ratio. The shunt capacity between the

26
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field grading disks is C

!
.

2
with Ri and Ci, and the self-inductance of this loop is

This capacitance forms a loop

Lé. The shunt capacity was calculated from Equation 7,

in which:

€A

C = — farads per square meter . (Eq. 7)
D

In this equation, e is the permitivity of silicone oil, A
is the area of each disk, and D is the distance between the
disks. The range of the loop inductance was bounded by
considering various coaxial geometries in which

HO b

L = — &n — Henries per meter , (Eq. 8)

2m a
where My is the permeability of free space, b, the dlameter
of the outer conductor, and a, the diameter of the current
conducting region of the inner probe.

Inductors Li and Lé are identical in value and are
calculated by viewing the probe as a coaxial transmission
line, again applying Equation 8 to the probe dimensions. In
a similar fashion Cé, the <capacitance between each

section and the outer housing 1is

2ne L
C = ——— farads per meter . (Eq. 9)

n (g)






