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ABSTRACT 

Grid blackoQt, variously called Whippany effect, desensitization, or 
grid effect, is a phenomenon characterized by resrdual negative grid chargi 
ing following application of voltages causing grid current to flow. 
types of vacuum tubes examined have been observed to exhibit grid bl.ackout 
in considerable variation. 
of an extremely thin layer of evaporated semiconductor from the cathode which 
causes the actual grid surface potential Zo differ from the applied grid volt- 
age, 
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. 
several ways. 
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. 
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. 

All 

The effect is believed to be caused by formation 

Blackout mechanism performs an operation on positive input pulses to 

Detection. of blackout in a tube can be accomplished 'in 
A method which gives quantitative data is presented allowing 

The effects on GW oscil- 



GRXD BLACKOUl! IN VACUUM TUBW 

Introduction 
_- 

Grid blackout, variously called Whippany effect, desensitization, or grid ef- 
fect, is a phenomenon characterized by residual negative gr id  charging following 
application of voltages causing gr id  current to flow. 
c i rcui t  which drives the tube in to  a positive grid d e  of operation. A l l  types of 
vacuum tubes examined have been observed to exhibit-grid blackout i n  considerable 
variation, 
is necessary to prevent confusion of the two characteristics. 

Its ef fec t  is import i n  any 

Cathode interface can produce s i m i l a r  effects, and careful measurereat 

The e f fec t  is believed to be caused by formation of an extremely thin layer of 
semicondtictor material, such as BaO, which causes the actual gr id  surface potential 
controlling the electron stream to d i f f e r  frm the applied grid voltage. Grid cur- 
rent charges the grid surface and upon removal of grid drive, a negative charge rc- 
mains which reduces plosr? current accordingly. 
resistance of the semiconductor impurity, or by thermionic craission. Copeland' de- 

scribes the e f fec t  as a s h i f t  i n  contact potential and sham its dependence upon grid 
temperature and charging current. Nottingham,a in  experiments with diades containing 
thoriated tungston heater-cathodes, suggests that a PPOM~OPIC layer of thorium r u u l t s  
i n  a double potential  hump through which elect- at4t pass in entering or leaving 
the metal and between these two humps is the valley which constituted the charge trap. 
Electrons are assumed to escape from the trap by thenuionic emission over the poten- 
t ial  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 

C h a r g e  then leaks off through body 

atoms 

This paper w i l l  not attempt to elaborate further oa che formation of blackout 

but wil l  give an account of the c i r cu i t  effects  and measurement techniques. 
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Character and ?&asureaent of Blackout 

Figure 1 shows a simple amplifier, subjected to ttm g r i d d r i v e  conditions, and 
the resulting anode-voltage waveforam caused by blackout d catbodc interface. It 
i 8  seen that blackout is observed only when the grid draw8 current, whetreas cathode 
interface is independent of grid current, The t i m e  constants associated with black- 
out are very much longer than those observed fran cathode interface. Blackaut recw- 
cry tiam from 10 to 500 mfcroreconds have been peasuted. 

Detection of blackout in a vacuum tube can be accomplished i n  several ways. I f  

a plate-current meter is inserted i n  series with the plate-load resistor of Figure 1 
and pulses of sufficient duration (1 ps) and repeti t ion rate (2OOO pps) are applied 
to the  grid such that grid current is drawn, average p la te  current W i l l  decrease by 

an amount depending on the severity of blackot~t. 
voltage, repeti t ion rate, are increased, This method, although giving a simple check 

P l a t e  current decreases as grid 

for blackout, does not give quantitative data upon which to evaluate the effects i n  
a particualr  c i rcu i t  application. 

Heasurement of static and dynamic amplificatioa factor with equal swings about 
zero bias w i l l  show the presence of blackout i f  static anpl i f ica tbn  factor is ob- 
served t o  be less than the  dynamic amplification factor, 
6299 close-spaced triodes gave values of dynamic Mf/static MI ran@ng frar 1.6 to 
approximately 1, I n  same applications the amplification-factor measurements w i l l  

correlate reasonably w e l l  with c i r cu i t  performance. 

Tests on a large lwlpber of 

Babcock' suggests auother method of blackout measurement in which heater volt- 
age and a small posit ive grid voltage are applied simultaneausly to the  tube, and 
grid currlnt  versus t i m e  i t 4  observed. 
to 8nuill.aa grid current. 

A tube with blackout w i l l  build up very slowly 

A method vhich gives more quantitative data is now described, as i l lust ra ted 
in  Figure 2, 

anode waveform as sbom i n  Figure 2(a). 
to  plate characteristics, u rbwn i n  Figure 2(b), w i l l  give the effective grid-volt- 
age waveform and developed bias, 

The blackaut pcchanisap perf- a function on input pulses to give an 
Application of tb obsentad aaode wave€- 

Recovery-time instant, ICo, is observed to  be very 
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much greater than charge t ime,  TC,, the ratio normally being approxiaately 10/1, 
charge-time constant cannot be effectively measured f r a a  the leading edge of the 

anode pulse since it may be very sbort  (approx. 0.8 ps), .Id since the anode m y  k 
driven to  saturation, completely masking the leading-edge spike, I n  measurs~crrtr of 
blackout, care awt be taken t o  insure that no cap8Citivc coupling is use4 i n  the in- 
put which might appear as blackout or add to the tube blackout, Alro, the iaput 
pulse  t ra i l ing  edge nust return to zero within a !€eu millivolts,  

- 

Recovery-the constant, overshoot voltage, input pulse-current, 4 developed 
bias are presented i n  Figures 3 through 6 for  a 2-2389 triode - functions of input 
pulse width and amplitude, 
function of impulse width and that the time constant, TC,, to reach 67% of a lludllu 

developed b i a s  decreases as pulse amplitude is increased. Developed bias u 8 fwc- 
t ion of input pulse volt :ge (Figure 5 )  sbaws a near exponential iacreue, Curvar of 
developed bias aa~ a function of input pulse current rather than input pulse voltage 
(Figure 7) show a rapid saturation i n  developed b ias  as input curreat is increased, 
Recovery-time constant, x,, is very nearly constant as a function of input pulse 

It is seen that developed bias rapidly oatutatu u a 

width (Figure 3). 
a function of input-pulse width (Figure 4), having a teudency to increase l inearly 
a t  small pulse widths and to 'peak' a t  large pulse widths, 
plotted against t i m e  during the recovery interval, gives a charactcristic which ap- 
pears to  be composed of two exponential decays, Inmediately after the pulse aad up 
to  about 40 microseconds, the decay is closely exponatial ,  After 40 microseconds 
the  decay may still be exponential but with a longer tiPe coastant (Figure 8). 

This constant, however, exhibits rather unpredictable behavior aa 

Developed bias, when 

The effects of heater voltage on developed bias and recovery-time constant are 
Developed bias increases rapidly as heater voltage is iacrcUd, 

Recovery-time constant decrease8 rlillhfry 
shown i n  Figure 9, 

then saturates a t  about 7.3 heater volts, 
as heater voltage is increased, 
vary considerably ammg tubes, depending on the p lacgent  of corresponding input cur- 
rent changes as shown i n  Figure 7. 
changes caused grid current changes om the steep l e f t  portion of Figure 7 would be 
expected to shuw considerable variation in developed bias. A tube operatfag on the 
f l a t  region of the ig-dev, bias curve would exhibit -11 changes in developed bias 

with heater-voltage varirt ioar.  
age w i l l  s h i f t  the grid temperature so that  the. characterist ics of Figure 9 cannot 

The effect of heater  voltage tlrruld be ucpected to 

That bs, a tube operating so that heater voltage 

Besides cheqing the input current, the heater volt- 
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be attr ibuted entirely to chaqger i n  the input grid current. 

heater voltage would be expected to lower the developed bias, since grid current wi l l  
raturate and since the blackout mechanin is inversely proportional to grid tclpera- 
turd. h.t ii, a c d .  grid w i l l  develop more bim than a bot grid, Recovery-time 
constant wmld be expected to continue decreasing with further increases in heater 

voltage. 

Coatinued increase i n  

Investigations of several other tube types, including cylindrical  close-spaced 
triodes, have givm the 8- general characteristics. S a e  tubes m y  exhibit black- 
out t o  ruch UL extent th8t p la te  current is canpletely cut  off a f t e r  the input pulse 
for a period of several hundred ~croseconds, in  which cue  the developed bias is 
note di f f icu l t  to determine. Blackout L8 reasonably s tab le  w i t h  tire and, i f  it 

changes, tends to become less, 
stroyed by operating the tube w w a a t a r i l y  a t  a high level of gr id  dissipation. 

In  most tubes it can be completely or par t ia l ly  de- 

1- 

In same experiweato conducted on special 417A triodes' it was found that gold- 
plated grids produced values of developed bias ten twenty times greater than cou- 
t ro l  tubes with clean unplated grids. The recovery-tiw constant was observed to be 
consistently longer with gold-plated grids than with unplated control tubes, Gold 

appatmtly increased the build-up of residual bias by raising the body resistance of 
surface impurities or by enhancing the  'ionization' e f fec t  of incident electrons on 
the grid surface. I f  loss of  charge occurs through therrionic emission during the 
recovery interval, the gold can poison to so~lc extent the &rid sa i r rFoa  and account 
for the loages recovery-time constanto ob8erved. 

Equivalent Circuit 

To determine whether a realistic equiwalent c i r c u i t  ex is ts  it is assumed that 

the tube transfer characteristics are linear, i n  the re@- frm zero to the devel- 
oped b i u ,  and that the inforutioa available i s  the various relationship8 between 
the input pulse, e& and pla te  voltage, Vo. 
alent gtrPd voltage w i l l  be identical  in form to the p la te  waveform except for the 

constant ar l t iplying factor 

Wer th i s  waroption, then the  equiv- 

5, 
2 
est 
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The transfer netuork of Figure 10 is to be detenrined. From the nature of developed 
bias v e r ~ ~ u s  input pulse-width curves, the equivalent c i rcu i t  of Figure 11 is assumed 
for the purpose of invbrrgating grid charging. 

Developed bias is then - 

where % is a law impedance during grid conduction and becames essent ia l ly  open when 

grid drive is removed. 
during the pulse to a high value R‘ a f t e r  the pulse such that k’ >> ; then the de- 
veloped bias is equivalent to the capacitor voltage acquired during the charge pulse. 

If pulse width is >> - , then developed bias, P 

I n  th i s  model, W must change from a relatively l o w  value f 
f f ’ B  

e and measure- 1 Bf 
P g s I I + R f  0 ’  

ment of input pulse current, i gives 
0 

Values for C, Rf, and % obtained from these relationships, where S ( R f  + %) << Rf\ 

give curves of Eq. (1) which show that the parameter p must decrease with t i m e  or 
decrease as V increases to f i t  the observed behavior of developed bias as a function 
of pulse width. Ionization of the grid surface become8 more complete as developed 
bias builds up and, in effect, aay increase the effective capacitance, C, or resist- 

g 

ance, s, i n  the d e l ,  I f  we assume that C - AV + B, the re lat ion 
8 

best f i t s  the observed data (Figure 5; t - 0 to 10 ps, eo - 4-2 volts). 
particular curve, maximma developed bias  was 0.91 volt at puha widths in e%ceas of 

With thfs 
P 

10 lniCro8aCGnds. Then, 

e .  
Rf 

Oogl % +  Rf o 
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V 

f i  Qb.8mad mid CtltlCakt 8t t h i 8  developed bias wa8 007 m&lliampere, so 21 = -& = 
0 obr 4 1557 d r w o  

A t  t - 1- m l  80 = +2 volts, the obuerved values of V a d  Tc were C.89 
P 8 

vert 4 36 llacrwl s respectively. Parameters of the rodel at th i s  point, again 

a * d r U  #a+ + R h  I 

Pf - 1300 o b  

c 0.0056 micr0f.r.d 
1 
P 

TC, = - - 3.96 ricromtcond4 

% = 1557 ohse 

Bf - 6450 ohm 

vrlurr for the model parameters 5, Rfs are caasistcot w i t h  the 

o b s ~ s d  behavim sf developed bias as a function of input pulse width, Effective 
cupacicance IELcldCIes Pimarly as charge voltage increacres anvexing the grid with a 
hqpr 'area' of ioairrrtioa. A8 input pulse voltage is varied, however, Bf and $r 
e w e  rapidly @ w e  6 )  beaming very nuch smaller a t  higher input voltages 80 

c b t  h a w  w y  mll and developed b ias  saturates at about 10 volts i r p t ,  
!Elm rmistor-4tqmeitarlc mdd ckcribes fa i r ly  we11 the obruved behwior during 

tiw, i f  the appropriate values of If and \ are c b c n  by #ss- 

ur-t of fpt,e\ni.nt, and is adequate ta fix the blackout parameters Rg, ml 
1sd C rrt a gi- oprratizq point, 

Stace TC, >> TCl, the simple equivalent c i rcu i t  doem nat hold true after the 

ptrrt, If uQII1d bnrr to u s u c  a value of 6450 ohrr through which the charge on C 

coold 8- off, m k a l l y  i n  the gr id  this abrupt c m e  in resistuccc uu8t take 
g l a e  tbmmgh .Itg.p., of the electrons by thermionic embrim or by deionization of 
E*- 8tlrf8Ce obrrerved discharge foam is 
rgpno%&m@tsly that sf a parallel resistor-csgacitor codinat ion (Figure 8 )  so that 

thr  lpdcI can be weed i n  determining circuit respon8e by considering the charge and 

tiaa material with the base metal, 

JirChtrge COCXdititWB8 8clpu8tely0 



Sac Circuit  Effects of Blackout i 

Blackout was f i r s t  observed a t  Sandia Corporation in UHF mixer triodes sub- 
jected to large leakage pawer fra a radar translrittcr, 
to  perceive and amplify a target echo in the period while blackout exists, COLWCIC- 

sion gain may be reduced by  ill^ much as 20 DB, In Figure l2, rtu? UtlF echo signal is 
represented as a law-level continuous sine wave and the t r d t t e r  ledcage power is 
duplicated by application of a 50-volt pulse, A tube which has no blackout w i l l  have 
the same gain j u s t  after the interrupting pulse a~ before it. 
w i l l  suffer a loss in gain inmediately a f t e r  the pulse, which recovers as the grid 
charge raturns to normal, 

Xf the mixer is ~81lsd upon 

A tube with blackout 

With space current described as 

the loss in gain at a particular t i m e  of interest  a f t e r  the pulse is 

DB 1-8 20 (1 - $)log - IO 
I, 

(3) 

where I is the p la te  cvrrent pr ior  to interruption and Ix is the pla te  current at a 
0 

particular F-ultant during recovery-time, TC,, A t  re la t ively high repeti t ion rates, 
when TC, is an appreciable par t  of the  pulse period, average current, Ib, witbout 
interrupting pulses applied is greater than Io. Thdn expressfoa (3) represents only 
transient loss, Total DB loss i n  g a b  is found by sub8titutfng average current i n  
place of Io i n  the  expre8sioa where Ib is mea8ured without interrupting pulses ap- 
plied to  the tube. 
ing a cathode bias which both mitigates amplitude of the  grid-cathode irpU1ae and 

provides negative feedback. 
blocking at  a frequency rate depending OR the magnLtudc of blackout constante and 

Blackaut loss i n  gain can be reduced in this instance by aploy-  

In C l a s s  C oscillators, blackout can cause squegging or 

the external grid-leak caaotants. Blocking rate w i l l  a180 depend on heater voltage 
and anode voltage, A readjustment of the grid-leak time colutaat w i l l  correct the 
squegging condition with a particular tube over a limited raage of operatian, but 
since blaclrout parameters vary considerably among tub-, a si~gle  adjustraat of 

11 
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circuit values may rw)t suffice, 
developed bias and recovery-time constant from pulse t-ts on the tube, 

Squegging can be controlled by suitable lirits 011 

The calculated period of au astable natltivibrator CUI be altered by blrclrorrt 

and produce otherwise unaccounted variations i n  performance among tubas. With kcmat 

grid drive voltage and pulse width, blackout measurements of developed tias and 

recovery-time COR. 
as table a t l t iv ibra tor  under various anticipated blackout coaditions. 

t can be wed to predict the period and output voltage of an f? 

Blackout characteristics u d e r  various operating conditions have beca presented 
in  detai l  for a close-spaced planar tr iode considered typical of performance observed 

with several other tube types. The fora of the blackout chuacteristics ruggcrts an 
equivalent c i rcu i t  consisting of a paral le l  resister-capacitor i n  series v i t h  the 

grid, However, ie is sham that  observed behavior departs conrriderably from ruch a 
model, With suitable restrictions on the effective capacitance and sbnt resistance, 
the d e l  can be used tQ determiue blackout parameter8 uaeful in predicting c i rcu i t  
perfonaance under blackout ccmdition8. 
encapass a larger proportion of the grid area 61 time puscs  during charge interval, 
investigation of an equivalent c i r cu i t  model which cqloyr a 'dual' grid concept 
might yield a more accurate description of the observed behavior. 

\ 

Since the charge or ionization appear8 to 
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Fig, 2a -0 Descrlptloa of blackout distortion 
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Anode Waveform 
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Fig. 2b -0 Graphical determiuatioa of developed bias 



3 
t 

0 
0 
I 
v) !z 
0 

30- 

60- 

40- 

20- 

3 

Parameter: Input pulse voltage 
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Fig. 3 -0 Overshoot and recovery-time constant 
as a function of input pulse width 
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Fig. 11 0- Equivalent circuit, parallel R-C 
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(2) mtti-, a*spurious Coatact Poteatids 'mappad' tlactmms,w @imtract) 
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