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ABSTRACT

Studies related to the verification of a suggested equivalent circuit
for the grid-cathode discharge in a subminiature cold-cathode gas tetrode have
led to modification of the equivalent circuit, and to consideration of the fir-
ing time delays as basically a statistical matter. Further investigation is
necessary before these conclusions can be firmly established.

OBJECTIVE

The purpose of this investigation was to obtain a better understand-

ing of the fundamental reasons for delays occurring in the initiations of a
low-level gas discharge.

vi
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1. INTRODUCTION AND ACKNOWLEDGMENTS

The Electrical Engineering Department of The University of Michigan
has been conducting a study, primarily analytical, of certain properties of a
subminiature, cold-cathode gas tetrode known as QF-39L. Generally speaking,
the investigations have been concerned with a particular circuit configuration
uging the tube which enables illustration of the readily observable property of
a delay between application of a ramp function input current and breakdown of
the control grid-cathode gap.

This research has been carried out for, and under sponsorship of, the
Diamond Ordnance Fuze Laboratories. The QF-391 was developed by the Raytheon
Electric Corporation under contract with the Diamond Ordnance Fuze laboratories.

Several members of the staffs of the Electrical Engineering Department
and the Diamond Ordnance Fuze Laboratories have contributed to this study. As
is natural in a program to which different individuals contribute at different
times, it is not always posgible to give the proper credit for various aspects
of the work. It 18 especially difficult in this case where some portions of
the work have a bearing upon claseified applicationsg, and where some appropriate
references are classified and thus cannot be noted.

The contributors from the Diamord Ordnance Fuze Laboratories include
T. M. Liimatainen (scientific officer), Martin Reddon, Alfred Ward, and Jay
Lathrop; from The University of Michigan, azide from those noted on the title
page of thisg report, William Kerr, H. G. Hedges (now at Michigan State Univer-
sity), and Jules Needle (now at Northwestern Uaniversity).

The bulk of the investigation discussed in thisz report was carried
out by R. C. Kiene, now at Minneapolis-Honeywell, who was at the time a gradu-
ate gtudent. Mr. Kiene likewise prepared much of the rough draft of this re-
port.

2, THE EXPERIMENTAL CIRCUIT

In connection with certain classified work, it was observed that ap-
preciable delays occur between the application of test signals to zome cold-
cathode gas-tetrode grid-cathode gaps and the breakdown of the gas in the gap.
One of the circuits that illustrates the effect quite readily is shown in Fig.
2.1. 1In this example, a current source 1g¢ employed to initiate the flow of

L
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FIG. 2.1

EXPERIMENTAL CIRCUIT EMPLOYING

COLD~-CATHODE GAS TETRODE

current in the g-c gap which operates, initially at least, in the Townsend re-
gion. The capacitance Cg is that associated with the current generator and
test setup wiring. The plate and grid circuit elements and the battery are
arranged to bias these tube elements appropriately, and to enable observation
of breakdown by providing an easily observable magnitude of plate current. 1In
operation, a current input signal is initiated which, after a delay, fires the
g-c gap which in turn causes plate-cathode conduction and an indicating signal,
for observation across Rs.

This circuit was chosen for study. The general objective was to (a)
obtain an understanding of the factors governing the observed delays, and (b)
establish the validity of an equivalent circuit that had been suggested to sim-
ulate the observed effects.

A current-type input signal is not always the most convenient experi-
mentally; thus one of the first steps taken in this work was to arrange an
equivalent voltage source. In this regard replace (Fig. 2.1) the current source
i(t) and the shunt capacitance with a voltage generator e(t) and a series ca-
pacitance Cg by Norton'’s theorem. In substantiation, from Fig. 2.1 we can
write:

i(t) = Cq dedtt) + 1.(t) , (2.1)
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. 1 . . 1 .
e (t) = = i(t)at - — iy (t)at , and (2.2)
1 Cg f ""g f 1
e(t) = ei(t) + Elg—fil(t)dt . (2.3)

Equation 2.3 states that we can have equivalent voltage source e(t) operating
in series with the capacitor Cg provided the voltage

e(t) = i(t)at . (2.4)

e
Cg

An assumption should be noted at this point. In changing from a cur-
rent source To a voltage source equivalent circuit, the complete shunt capaci-
tance Cg became a series capacitance. This step is something of an approxima-
tion. In an experimental setup of the test circuit, the capacitance Cg will
consist of all capacitance to be found in parallel with the current generator
including stray and tube capacitances. The stray and tube capacitances will of
course always be present and can never be completely eliminated from the shunt
branch and placed in a series circuit arrangement. Thrse capacitances, although
in a sense neglected here, have an effect, considered in Section 10, on the tube
operation.

5. SIMPLIFICATION OF THE EXPERIMENTAL CIRCUIT

in this section, the eguivalent circuit of the experimental circuit
(Fig. 5.1) will be considered for possible simplifications. It can be demon-
strated that the time interval between breakdowr of the grid-cathode gap and
anode-cathode gap iz relatively small compared to the time interval between the
application of the input signal and the grid-cathode breskdown. Accordingly,
this study is confined to the time lag mechanism of the grid-cathode gap of the
QF-391 gas tetrode. Thus the equivalent circuit may be reduced to that shown in
Fig. 5.1, where the second grid and anode circuits of tThe tube are omitted. As
a parallel, during bench testing, the anode and second grid-circuit parameters
are maintained constant. Thus it is assumed that any contributions that these
circuits might make to alter the time response of the grid-cathode circuit can
be considered congtant.

Typilcal 2tatic characteristics of the grid-cathode gap are shown in

Fig. 3050* The operating point of the gap is usually chosen at some initial
value of current such as iy, if illustrating a typical breakdown point.

*Grid-to-Cathode Static Characteristics - Appendix IV.

3
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GRID-CATHODE
GAP OF QF 39I

DYNAMIC CHARACTERISTICS
OF GRID-CATHODE GAP

FIG. 3.| EQUIVALENT CIRCUIT AFTER ELIMINATION OF ANODE

DYNAMIC VOLT-AMPERE
CHARACTERISTIC OF
GRID-CATHODE GAP

FIG. 3.2 EQUIVALENT CIRCUIT INCLUDING AN INDUCTANCE

CHARACTERISTIC OF THE GRID-CATHODE GAP
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FIG.3.3 TYPICAL GRID- CATHODE STATIC CHARACTERISTICS

When the imput signal is applied to the grid circuit, the increasing
current through the grid-cathode gap does EQE follow the static characteristics
shown, but instead a dynamic characteristic (Fig. 3.2) which depends on the
tube constants and the ionization mechanism of the gap. The current buildup
across a gaseous gap operating in the Townsend region of the static character-
istics can presumably be explained by a dynamic volt-ampere characteristic and
in part simulated by an inductance whose magnitude varies inversely with the
current. The parameter is defined as

L = — (5“1)

where @ is a constant dependent upon gas parameters.

The dynamic resistance of the grid-cathode gap is a function of the
current through the gap. However, as a first approximation, this resistance is
congidered to have a constant magnitude p corresponding to the negative slope
of the static characteristic, since operation of the tube is confined largely
to this region in all experimental investigations. Then, assuming p as the
constant dynamic resistance of the gap, we obtain a relationship from the lin-
ear portion of the volt-ampere curve of Fig. 3.3, that is, for i > iy,

Vg = Vg -pig o (3.2)

Thus considering both the negative resistance and special inductance,
the grid circuit of the test circuit has the form shown in Fig. 3.4, retaining,
for the moment, the current generator form. (Figure 3.5 illustrates the volt-
age source equivalent circuit.)

5
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The resistance of the parallel combination of R', circuit leakage re-
sistance, and Rg, grid circuit resistance, as compared with the rest of the cird
cuit, is very highj thus these branches can be neglected. The battery Vg can
also be ignored, since its effect is only that of setting the initial condition
iy in the tube. The elimination of these parameters has no appreciable effect
on the dynamic response of the equivalent circuit; however, it must be remem-
bered that the inductance L has an initial value corresponding to the initial
condition i1 = ig.

The resulting simplified equivalent circuit employed to simulate the
dynamic properties of the test circuit is shown in Fig. 3.6. Through analysis
of this circuit, the time interval required for the current to increase from
ip to ip will be determined. For this purpose a relationship between this time
interval as a function of e(t) and the differential equation describing the cur-
rent ig in this circuit will be developed.

—_—
iO z INITIAL CURRENT
CONDITION

FIG. 3.6 FINAL EQUIVALENT CIRCUIT SIMULATING THE
DYNAMIC CHARACTERISTICS OF THE GRID-CATHODE
CIRCUIT OF THE TYPE QF-39I1 TUBE

4, NONLINEAR DIFFERENTTAL EQUATION DESCRIBING CURRENT IN EQUIVALENT CIRCUIT

Having determined the simplified equivalent circuit for simulating
the dynamic characteristics of the fuze circuit, we proceed to solve for the
current ig as a function of the various parameters. Due to the variable induc-
tance in the equivalent circuit, the differential equation describing the cur-
rent is nonlinear:

ai
Q) 8 i+ 4Lt -
(ig> eoelerg [ s e(t) . (h.1)
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The initial condition of thisz equation at time € = 0 is that

io= o1, (4.2)

Differentiating Eq. 4.1 to remove the integral, we obtain a second-
order nonlinear differential equation:

(_9_4_) dzig ~ ( a) (dig>?- - Eff.?_i L L iy E_%E)_ (k.3)
Cg

ig at? at2 at at

23 . .
2y _|(e) s dig = 1 d_e(t) A
) o= O—m— 3 . ‘l =
(@) gt2 Kig> — | — +—':g g pr: o (L)

Modest attempts to golve this equation analytically were not fruitful;
however, through use of a graphical spproach, the phase-plane method, a solution
was determinable. It is feasible to obtain a solution through use of an analog
computer; thus, during the course of the investigation described in this report,
a solution was obtained in that manner =slso. The analog computer setup of Eq.
4.1 is given in Section 7.

]

-

5. BREAKDOWN DATA FOR TEST CIRCUIT FOR e(t) = At

The dynamic behavior of the test circuit was investigated experimen-
tally by applying a particular voltage signal and firing the tube. The voltage
signal employed* had the form

e(t) = At (5.1)
and was used because of itz relative simplicity.

The experimental test-circuit arrangement used to obtain the dynamic
firing characteristics ag a function of A ig shown 1In Fig. 5.1. The battery A
and the resistance Ry--capacitance Cy combination generated the voltage e(t) =
At. Since the tube fired after relatively short time intervals (in the 0-50-
millisecond range), a simple RyC; combination could be used to generate the At
gignal. The voltage appearing across the capacitance (C;p) has a linear slope of
xl/Rlcl at t = 0. Also, for small time Iintervals below the R;C; time constant,
the glope is nearly the same. Therefore, by making the time constant R,Cy equal
to, say, 1 second, the voltage rise across the condenser can be considered just
At for short time intervalsg,

*Use suggested by DOFL personnel.
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TRIGGER SWEEP TO VERTIGAL
OF SCOPE AMPLIFIER OF SCOPE

CIRCUIT VALUES:

TUBE - QF-391 NO. 4092 LOT 8NI

A - VARIABLE VOLTAGE FOR ADJUSTING VALUE OF LINEAR
RATE OF RISE VOLTAGE APPLIED TO TUBE.

R, = 1 X 105 OHM E, 180 VOLTS

C, = I X I0°FARAD Eg, = 155 VOLTS

Cg = 10 x 102 FARAD Rgz = | X 10°0HM

C, =05 X 10° FARAD Rg, =1 X 10'°0HM

R, = 50 X 10° OHM io = 5.4 X 1077 OHM

R, = 6.8 X 10°OHM (INITIAL CURRENT)

FIG. 5.1 EXPERIMENTAL SETUP FOR OBTAINING DYNAMIC
CHARACTERISTIC OF TEST CIRCUIT

The capacitance Cg represents the total input capacitance asg shown in
Fig. 3.6, and has a value of 10 up farads. The various values of the other
parameters are given in Fig. 5.1.

Operation of the circuit is as follows. Egy 1s adjusted until an in-
itial current i, (steady) flows through the grid-cathode gap of the QF-39L,
When the switch i1s thrown, voltage N\ is applied to the R;C; combination and,
for the small time interval of interest, the voltage across C, is At, a linear
rate of rise signal. At the same time the switch iz thrown, a signal is ap-
plied to an oscilloscope to initiate the time=-calibrated horizontal sweep.

When the tube fires, evidence of the fact appears on the face of the scope as
a vertical displacement. From the horizontal digtance traveled by the beam up
to the time of firing, the time delay between the applied signal and firing can

9
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be determined. Typical results are plotted in Fig. 5.2 where computed curves
(to be described) are included for comparison.

The points plotted represent the results of experimental data for one
tube at a particular value of operating or initial current i,. It was noticed
in obtaining these data that the firing time was not a unique function of a
particular value of )\, as might be expected, but rather a statistical function.
Thus the points plotted on Fig. 5.2 represent an average Tiring time for twenty
firings at each different value of \. The statistical nature of firings makes
it difficult to obtain a unigque curve fto represent the dynamic characteristic
of the fuze circuit.

The curve shown ig a function of the tube's characteristics and of
the chosen boundary conditions. By trying many tubes, most of the regults in-
dicate the general shape of the curve shown for initial values of operating cur-
rent near i, = 107° amp and firing currents of i = 108 amp and greater. The
only region which shows appreciable divergence is for low values of A near the
"forbidden region," defined as a range of values of A below which the tube
ceagses to fire.

For the particular tube shown, the lowest value of N at which the tube
fired was Ap = 1.5 X 107 volts/secc The time delay between application of this
A and firing was T = 70 milliseconds. In general, for the opersting regions
of interest between 107° amp to 1078 amp the forbidden region varies from A =
1.0 x 102‘volts/sec to A = 10% volts/sec with the forbidden region firing times
ranging from 80 milliseconds to about 10 milliseconds, respectively.

The curve shown in Fig. 5.2 should not be considered a unique repre=-
gentation of the dynamic characteristics of the circuit, but instead an average
picture showing the genersl character of operation. For the initial stages of
our investigations with the equivalent circuit, this experimental curve was used
as a basis of comparison for the equivalent circuit results. This enabled ugs to
obtain a rough value for the nonlinear inductance to be used in the equivalent
circuit. The dashed curve of Fig. 5.2 represents the type of dynamic data which
it was desired to simulate by the eguivalent circuit of Fig. 3.6,

6. CORRELATION OF EXPERIMENTAL ANC LINEARIZED EQUIVALENT CIRCUIT DATA

After the experimental data shown on Fig. 5.2 were obtained, the
equivalent circuit response was investigated in hope that a correlation between
the experimental and analytical data could be found. However, prior to this, a
gimilar linear circuit with a constant inductance was solved in anticipation of
"pounding" the experimental results. This "bounding” property of the linear cir-
cuit can be explained as follows.,

10
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In the nonlinear egquivalent circuit, the range of values over which
the nonlinear inductance varied (determined by the current) was unknown. A
rough value for this inductance can be computed readily, but for the particular
tube used, this value was inadequate. In testing various tubes it was found
that the range of current variation across the grid-cathode gap was from about
io = 107° amp to the breakdown current of approximately ip = 1078 amp. There-
fore, the proposed nonlinear inductance function L = a/ig used in the equivalent
circuit would vary by a factor of 10 in this current range. Thie asgumes that
the current ig increasges continuously from 15 to iy and no discontinuities of
the function L =cx/i are encountered. Thus the dynamic characteristics of the
nonlinear circuit could presumably be considered "bounded” by the characterige
tics of two linear circuits using the maximum and minimum values of the nonlin-
ear element L = Oé/ig instead of the varying inductance. By this method the ex-
perimental curve zhown in Fig. 5.2 can be trested as "bounded” by the linear
equivalent circuitfs resultes as shown. In this way, the range of values in
which the nonlinear element L = Oc/ig had to vary waz established.

The linear circuit which wasused iz shownin Fig. A.1 accompsmied by the anslog
computer setup (Fig. €.2) used to simulate the circuit. As noted, the induc-
tance did not vary with current ig as in the nonlinear case, but was maintained
constant.

The equation of the circuit i=

di r

8 . : EIN _ o
Yo T Plet o ) g ot AL, (6.1)
&
where
ig = 1, &t time (r) = 0 . (602)

The solution of this linear differential equation is

: A 1 +at s . | Po et iy,
lg = I [g’;g + E;‘é‘ & g£1n (Bt W) + 1g [..é.o. = =10 (St“*“lf;l ) (65)
where
o = £
oL’
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FIG. 6.1 CIRCUIT INVOLVING LINEAR INDUCTANCE AND
NEGATIVE RESISTANCE

RECORDER

PO DO
ip=0
Ri Y
N —éfmr

FIG. 6.2 NORMALIZED COMPUTER SETUP FOR SOLUTION
OF CURRENT IN EQUATION 4.1
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The curves shown in Fig. 5.2 are for the following values of the lin-
ear circuit!s parameters.

A = 10% to 10% volts/sec
L = 105, 10°, and 107 henries

Cg = 10 x 10~*® farads

o = -10% ohms

The solid curves of Fig. 5.2 represent the time it takes the current
i, to increase from an initial value of iO = 107° amp to a firing current ip =
1078 amp for various values of A. The results obtained from the linear circuit
indicate that the experimental data are bounded for L = 107 to 105 henries.
For values of A greater than 10° volts/sec, the experimental results correspond
very closely to L = 10° henries. For lower values of L, close to the forbidden
region, there is a greater variation between the experimental and analytical
data.

To discuss the correlation between the experimental curve shown in
Fig. 5.2 and the curves describing the linear equivalent circuit, three curves
are drawn in Fig. 6.3 to show the effect of varying L and A. As can be in-
ferred from Eq. 6.3, the current ig is oscillatory and exponentislly increasing
in nature. With A sufficiently high, the current in the equivalent circuit
rises to a much greater value than if = 1078 amp during the first peak or os-
cillation. This can be considered as corresponding to the grid-cathode current
reaching the breakdown current ig before the first peak or oscillation occurs.
With N at some lower value such as Ao, the current just reaches 10-8 amp during
the first peak, This corresponds to the boundary of the forbidden region, that
is, the lowest value of A\ needed for the tube to fire on the first oscillation.
When A is reduced to less than Az, the current no longer reaches 1078 amp dur-
ing the first peak, but can exceed 107® amp during some later cycle. Thus,
when A = A3, A can be associated with values which lie in the forbidden region,
Ao representing the edge of the forbidden region. Also to be noted from the
equations and curves is the fact that the time to reach 107% amp decreases with
increasing A\, which is likewise observed experimentally.

The curves shown in Fig. 6.4 are for constant A and variable induc-
tance L. As the value of L is increased, the resonant frequency of the circuit
decreases, consequently resulting in a greater time required for the current to
reach ip = 1078, Similarly, as can be seen from the curves of Fig. 5.2, when
L is increased, the time required for the current to reach 1072 amp, for the
same constant value of A, also increases.

From the bounding of the experimental data by the linear equivalent
circuit data, it can be seen that the nonlinear function L = Oé/ig should prob-
ably vary from 10°® to 10% henries for high values of A. For lower values of A\,

1h
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L=10%n
A = 17 v/ sec.
Ao = 4 x (0% vssec.

>‘5 = 2 x 102 v/sec.

= 1070 AMPS

fas t:i0 TIME (MILLISEC.;

v

s

<. TIME TO REACH
1078 ames.

FIG. 6.3 CURVES SHOWING EFFECTS OF DIFFERENT VALUES
OF A ON CURRENT VARIATION IN LINEAR CIRCUIT.

L=10%h; A= 10% v/sec.

¢

L=10%h, \:103v/sec.
i¢ = 108 AMPS
TIME (MILLISEC)

i = 10° AMPS

S —

b= 1.25 MILLISEC
t2= 4.5 MILLISEC

FIG. 6.4 CURVES SHOWING EFFECTS OF DIFFERENT VALUES

OF (L) WITH CONSTANT (X)
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some other range of greater L seems to be necessary. To investigate this point
further, we now examine the nonlinear circuit of Fig. 3.6.

7. CORRELATION OF EXPERIMENTAL AND NONLINEAR EQUIVALENT CIRCUIT DATA

In the previous section it was shown that the experimental data of
the test circuit could be "bounded” by analytical results obtained from the
linear circuit of the form in Fig. 6.1. From these results, the range of val-
ues over which the nonlinear parameter L = f(ig) would have to vary to approx-
imate the experimental data is determined. However, the exact variation of
this function is unknown.

In this section the initially proposed nonlinear funection L = a/ig
is studied with regard to its effect on the dynamic characteristics of the cir-
cult shown in Fig. 7.l. The dynamic characteristics of the nonlinear circuit
are then compared with the experimental and linear circuit data. The effects
of several other types of nonlinear variations of the inductance parameter are
algo congidered, and the results of employing these nonlinear inductances are
compared with the experimental results for possible better correlation.

L= f(i)
F FO0000°

O

—t—

i
<

FIG. 7.1 SIMPLIFIED CIRCUIT INVOLVING NON-LINEAR
INDUCTANCE AND NEGATIVE RESISTANCE

To solve the noniinear equation describing the current variation in
the equivalent circuit, an analog computer is used. Since the equivalent cir-
cuit is considered with various nonlinear inductances, Eq. 4.1 is put in the
following general form:

16
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ai 1
£(i.) 8 - i+——fi dt = N\t . .1
Ug) 7o -elarg J e (7.1)

The corresponding computer equation is:
di
g 1 .1 f
— = ——— (p i, - = iy, dt + At} . (7.2)
at f(ig) ( &  Cg &

After normalizing this equation, the computer setup for the solution
of ig as a function of time was arranged as shown in Fig. T7.2. Appendix III
briefly explains the operation of this setup.

RECORDER + PHOTO —FORMER

i-dt
Y
—

-io = INITIAL CONDITION _} ﬂ>)\t
[ &

A N B |
T {RI C fldt+ )\t} F-'_(i_)

i +ig
\‘..

SERVO- PHOTO-
MULTIPLIER FORMER

FIG. 72 NORMALIZED COMPUTER SETUP FOR SOLUTION OF
CURRENT IN EQUATION 7.2.
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7.1 VARTATION OF THE NONLINEAR INDUCTANCE AS L = Ot/ig

In Section 3 it was shown that the nonlinear element simulating the
time lag of current buildup across the grid-cathode gap could have the form
L = afig.

Having determined a range of variation of L (Section 6), an approxi-
mate value for the constant ¢ can be calculated. Thus from the results ob-
tdained using a constant L, it is seen that, to approximate the test circuit’s
characteristics for low values of A\, the nonlinear element would have to vary
from about 10° to 10° henries. This means that since the corresponding current
range is from i, = 107° amp to ip = 1078 amp, the coefficient of the dig/dt
term would vary as

-3 -3
@ 4o 2 - 207 019 | 105 to 10° henries

10°° 1078 107° 1078

£(ig) =

The characteristics of the nonlinear circuit for two values of O are
shown in Fig. 7.4 in comparison with experimental and linear circuit data to
illustrate the boundary effect of the assumed linear circuit arrangement. Fig-
ure 7.3 shows the current variation of the linear circuit and the nonlinear
circuit where L = a/i . The curves are drawn for values of A for which the
current ig Just reaches the firing current ip during the first peak. For lower
values of A, the current variation i_ will not reach the vaiue ip on the first
peak but on some later peak, and, as previously defined, these valuec of A lie
in the forbidden region. It is of interest to note that the current ig varies
monotonically from iy to iy without discontinuity, and of particular interest
that this representation shows clearly how the element of chance ig =z factor in
the operation of this tube.

By observing the current variation of the nonliinear circuit in com-
parison with the linear case, it can be zeen that the bounding effect concept
of the linear case is not valid for times greater than that to the first pezk,
for the reason that the inductance seems to become infinite as the current pas-
ses through zero. This aspect of the problem has not been pursued other than
to note the above. Actually it may prove upon investigation that the apparent
passing through zero of the current is erroneous, resulting from assumptions in
establishing the computer setup, and that in fact the current only approaches
zero, as sguggested by the flattening of the dashed curve of Fig. 7.3.

The presence of the second appearing peak iz real and is observed in
the experimental setup, as will be considered later.

The time required for the current i, to reach iy for the nonlinear
and linear cases as a function of A\ is shown in Fig. 7.4. As an illustration
of the relationship between Figs. 7.3 and 7.4, the boundary value of N is A =
5.0 X 102 Volts/sec and A = 4.0 x 10° Voltsfgec for the nonlinear L = OOOl/ig

18
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and linear (L = 10° henries) examples, respectively. The time for the current
to rise from io to ip 1s shown to be t = 16 milliseconds and t = 10 millisec~
onds for the nonlinear and linear cases, respectively. These points are shown
to be the end points of the I = 10° and o = 0.0l curves shown in Fig. T.k.

7.2 EFFECT OF CHANGING INITIAL AND FINAL CURRENT VALUES IN EQUIVALENT CIRCUIT

From the nonlinear data of Fig. 7.4 it can be seen that the experi-
mental circuit operation is relatively poorly approximated by the egquivalent
circuit. Experimentally, the operating point i, of the tube, on the grid-
cathode static characteristic, has an important effect on the time 1t takes for
the tube to fire with an applied linear rate of rise signal, With the opera-
ting point iy near the breakdown current ig of the tube, Instability occurs as
is to be expected, but shorter firing times also result, and conversely, with
the operating point near or on the positive slope region of the static charac-
teristics, stability is increased at the sacrifice of longer firing times.
Since the values of o, 1,, and ip used in Fig. 7.4 do not approximate the cir-
cuit’s performance very well, the effects of changing the initial current and
also the effecte of extending the range of the firing current ip were considered

Figure 7.5 shows the results of a change in the initial current ij.
Also drawn on this graph is the experimentsl circuit characteristic obtained
from the setup shown in Fig. 5.1 with the corresponding operating conditions.
As expected, shorter time intervals rezuit asz the initisl current approaches
the critical value. Sharper curves also result from higher values of initial
current. The "breakpoint” shown on the circuit characteristic is the point at
which the time of firing ceaseg to occur after an exact time interval. For
lower values of A the experimental curve represents a statistical average of
the firings, as noted earlier.

In Fig. 7.6 the effect of changing @ to a lower value is shown for
two values of initial current. Finally, in Fig. 7.7, the effect of changing
the terminal current in the equivalent circuit is shown. Variations of these
factors do not improve the correlation between analytical and experimental data
at low A.

7.3 INVESTIGATION OF OTHER NONLINEAR ELEMENTS

The adoption of the parameter L = OC/ig appears valid only for values
of N greater than 5 x 107 volts/Seco For lower A there iz a large deviation
between experimental and equivalent circuit results. Since varistion of the
parameters &, iy, and iy in the equivalent circuit do not appear to improve the
fit to any appreciable degree, it was decided to alter the nonlinear element in
some manner in the hope that the experimental data would be simulated to a clo-
ser degree for the lower A regions. Take, for example, the nonlinear case
where f(ig) = B/iggc
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TIME FOR CURRENT TO INCREASE,SPECIFIED VALUES -~ MILLISEC.
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5 " \: N
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FIG. 7.6 RESULTS OF VARIATION OF a IN EQUIVALENT CIRCUIT
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-9 -8
——D0———5 X 10 TO 5 X 10 AMPS; a=.00I

5p——— -9 -8
——&—— 5 X |10 TO 2 X 10 AMPS; a =.00!

rrrm—

-9 -8
5 X 10 TO | X {0 AMPS; a =.00I

TIME FOR CURRENT TO INCREASE,SPECIFIED VALUES - MILLISECS.

ir

] 2 3 4 5 6 7 8 9 10

X = v/sec. X 102

FIG. 7.7 RESULTS OF VARIATION IN FINAL CURRENT (i,) IN THE
EQUIVALENT CIRCUIT

ok




——  The University of Michigan « Engineering Research Institute

Returning to the linear results of Fig. 5.1, it can be seen that the
circuit characteristic values can be bounded to a closer degree for L = 107
henries and L = 10° henries. Therefore, the nonlinear element should vary from
10° to 10° henries in the lower regiong of ) for a closer approximation to the
experimental results. This means that the f(ig) coefficient in Eq. 7.1 should
vary in the following manners:

1o-11
f(ig) = KJQE = = 107 to 10° henries .

ig 10718 o 10716

The result of using this function to simulate the time-lag mechanism
of the tube is shown in Fig. 7.8. As can be seen, this nonlinear function seems
to approximate the experimental data better in the low A region. Since the
correlation is still not as good as one might desire, a third nonlinear func-
tion can be tried. Thus consider the nonlinear case where f(ig) = g/igso

In this case we let the function f(ig) vary from 108 to 10° henries.

- 3 1072 s s
f(lg) T o7 = 10 to 10~ henriesz .
g 10727 to 10724

The results of employing this nonlinear function are shown to corre-
late a little closer for the low A regions. Therefore it seems that, as the
inverse power of ig was Iincreased in the f(ig) coefficient, the equivalent cir-
cuit data better approximate the experimental results.

Returning to the case employing the first power of i_, the apparent
poor simulation at low A region is likely due to the fact that operation at low
A 1s not according to our conception.

The computer resultg of the equivalent circuit suggest that there is
another effect present in test circuit operation aside from the statistical as-
pect common to breakdown phenomena. Thus it may be possible to augment the ex-
planation by considering firing at some "later oscillation"” than the first peak
for lower values of A. To substantiate this, the problem was considered in this
respect as described in the next section.

8. INVESTIGATION OF OSCILLATIONS BY GROUP FIRING DATA

In this section the experimental A-vs-t curves are congidered in de-
tail for evidence of oscillations occurring across the grid-cathode gap before
breakdown for the low values of A. The data in this section can be obtained by
use of the setup shown in Fig. 5.1.
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Prior to this point, the experimental firing data of the circuit were
considered a continuous A-vs-t curve of the type shown on Fig. 5.2. For the
higher values of A, it was noted that the tube congistently fired at the same
time for each particular value of A. In that region the eguivalent circuit is
valid with respect to predicting the firing time interval for the circuit.
However, as A is decreased, it is noted that the firing times are no longer a
unique function of A but appear somewhat random in nature. Therefore, the con-
tinuous curve for values after the breakpoint of the gap represented an average
picture of a wide scattering of points for each A, It is also in this region
that the equivalent circuit data deviate from the experimental data to s large
degree., This deviation between the two sets of dats can be explained as fol-
lows.,

The wide scattering of firing times for low values of AN is attributed
to the occurrence of current oscillations across the grid-cathode gap before
breakdown. To substantiate the concept, many tube firing: were conducted to
obtain a quantity of data which would enable detection of the possibility of
the tube firing after more than a particular time interval.

Figure 8.1 shows the results of firing a tube 100 times at a value of
A = 500 volts/sec and an initial operating current of i, = 2.k x 107° amp. At
this value of A there appears to be a 50-50 chance that the tube will fire dur-
ing the second group or oscillation of grid current igo As can be seen from
the graph, there is a distinct interval of time occurring between the groups.
Therefore, if these groups are regarded as representative of a particulsr os-
cillation of grid current, then the approximate 5-millisecond time interval be-
tween groups represents a period of oscillstion.

Returning to the data presented in Fig. 7.3 as reprezentative of the
current oscillation in the nonlinear equivalent circuit, it is seen that the
oscillations are not equally spaced in regard to time as in the linear equiva-
lent circuit. Therefore, it may be that the apparent inductance i: not a non-
linear element depending on the instantaneous current ig, but perhaps rather a
constant which ig dependent on the initial current i This poszibility will
be considered later in the report.

o°

From the data of Fig., 8.1, the frequency of oseillation is about 200
cpe. These data represent a group firing for one value of A and ig. Other
values of A were tried with the same operating current i, with the following
results,

(1) When relatively high values of A were applied A > 103 volts/sec),
more than 95% of the firings occurred during the first group. This indicated
that the firing times were occurring sometime during the rige of current on the
first peak of oscillation. As A was increased, the time interval between t = O
and firing was shown to decrease. This meant that the firing current was reached
nearer the beginning of the oscillation than before.
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(2) As A was decreased to about A = 800 volts/sec, the percentage of
firings occurring during the first group dropped to 7l. The percentage of fir-
ings in the second group increased slightly to 16. This shows that the prob-
ability of the tube firing on the second osgcillation was increased as \ was de-
creased.

(3) At A = 500 volts/sec, the percentage of firings occurring during
the first group dropped to 21, while the second group increased to 4k, Also at
this low value of A, evidence of a third and possibly a fourth group appeared.
This further indicated that at very low values of A, near the forbidden region,
a number of current oscillations might occur before the grid-cathode breakdown
current is reached. This apparently explains the sharp deviation between the
analytical and experimental data at the low values of A, for the analytical dats
were taken on the basis of the tube firing during the firszt oscillation forall A.
Therefore, if the analytical data from the eguivalent circult are to approximate
the experimental data, the presence of the later oscillations must be considered

(4) As A was decreased further, the percentage of firings occurring
in group one decreased rapidly, while the percentage of firings in groups three
and four increased. Finally, at low A (A < 350 volts/sec), the tube ceased to
fire. ‘

(5) As the previous values of A were varied and the grid-cathode
characteristics remained constant, it was noted tnat the interval between all
groups remained constant.

From the preceding information it is seen that the continuous type of
A=-ve~L curve cannot be considered valid for representing accurately the time at
which the tube may fire as a function of A. In order that the oscillastions can
be represented by the A-vs-t curves and thus give an acceptable representation
of the circuit's dynamic performance, a curve of the form shown in Fig. 8.2
ghould be drawn. This type of presentation gives complete informstion regsrd-
ing oscillationg, from which we can construct s more accurate type of A-ve-t
curve, Then assuming that the current oscillation across the grid-cathode gap
results from a constant inductance parameter as indicated by the experimental
results, the A-vs-t curves ghould be drawn in the following manner:

POINT (1)

Agsume firing a tube a number of times at & relatively high value of
N. Of these firings, the greater percentage occur during the first group or
oscillation, as indicated by the heavily cross-hatched bar at Ay as shown by
Fig., 8.2. The time for firing of this predominant group iz plotted as point (1)
on the A-vs-t graph shown in Fig. 8.4 where A, = A4 of Fig. 8.2.

Then assuming that the grid-cathode current can be represented asasgine
wave of exponentially increasing amplitude, due presumably to the linear induc-
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TIME OF FIRING —»

FIG. 8.4 X\ VERSUS t CURVE

tance parameter, we can explain point (1) in the following menner. At t =0
the grid-cathode current is at the bias value of i,. After the application of
the A\t signal to the circuit, this current rises to a value depending on A and
the components in the circuit. Since the value A; = Ag 1is large enough to causs
the current to increase to the value of grid-cathode breakdown current if, dur-
ing the first oscillation the tube fires at some time t; as indicated in Fig.
8.3. However, as Fig. 8.2 shows, firing does not always occur during the first
cycle. Thus one must consider that the curve labeled Nes Figo 8.3, represents
the most likely situation under the N = A4 conditions. This seems a reasonable
conclusion, for the curves drawn in Fig. 8.3 are only approximate representa-
tions of a largely statistical process.

POINTS (2) AND (3)

Now returning to Fig. 8,2, we find that at a value of A, where Az > A
> A2, groups one and two become almost equal in regard to percentage of firings.
Therefore, to describe this point on the graph, we define this value of \ as
equal to some A\p. By knowing the times at which groups Az and A3 appear, we
locate the points (2) and (3) on the A-vs-t curve.

Returning to the linear circuit assumption, we can describe these
points in the following manner. At A = Ay we find that this is Jjust the value
of input signal needed to drive the current to the value ip on the first oscil-
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lation. However, since it is so close that the current might not reach ip for
some reagon on the first oscillation t = tp, i1t would reach ip sometime later
on the second oscillation t = tz. Therefore, since the tube fired 50% of the
time on the first oscillation and 50% of the time on the second oscillation,
we can represent these values of N = Ay by points (2) and (3).

POINTS (3) AND (L)

In this range the percentasge of firings during the second oscillation
will prevail., The time at which this group occurred would be represented by
time from tg to t4.

POINTS (4) AND (5)

These points will represent the value of A = Ay where 50% of the fir-
ings occur on the second oscillation and 50% on the third oscillation. These
points are explained as points (2) and (3).

A < Ag < Az

POINT (6)

At this value of A, the grid-cathode gap ceazes to break down. Val-
ues of N\ less than Ap, define the "forbidden region.”

It is interesting to note that by assuming linear operation, Fig. 8.3
can be constructed from Fig. 8.4, Then, from the current wave form of Fig. 8.3,
the values of inductance, resistance, and capacitance needed in & linear cir-
cuit to produce this wave form can be calculated. Therefore, by obtsining the
experimental data in the form of Fig. 8.2, and then constructing Fig. 8.4, =
linear circuit could be determined to duplicate the experimentsl resuits.

It is observed that the intervalg occurring between group firings are
constant. However, from the nonlinear equivalent circuit dats shown in Fig.
7.3, the period between current peaks ig not constant for the various values of
N. Moreover, the time between two successive oscillations ig quite large with
respect to the experimental observed effects. Therefore, the linear equivalent
circult's oscillations seemed to correlate with the experimental group firing
data much more closely than the nonlinear circuit where L = jSgc

To investigate this point further, additional data were obtained to
illustrate the dependence upon the initial current iy ag well as N. It was
noted that the interval occurring between two successive groups decreases as
the initial current i, is increased, indicating that s relationship exists be-
tween the time of current bulldup across the gap and the initial operating cur-
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rent, Furthermore, since the period of oscillation, as indicated by the group
intervals, changes with i,, there exists a definite relationship between the
initial current and the frequency of oscillatory current buildup in the gap.
This suggests that the inductance element used to simulate the time lag of cur-
rent buildup through the gap has a constant value dependent primarily on the
magnitude of the initial operating current.

It was thought that since the time required to obtain the group fir-
ing data was excessive, some other means of investigating the oscillation phe-
nomena would prove beneficial. From the standpoint of tube life, an experimen-
tal setup which would require fewer firings would also be desirable. Thus, in
view of the relationship which geemed apparent between the period of oscilla-
tion and the operating current iy, we were led to try to investigate these os-
cillations by observing some resonance phenomena.

9. GRID-CATHODE RESONANCE EFFECT AS A FUNCTION
OF THE INITTAL OPERATING CURRENT i,

In the preceding section, it was noted that the time interval between
group firings is a function of the initial grid-cathode current iy, denoting
that the frequency of oscillation of the grid-cathode current i_ is a function
of iou Then since the time interval between any of the groups %or a particular
A seems constant, this dependence further suggests that the inductance parameter
has a constant value whose magnitude is a function of the initial current i,,
rather than a nonlinear inductance whose value varies with the instantaneous

values of grid-cathode current igo

To investigate this dependence, an experimental procedure was adopted
using an alternating input signal for the driving voltage instead of the At-
gignal. The resonant frequency of oscillation for various operating currents
iy could then be determined directly by noting at what input frequency the tube
becomes most sengitive.,

The setup shown in Fig. 9.1 was used, and the initial operating condi-
tions were adjusted equivalent to those of Fig. 8.1. The rms alternating volt-
age e, was then applied to the grid circuit as shown, and the frequency increased
from some low value until the tube fired, the firing determined by a signal appeard
ing across Ry. Further increase in frequency resulted in continuous firing of
the tube, but finally, at a still higher frequency, the tube ceased firing. The
alternating voltage e, was then decreased and the procedure repeated. The result
of this type of experimentation for the same tube and operating conditions of
Fig. 8.1 is shown in Fig. 9.2. A distinct resonance occurs at about 200 cps,
which is the frequency of oscillation calculated from Fig. 8.1 for this particu-
lar value of iy. Thus, the resonant frequency of the grid circuit found by group
firings and by applying an alternating voltage to the grid circuit correspond.
Figures 9.3 and 9.4 illustrate the dependence of the apparent resonant frequency
on the initial current.
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REGION OF
FIRING 7

ALTERNATING VOLTAGE NEEDED FOR FIRING
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fR 3 4
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FIG. 9.3 TYPICAL RESONANCE CURVES FOR OPERATING
CURRENTS i, AND i,
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10, GRID-CATHODE RESONANCE DUE TO SHUNT CAPACITY Cgc

The interesting resonant effect discussed in the preceding section is
clearly representative of the total equivalent circuit as illustrated in Fig.
9.2,

To obtain more information concerning the grid-cathode resonance of
the tube, as contrasted with tube plus circuit, a revised setup eliminating the
capacitor Cg was used, as shown in Fig. 10.1, and the corresponding (Fig. 10.2)
equivalent circuit. With this setup, the resonance effect seems to be due only
to the grid-to-cathode capacitance, 1.5 mmfd, the stray capacitance, and the in-
ductance effect of the tube. Since the resistance shunting the Keithley elec-
trometer and the 102 ohms are in series with the audio oscillator, the sensitiv-
ity of the system is not as high. However, our interest lies in the resonance
phenomena of the gap and the sensitivity.

Eg was adjusted until the grid-cathode gap was operating at some in-
itial current i,, a value chosen to keep the tube operating on the negative
slope of its static characteristic (see Appendix IV for characteristic). Reso-
nance data were then obtained following the procedure of Section 9.

Figure 10.3 shows three somewhat irregular resonance curves obtained
for different values of operating current. Curves at other values of current
were also taken, but for the sake of clarity only three are shown here. It 1s
noted that there appear two distinct resonance points for large values of op-
erating current i,, and that the frequency is much higher than that found from
the previous setup (Fig. 9.2). Circuitwise, the only change is substitution of
the series-connected Keithley for the Cg = 10 mm capacitor, and addition of the
109-ohm resistor.

Insufficient time prevented justification of the magnitude of the fre-
quency change and the reason for a double-peaked curve. It is clear that the ef-
fective capacitance in the circuit was reduced by the above circuit change, which
ig consistent with the frequency increase. However, it is not apparent why the
capacitance change should be the factor of 100 required for a factor of 10 fre-
dquency increase.

The presence of the 10°-0ohm resistors seems to have the effect of iso-
lating the Keithley input capacitance (~ 6 mm) from the grid, for the capaci-
tance reactance is a factor of 100 less than the series resistance.

Leaving this point unresolved, the assumption is made that the only
effective capacitance in the grid circuit is the Cgc = 1.5 mmfd, and that the
regsonance effect observed involved the gap inductance.

Figure 10.4 illustrates the dependence of frequency upon initial
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current, From the curve:

fr

= 10t i, + 800 . (10.1)
On the basis of the assumption made above, in regard to Cgc, a rela-
tionship can be written:

1
f. = 1011 i, + 800 = TTF/— 10.2
r © 2 'JLgCgC ( )

11. CONCLUSIONS AND SUMMARY

As a result of this research work and the preparation of this report,
several conclusions seem clear, although additional investigations should be
carried out to establish firmly their validity and to "fill in" some missing
details.

1. The delays observed in firing of a small gap under the influence
of an applied signal, such as a ramp-function voltage, can be reasonably accur-
ately simulated with an equivalent circuit which employs capacitance, induc-
tance, and negative resistance. The nature of the inductance ig not completely
clear, but present indications are that it should be essentially constant, and
of a magnitude determined by the initial Townsend current flowing in the gas.

2. The desired observations (employing an equivalent circuit) can
best be made using an analog computer, which facilitates simulation of the neg-
ative resistance. Normally encountered minor variations of the computer ele~
ments seem to contribute to simulation of the statistical '"firing effect" which
is observed with the test circuit employing the tube.

3. The nature of the current buildup in the gap is oscillatory, and
although satisfactory prediction of the frequency hag not been realized, it ap=~
pears to be predicted by the static capacitances of the circuit and the induc-
tance mentioned in (1) above.

k, Static characteristics of subminiature tubes employing currents
in the millimicroampere range can be readily and satisfactorily determined by
the techniques employed in the course of this research program.
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APPENDIX I

ANALYTICAL SOLUTION OF A SERIES CIRCUIT EMPLOYING
A NONLINEAR INDUCTANCE AND A NEGATIVE RESISTANCE

It is noted from investigating the nonlinear equation shown in Sec-
tion 4 that a similar circuit omitting the capacitance can be solved analytic-
ally.

The following is a solution of the circuit shown in Fig. A-I-1. The
circuit equation is

(.O_‘) 4 _ri - E . (A-I-1)

di R .o E
e - A-T-2
t T Q ot ( )
i t
di at
f ——% = f — (A-I-3)
i, 1i(Ri+E) o a
s i
Lgn 2 - Lm ° _ - 2 (A-I-4)
E  Ri+E E  Rig +E o
Et R + -E—
a el )
e® = = A-I-5
R+ E- (
i

(A-I-6)

Using the values of the parameters as
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L = ofi,

o = .1, .01, .00l,

R = -10° Q,

E = 100 volts, and

i, = 1072 amp (initial condition at t = 0).

From the denominator of Eq. A-I-6, it can be seen that i goes to in-
finity when

Et

%io (e® -1) = 1 . (A-I-7)

For the values of the parameters given in the circuit, the time for
the current to reach infinity is

t = 0.0691 sec . (A-I-8)

The results of Eq. A-I-6 are plotted on Fig. A-I-2.
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APPENDIX IT

GRAPHICAL METHOD OF SOLVING A NONLINEAR DIFFERENTTIAL EQUATION

In Section 4 the equation which described the current variation in
the equivalent circuit is nonlinear, and a solution was not determined by or-
dinary analytical means. However, it was found that <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>