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ABSTRACT

Grid blackout, variously called Whippany effect, desensitization, or
grid effect, is a phenomenon characterized by residual negative grid chaté;
ing following application of voltages causing grid current to flow. All
types of vacuum tubes examined have been observed to exhibit grid hlackout
in considerable variation. The effect is believed to be caused by formation

of an extremely thin layer of evaporated semiconductor from the cathode which

causes the actual grid surface potential to differ from the applied grid volt-

age. Blackout mechanism performs an operation on positive input pulses to

give an anode waveform similar in some respects to that caused by cathode in~

terface except blackout time constants are very much longer than observed with .

cathode interface. Detection of blackout in a tube can be accomplished in
several ways. A method which gives quantitative data is presented allowing
characterization of the blackout effect applicable to calculation of circuit
degradation. Data are presented for several tube types which show developed
bias and discharge time constants as a function of pulse input conditions.
Blackout can seriously change the performance of any vacuum tube circuit
which utilizes the tube in positive grid operation. The effects on CW oscil-
lators and UHF mixers are discussed. An equivalent‘circuit which simulates
some portions of the blackout phenomenon is presented and used to calculate

effective capacitance and resistance associated with the grid surface.
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GRID BLACKOUT IN VACUUM TUBES .

"Introduction

Grid biackout, variously called Whippany effect, desensitization, or grid ef-
fect, is a phenomenon characterized by residual negative grid charging following
application of voltages causing grid current to flow. 1Its effect is import in any
circuit which drives the tube into a positive grid mode of operation. All types of
vacuum tubes examined have been observed to exhibit grid blackout in considerable
variation. Cathode interface can produce similar effects, and careful weasurement
is necessary to prevent confusion of the two characteristics.

The effect is believed to be caused by formation of an extremely thin layer of
semiconductor material, such as Ba0O, which caus2s the actual grid surface potential
controlling the electron stream to differ from the applied grid voltage. Grid cur-
rent charges the grid surface and upon removal of grid drive, a negative charge re-
mains which reduces plate current accordingly. Charge then leaks off through body
resistance of the semiconductor impurity, or by thermionic emission. Copel.aud1 de~-
scribes the effect as a shift in contact potential and shows its dependence upon grid
temperature and charging current. Nottingham,? in experiments with diodes containing
thoriated tungston heater-cathodes, suggests that a monatomic layer of thorium results
in a double potential hump through which electrons must pass in entering or leaving
the metal and between the_se two humps is the valley which constituted the charge trap.
Electrons are assumed to escape from the trap by thermionic emission over the poten-
tial barrier. Copeland believes the thorium layer to be separated from the metal by
a layer of oxygen and that the charge accumulated by direct 'ionization' of thorium

atoms,

This paper will not attempt to elaborate further on the formation of blackout
but will give an account of the circuit effects and measurement techniques.



Character and Measurement of Blackout

Figure 1 shows a simple amplifier, subjected to two grid-drive conditions, and
the resulting anode-voltage waveforms caused by blackout and cathode interface. It
is seen that blackout is observed only when the grid draws current, whereas cathode
interface is independent of grid current. The time constants associated with black-
out are very much longer than those observed from cathode interface. Blackout recov-
ery times from 10 to 500 microseconds have been measured.

Detection of blackout in a vacuum tube can be accomplished in several ways. If
a plate-current meter is inserted in series with the plate-~load resistor of Figure 1
and pulses of sufficient duration (1 ps) and repetition rate (2000 pps) are applied
to the grid such that grid current is drawn, average plate current will decrease by
an amount depending on the severity of blackout. Plate current decreases as grid
voltage, repetition rate, are increased. This method, although giving a simple check
for blackout, does not give quantitative data upon which to evaluate the effects in
a particualr circuit application.

Measurement of static and dynamic amplification factor with equal swings about
zero bias will show the presence of blackout if static amplification factor is ob-
served to be less than the dynamic amlifiéation factor. Tests on a large number of
6299 close-spaced triodes gave values of dynamic Mi/static MU ranging from 1.6 to
approximately l. In some applications the amplification-factor measurements will
correlate reasonably well with circuit performance.

Babcock? suggests another method of blackout measurement in which heater volt-
age and a small positive grid voltage are applied simultaneously to the tube, and
grid current versus time is observed. A tube with blackout will build up very slowly
to maximum grid current.

A method which gives more quantitative data is now described, as illustrated
in Figure 2. The blackout mechanism performe a function on input pulses to give an
anode waveform as shown in Figure 2(a). Application of the observad anode waveform
to plate characteristics, as shown in Figure 2(b), will give the effective grid-volt-
age waveform and developed bias. Recovery-time instant, TC,, is observed to be very



much greater than charge time, TC,, the ratio normally being approximately 10/1,
Charge-time constant camnot be effectively measured from the leading edge of the
anode pulse since it may be very short (approx. 0.8 us), and since the anode may be
driven to saturation, completely masking the leading-edge spike. In measurements of
blackout, care must be taken to insure that no capaéitive coupling is used in the in-
put which might appear zs blackout or add to the tube blackout. Also, the input
pulse trailing edge must return to zero within a few millivolts.

Recovery-time constant, overshoot voltage, input pulse-current, and developed
bias are presented in Figures 3 through 6 for a Z-2389 triode as functions of input
pulse width and amplitude., 1t is seen that developed bias rapidly saturates as a
function of impulse width and that the time constant, TC,, to reach 67% of a maximum
developed bias decreases as pulse amplitude is increased. Developed bias as a func-
t ion of input pulse volt:ge (Figure 5) shows a near exponential iuncrease. Curves of
developed bias as a function of input pulse current rather than input pulse voltage
(Figure 7) show a rapid saturation in developed bias as input current is increased.
Recovery-time constant, TC,, is very nearly constant as a function of input pulse
width (Figure 3). This constant, however, exhibits rather unpredictable behavior as
a function of input-pulse width (Figure 4), having a tendency to increase linearly
at small pulse widths and to 'peak' at large pulse widths. Developed bias, when
plotted against time during the recovery interval, gives a characteristic which ap-
pears to be composed of two exponential decays. Immediately after the pulse and up
to about 40 microseconds, the decay is closely exponeztial. After 40 microseconds
the decay may still be exponential but with a longer time constant (Figure 8).

The effects of heater voltage on developed bias and racovery-time constant are
shown in Figure 9. Developed bias increases rapidly as heater voltage is increased,
then saturates at about 7.5 heater volts. Recovery-time constant decreases slightly
as heater voltage is increased. \ The effect of heater voltage would be expected to
vary considerably among tubes, depending on the placement of corresponding input cur-
rent changes as shown in Figure 7. That is, a tube operating so that heater voltage
changes caused grid current changes on the steep left portion of Figure 7 would be
expected to show considerable variation in developed bias. A tube operating on the
flat region of the ig-dev. bias curve would exhibit small changes in developed bias
with heater-voltage variations. Besides changing the input current, the heater volt-
age will shift the grid temperature so that th: characteristics of Figure 9 cannot



be attributed entirely to changes in the input grid current, Continued increase in
heater voltage would be expected to lower the developed bias, since grid current will
saturate and since the blackout mechanism is inversely proportional to grid tempera-
ture. That is, & cuol grid will develop more bias than a hot grid. Recovery-time
constant would be expected to continue decreasing with further increases in heater
voltage.

Investigations of several other tube types, inciuding cylindrical close-spaced
triodes, have given the same general characteristics. Sowme tubes may exhibit black-
out to such an extent that plate current is completely cut off after the input pulse
for a period of several hundred microseconds, in which case the developed bias is
more difficult to determine. Blackoui is reasonably stable with time and, if it
changes, tends to become less. In most tubes it can be completely or partially de-
stroyed by operating the tube momentarily at a high level of grid dissipation.

In some experiments conducted on special 417A triodes* it was found that gold-
plated grids produced values of developed bias tem to twenty times greater than con-
trol tubes with clean unplated grids. The recovery-time constant was observed to be
consigtently longer with gold-plated grids than with unplated control tubes. Gold
apparently increased the build-up of residual bias by raising the body resistance of
surface impurities or by enhancing the ‘ionization® effect of incident electrons on
the grid surface. If loss of charge occurs through thermionic emission during the
recovery interval, the gold can poison to some extent the grid emission and account
for the longer recovery-time constants observed.

Equivalent Circuit

To determine whether a realistic equivalent circuit exists it is assumed that
the tube transfer characteristics are linear, in the region from zero to the devel-
oped bias, and that the information available is the various relationships between
the input pulse, e o7 and plate voltage, Vo. Under .this assumption, then the equiv-
alent grid voltage will be identical in form to the plate waveform except for the
constant multiplying factor

R
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The transfer network of Figure 10 is to be determined. From the nature of developed
bias versus input pulse-width curves, the equivalent circuit of Figure 11 is assumed
~ for the purpose of inv.stigating grid charging.

Developed bias is then

R R_+R
VTR PR U ) PERERF RR +RRIC ’ 1

where R“ is a low impedance during grid conduction and becomes essentially open when

grid drive is removed. In this model, Rf

; after the pulse such that R; >> Ry then the de-

veloped bias is equivalent to the capacitor voltage acquired during the charge pulse.
1

R
' £
If pulse width is >> p’ then developed bias, V8 s = ———E-I-Rf e,

must change from a relatively low value
during the pulse to a high value R

, and measure-~
ment of input pulse current, io, gives

eo Z&
RN+R£-_-1—, Rf-i .
(] o

Values for C, R £ and RN obtained from these relationships, where %(Rf + Rh!) << Rer:
give curves of Eq. (1) which show that the parameter p must decrease with time or
decrease as Vg increases to fit the observed behavior of developed bias as a function
of pulse width. Ionization of the grid surface becomes more complete as developed
bias builds up and, in effect, may increase the effective capacitance, C, or resist-

ance, RB’ in the model. If we assume that C = AVg + B, the relation

- —ell3x10®
1.995V ‘10328 p
Vv, = I1\1 - e L s V> 0.665 , @

best fits the observed data (Figure 5; tp = 0 to 10 pys, eo = 42 volts). With this
particular curve, maximum developed bias was 0,91 volt at pulse widths in excess of
10 microseccnds., Then,

Re

0.91 -E'“-;-i'; eo o
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The observed grid current at this developed bias was 0.7 milliampere, so Rf - I‘ =

umo_udnl-uﬂom. o

At tp = 10us and .o = +2 volts, the observed values of Vg and TC were (.89
volt amd 36 microseconds, respectively. Parameters of the model at this point, again

assuming l.(lf + l.) << nfr" ,
Rf = 1300 ohms

C = 0..0056 microfarad

b §
R, = 1557 ohms

C, = % = 3,96 microseconds

Rf = 6450 ohms

c i! datermined from

o 2113 x 10°
P 1,995V - 1328 °

Constant values for the model paraméters &B, Rf, Pﬁt are consistent with the
observad behavior of developed bias as a function of input pulse width. Effective
capacitance increases linearly as charge voltage increases covering the grid with a
larger ‘avea’ of ionization. As input pulse voltage is varied, however, R, and Ry
change rapidly (Figure 6) becoming very much smaller at higher input voltages so
that TC, becomes vary small and developed bias saturates at about 10 volts input.
The resistor-capaciter model describes fairly well the observed behavior during
charge or Loaiutun time, if the appropriate values of R and DN are chosen by meas-
uremant of forut- em-nt, and is adequate to fix the blackout parameters R 'm

and C at a given operating point.

f’

Since TC, >> TC,, the simple equivalent circuit does nct hold true after the
pulse. R, would have to assume a value of 6450 ohms through which the charge on C
could leak off. Physically in the grid this abrupt change in resistance must take
place through escape of the electrons by thermionic emission or by deionization of
the susface contamination material with the base metal. Observed discharge form is
approximately that of a parallel! resistor-cspacitor combination (Figure 8) so that
the model can be used in determining circuit response by considering the charge and
Jischarge conditions separately.

Lo
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Some Circuit Effects of Blackout

Blackout was first observed at Sandia Corporation in UHF mixer triodes sub~

" jected to large leakage power from a radar transmitter. If the mixer is called upon

to perceive and amplify a target echo in the period while blackout exists, conver-
sion gain may be reduced by as much as 20 DB, 1In Figure 12, the UHF echo signal is
represented as a low-level continuous sine wave and the transmitter leakage power is

 duplicated by application of a 50-volt pulse. A tube which has no blackout will have

the same gain just after the interrupting pulse ac before it. A tube with blackout
will suffer a loss in gain immediately after the pulse, which recovers as the grid
charge returns to normal. With space current described as

ch
= +
cex s 2,

the loss in gain at a particular time of interest after the pulse is

I
DB loss = 20 (1 - -1-)1og ) 3)
1 I,

~ where Io is the plate curreant prior to interruption and I1 is the plate current at a

- particular iastant during recovery-time, TC,. At relatively high repetition rates,

- when TC, is an appreciable part of the pulse period, average curreant, Ib, without

interrupting pulses applied is greater than Io’ Then expression (3) represents only

. transient loss. Total DB loss in gain is found by substituting average curreant in
- place of I, in the expression where Ib is measured without interrupting pulses ap-
plied to the tube. Blackout loss in gain can be reduced in this instance by employ-
 ing a cathode bias which both mitigates amplitude of the grid-cathode impulse and

provides negative feedback. In Class C oscillators, blackout can cause squegging or
- blocking at a frequency rate depending on the magnitude of blackout constants and

the external grid-leak constants. Blocking rate will also depend on heater vcltage
and anode voltage. A readjustment of the grid-leak time constant will correct the
squegging condition with a particular tube over a limited range of operation, but

'since blackout parameters vary considerably among tubes, a single adjustment of

11



circuit values may not suffice. Squegging can be controlled by suitable limits on
developed bias and recovery-time constant from pulse tests on the tube.

The calculated period of an astable multivibrator can be altered by blackout
and produce otherwise unaccounted variations in performance among tubes. With known
grid drive voltage and pulse width, blackout measurements of developed Lias and
recovery-time constant can be used to predict the period and output voltage of an
astable multivibrator under various anticipated blackout conditions.

Conclusions

Blackout characteristics under various operating conditions have been presented
in detail for a close-spaced planar triode considered typical of performance observed
with several other tube types.\ The form of the blackout characteristics suggests an
equivalent circuit consisting of a parallel resister-capacitor in series with the
grid. However, ic is shown that observed behavior departs considerably from such a
model. With suitable restrictions on the effective capacitance and shunt resistance,
the model can be used to determine blackout parameters useful in predicting circuit
performance under blackout condi_tions. Since the charge or ionization appears to
encompass a larger proportion of the grid area as time passes during charge interval,
investigation of an equivalent circuit model which employs a ‘dual’ grid concept
might yield a more accurate description of the observed behavior,

12
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