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ABSTRACT

The performance of a vacuum tube and, in general, its state or
condition at any one time, may be indicated by the negative or reverse
current flowing in the control grid circuit when this grid is at a
negative potential with respect to the cathods. This is of particu-
lar importance with transmitting tubes since the amount of reverse
grid current, an important component of which is due to gas, is also
an indicetion of the life expectancy of such tubss.

The importance of these facts has been recognized by the Bureau
and a problem was assigned to the Laboratory for investigation and
study. This report is intended to give the results of this investi-
gatione.
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INTRODUCTICON

(&) Authorization

1. This work was authorized by Revision of Navy Specifications
RE 13A 600A and Bureau of Engineering Problems Vi-4 and V2-4.

(b) Statement of Problem

2. The problem is to determine all possible sources of grid
current and to separate and evaluate the componsnts making up this
current. Opereting conditions ares to be simulated as far as possible.
The separation and determination of the components are to be made as
near s possible at the operating temperaturs of ths tubs.

(¢c) Known Facts Bearing on ths Problem

3. The 1933 report of the standards commititee of the Institute
of Radio Engineers gives certain methods for determining the reverse
grid current components.

4, The Navy Spocifications, RE 13A 600A, give onec method for
the determination of the gas component.

(d) Theorscticel Considerations

5. TIn order that the results obtained be of maximum usefulness
and the conclusions drewn from the data derived from the tests be
seen in their proper perspective without embiguity or doubt, a brief
but sufficiently comprehensive theoretical treatment of what consgti~
tutes tho reverse grid currcnt appears to be in order.

6. Consider, for example, the case of a thres-electrode vacuum
tube with normal potentials applied. A meter in the grid circuit
will generally indicate grid current. This currsnt will consist of
the components listed below, some of which are of considerably
greater importance than others.

(a) Electrons from the cathode which reach the grid
by virtue of contact potentials and initial
velocities,

(b) Positive ions emitted by the filament.

(c) Electrons cmitted from the grid under the in-
fluence of light from the filament.

(d) Electrons emitted from the grid under the in-
fluence of the soft X-rays given off by the
plate due to its bombardment by the plate cur-
ront.

(¢) Electrons from othor slecctrodes to the control
grid.



{f) Secondary emission from the contrcl grid.

(g) FElectron emission from the comtrol grid due
to its temperature. This is alsc called
primary grid emission.

(n) Leakage current.

(i) TIonization current, i.e., positive ions
formed by collision between the electrons
constituting the plate current and the gas
molecules in the spaces.

7. The grid current originating from the first source is general=
ly negligible for transmitting tubes because the control grid bias is
normelly at a high level. The effoct of the initial velocity of the
electrons and of the conmtact potential diffsrence betweon control grid
and cathode is such as to give an effective, virtual, positive poten=
tial to the grid with respect to the cathode, on the supposition this
time that 2ll the slsctrons emsrge from the cathode surface with zero
volocities. The combined effoct is generally less than 2 volts. Con-
sequently, when a tube is biased to greater than -3 volts, the grid
slectron current due to the initial velocity of the olesctrons and to
the contact potential differencc between control grid and cethode is
nogligible, This is eminently true for transmitting tubes where the
bias is high. On the other hand, the effect may be important for
receiver tubes.

8, The reason why some electrons are emitted from the cathods
with initial velocities is dus to the fact that all motel conductors
are conceived to contain a huge swarm of free electrons in constant
rendom motion, much like the molscules of a gas. These electrons
are normally prevented from leaving the metal by surface forces,called
in electrical theory, electrical image forces. An electron cannot
leave the metal surface unless it has sufficient energy to overcome
these forces. The free slectrons move inside the metel in random
directions with various velocities. Thess velocities increase with
increase of temperature. Whether the velocity distribution of the
free electrone in a metal is Maxwellian, as thought in the past, or
is governed by the new quantum statistical principles of Fermi and
Dirac, is of academic interest. The important practicel point is that
under certain favorable conditions the grid, although negatively
biased, does have a small current, attributable to the initial veloc-
ity of the emitted elsctrons from the cathode surfaces

9, The rate of emission of electroms from different substances,
iee», their work function, or the work performed by an electron due
to its kinetic energy as it escapes from the surface, and the contact
potential differences are closely related. The contact potential is
defined by the difference in the work function of two surfaces. There-
fore, it is affected by 2 change in either surface. In vacuum tubes,
under certain conditions, the contact potential difference betwean
cathode and grid is important. This potential depends only upon the
materials of the electrodes and their tomperature, but not upon size,
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shape, or position of the electrodes. The contact difference of poten~
tial between cathode and grid, and hence grid current, is greater the
greater the difference in temperature between cathode and grid. 4s

has been stated in paragraph 7, the effect of the initial velocities

of the oleoctrons and tho conmtact potential difference botwoen cathode
end grid is to impart a virtual positive potential to the grid with
rospect to the cathode. Hence, the grid electron current is positive
end opposes the total negative or roversed grid current by that amount.
This effect is greater at smaller negative applied control grid poten=~
tials and negligible at biases greater than =3 volts, as has been
stated in paragraph 7.

10, The grid current due to the sources enumerated in paragraph 6,
such as, (b) positive ions emitted by the filament, (¢) electrons
emitted from the grid under the influence of light from the filament,
(d) eloctrons cmitted from the grid under the influence of the soft
X-rays given off by the plate dus to its bombardment by the plate cur=-
rent, (o) electrons from other electrodes to the control grid, and
(f) secondary emission from the comtrol grid, is of considerable in-
terest under certain conditions of operation but is of sufficiently
small magnitude for transmitting tubes as to consider these components
negligible in this studye.

11. The list of sources of grid curremt given in paragraph 6 is,
at this point, reduced to the last three remaining; namely, (g) primary
grid emission, (h) leakage current, and {i) ionization current. These
components make up the bulk of the negative grid current when the con-
trol grid is negativoly biascd. '

12. (g) Primary grid emission is electron emission from the grid
due to its tomperature. Elsciron cmission from the grid is facilitated
by the deposition of active material from the cathode on the grid due
to either evaporation or sputtering. If the grid is maintained at a
sufficiently high temperature by radiation from the cathodey, it will
emit an appreciable thormionic electron current which will manifest it-
self as a reverse or negative grid currente. Due to the fact that
primary grid cmission is dependent on temporature, & test for measuring
this component should be mado at the operating temporature of the tube.

13. {(h) Tho loakage current, also manifost as a roverse grid
current in negatively biased control grid tubes, is due to the fact
that the insulation resistance between the various electrodes (in our
present case between cathode and grid and between plate and grid) is
not infinite. It is obvious that the leakage current is directly pro=-
portional to the voltage; the greater the voltage the more leakages
For transmitting tubes which are "gouble ~ended," that is, those in
which the grid is at one end and the plate at the other, the problom
of leakage is not troublesome. In fact, a number of double-ended
transmitting tubes have been found to have very little or negligible
leskage between the grid and plate, between which the greatest voltage
is normally applied. In those tubes in which the electrodes are sup-
ported from the same stem it is possible that duc to & rise in tcmpera-
ture electrolysis may occur in the glass pinch, thereby reducing the
insulation resistance and, hence, giving rise to loakage between the
elsctrodss. Therefore, a test to measure the component of reverss
grid current due to loakage must be made at the operating temperature
of the tube and with normal potentials.
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14. (i) The greatest source of negative grid current in the
mejority of transmitting tubes is due to ionization current, or gas
in the tube. The gas pressure which will produce 2 given positive
ion current to the control grid depends on the nature of the gas, the
magnitude of the electron currents, and the potentials of the elec-
trodes. The reason why a knowledge of the amount of gas in a tubs
under operating conditions is important is because the life of a tube
is directly traceable to the contained gas. Most transmitting tubes
have thoriatod tungsten filaments for cathodes. These cathodes are
extremely sensitive to traces of gas and if the emitting properties
of the cathode are destroyed the tube is useless. In order to see how
gas affects adversely the thoriated tungsten filament we must give a
brief description of how modern theories explain the relatively high
emission properties of these cathodes. The electron emission of
thoriated tungsten cathodes is due to & monatomic layer of thorium
adsorbed on the surface of the tungsten. If a small psrcentage of
thoria is introduced into tungsten, it is found that the electron-
emitting properties of tungsten at the proper temperature are altered,
the emission increasing a thousand-fold without changing the mechani-
cal properties of tungsten. The explanation of this behavior is that
some of the thoriz in the tungsten wire is reduced to metallic thorium
which diffuses through the wire to the surface where under certain
conditions it forms a layer one atom deep. If the filament tempera-
ture is high the surface thorium may be lost by evaporation. For any
filament temperature there is an equilibrium condition of the surface,
a belance between the rate of supply and the rate of loss of thorium,
In the presence of gas, the equilibrium conditions are altered. Inert
gases such as the rare gases argon, helium and neon mey remove atoms
of thorium from the surface by sputtering, while a chemically active
gas, such as oxygen, water vapor, or carbon dioxide, will rapidly
oxidize the surface film, rendering the tube useless by destroying the
electron emission properties of the cathode. Gas then has a deleteri-
ous effect on the cathode. In addition, the positive ions produced
by collision of the electrons with the gas molecules tend to neutralize
the space charge and fundamentally alter the characteristics of the
tube ¢

15. Since the absence of gas is so important to the proper opera-=
tion of vacuum tubes, let us see how gas is developsd in operation.
The walls of glass bulbs give off large quantities of ga&s upon heating.
This is very largely water vapor with a2 small admixture of carbon
dioxide and nitrogen. It is usual practice for the monufacturer to
heat the glass envelope for & considerable time in order to insure
that no more gas will be evolved during the life of the tube. If this
baking process is not properly carried out, there will be a gradual
evolution of gas from the walls of the bulb during ths operating life.

16. The metal parts used for electrodes contain large amount s
of gas in solution (volume gas) as well as gases adsorbed on the sur-
face (surface gas). These gases are removed in part by treatment
before the tube is exhausted and in part by & spscizl procedure during
the exhsust. If those treatments are not properly carried out, gas
will be evolved during the operating life of the tube,



17. Even though a vacuum tube has besen properly exhausted,
there always remains a small residual gas. Two methods are in use
for reducing the pressure still further, chemical clean-up and
electrical clean=-up. The chemical clean-up takes place through the
agency of a "getter." This is a substance which is usuelly vola-
tilized on to the surface of the bulb wall just before ths tube is
sealed from the vacuum system. The getter is affective beth in the
chemical and in the electrical clean-up. In part, the geas recacts
chemicelly with the gettor. This is particularly true in the casc
of wator vapor, oxygen, and carbon dioxide. In part tho gases are
simply adsorbed and held as o monatomic layer on the surface of the
gotter. The getter not only functions at the time that it is vapor-
izod, but it continues to take up gases which mey be evolved during
the 1life of the tube. On the other hand getters may liberate adsorbed
gas when warm, or when directly bembarded by electrons. Electrical
clean-up is produced by allowing a certain amount of eleciron current
to be drawn to the anode such as to form ions by collisions between
electrons and gas molecules. The ions acquire fairly high velocities
and are actually driven into the walls of the bulb or the metal elec-
trodes. While this can take place in well-exhausted tubes where ne
getter is present, it is greatly facilitated by thc presence of a
getter on the exposed surfaces. The ions formed also react chomically
with the getter.

18. Everything that haes been said up to this point is to show
that the operation of a thermionic tube is greatly affected by the
presence of gas. The effect of the gas on the cathodo is most im-
portant. Tho most noticeabls fceature of the bombardment of the
cathode by positive ions is tho cathode sputteringe. The positive
ions, owing to their high values of kinetic energy, zre able to knock
off smell particles of the cathode and so cause its disintegration.
This cathode sputtering must not be confused with vaporization of the
cathode due to the heat of bombardment. Small particles congisting
of aggregates of many molecules are actually torn from the cathode by
the action of the ions. The size of the particles depends upon the
conditions of voltage, gas pressure, nature of the gas and of the
cathode surface. Where the bombardment by the gas removes active
meterials from the surface of the cathode the lattor bscomes do=
activated with & conseguent drop in emission.

19, The discussion so far has not only shown tho comparative
importance of each of the three main sources of negative or reverse
grid current in negatively biased tubes; namely, of primary grid
emission, leakage, and gas, but that each component must be deter-
mined at the operating temperature of the tube. This last condition
is important to bear in mind, for the determination of the components
ot other than the operating temperature of the tube may give results
which are misleading.

(¢) Narrative of Work done at this lLaboratory on the Problem

20, The problem was attacked from & fundamental viewpoint and
analyzed as a problem in circuit theory. All possible sources of '
grid current were theoretically detcrmined and anelyzedy and knowing
the polarity of the direet voltages applicd to the tube, it was a
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simple matter to determine the direction of flow and paths of flow of
all the components. The experimental procedure followed, as & logical
consequence, the theoretical study. In turn, the data obtained showed
the soundness of tho theoretical approach. The results of this in-
vestigation in some places confirm work previously dono, as exomplificd
in the 1933 report of the standards committes of the Institutc of

Radio Engineors, and in others show the wisdom and necessity of making
modifications in past accepted methods.

METHODS

(2) Circuit Diagram

21. Plate 1 shows the cirecuit diagram cmployed in the determina-
tion of the components.

(b) Description of Exporimonts

22. Refer to Plate 1. In accordance with Navy Specifications
RE 13A 600A, tho grid current test for transmitting tubes is made
with normal operating voltages and with such bias as to make the plate
current and, hence, the plate dissipation from 15 to 60 per cent
greater than normal. This increases the operating tempsrature of the
tube by & corresponding amount. This is a more severe test, the pur-
pose of which is to subject the tube to highor than normal tcemperatures
under conditions favorable to the evolution of gas from the glass walls
and olectrodes of those tubes which bave not received proper treatment
previous to and during tho oxhaust process. In the determination of
the components of the grid curremt this higher temperature is kept as
near constant as possible.

23. Let switches Sy, Sz, and S3 be closed, and specified poten-
tials applied to the tube for such length of time (ordinarily 5 min-
utes is sufficient) for the tube to reach steady operating temperature.

(a) Read the grid current with all switches closed. This
is the total reverse grid current, or the sum total of all the compo-
nents. Call this current, Ig.

(b) With S; and S3 closed, open S2. The plate current drops
to zero, and, therefore, the ionization current drops to such a low
value as to be considered negligible. The ionization or gas current
depends on the following factors: the quantity of contained gas, the
concentration of electrons in motion, and the spesd with which these
slectrons move. The speed is directly a function of the voltage. The
first factor is a function of the temperature and may be considered
constant at any one time. This makes the mean free peth between the
molecules of the gas a constant factor. The last factor is also
constant, since the voltage imparting motion to the cemitted electrons
from the cathodc is held unchanged during the test. Consequently, at
any one time we may say that the jonization current is directly pro-
portional to the concentration of space electrons in motion, or the
plate current. Consider the case of the tube in which the plate cur-
rent, under the specified grid current test conditions, is 400 milli-
amperes. When either of the three switches, 51, Sz, or 53 of Plate 1
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is opened, the plate current necessarily drops to zerc. The only cur-
rent which may flow in the tube is that due to primary emission, for

a very short length fo time, and that due to leakage for a much longer
length of time. Assume the total current to be 10 microamperes. Then
the ionization current, flowing under such conditions is of such 2 mag-
nitude with reference to the true ionization curront, whon plate cur-
rent is flowing, as tho ratio of 10/400 x 103 or 1 to 40,000, which is
negligible. The conclusion, then, is that when plate current is not
flowing the ionization component mey be considered eliminated. With

So open, the current read by the grid meter is primary grid emission
end leakage between plato and grid. It will be noted that tho fila~-
mont circuit is on so that the tubo is very near the operating tempera-
ture, as for as radiation from the cathode to the grid is concerned,
even though plate dissipation is discontinucd by the opening of Sp.
Call this current, Ip.

Ip = primery grid emission + leakage curront between
plate and grid.

(¢) With S and S3 closed, reclose switch 52 and allow tube te
roach operating temperature. This is so when Ig is again of the same
magnitude as in (2).

(d) 1If leakage between cathode and grid is not negligible:
with 211 switches closed, allow tube to regain its operating tempera-
ture by noting when Ig = Ia. With So closed, open 57 and 53 simul=-
taneously. Ionization current is zero. The grid emission becomss
negligible in a very short time. Call this current, Ig.

Iq = leakage current between cathode and grid.

(¢) Allow tube to reach operating tempsrature. With Sg and
Sg closed, open 53 . Call this current, Io. Ionization end primery
grid emission components are effoctively eliminated in this teste.
The current read by the grid meter is the sum of the leakage currents
in the cathode-grid and plate-grid circuits, or the total leakage.

i

I, = leakage current between cathode and grid electrodes

4 leakege current between plate and grid.

total leakage.

]

24, The present Navy Specifications RE 13A 600A gas test is a
measure not only of the gas content but also the total leakage. The
lztter mey be obtained separately and subtracted from the total value,
leaving the pure gas current, Ig'. Call the specification gas test
current I,1. Therefore Iy' = Ip3 = Ig. Another independent method

gl g gl = e >
for obtaining the pure gas current is by means of the formula below:

Igag = Ig" = Ia - (Ip + Ig)
where, as previously explained,

I, = total grid current (at the steady, operating
tomperature of the tube).

=



i

primary grid emission + leakage current
between grid and plate.

Iy

Ig = leakage current between cathode and grid.

It will be noted that ths sum (Ib # I3) represents the total leakage
and the total primary grid emission at the operating temperature of
the tube., It will be noted from a study of the data shown at the

end of this report that Ig', obtained by one method, and I;", obtained
by an entirely different method, check each other to within fairly
close limits. This is proof that tho theory, as presented in this
report, and the experimental data over a large number of representa-
tive types of transmitting tubes, check each other satisfactorily.

DATA OBTAINED

(a) Data in Tabular Form

95. The data obtained are shown in tabular form in Table 1.

(b) Statement of Probable Errors

26. The nature of the various experiments tried is such that it
was realized at the outset that nothing epproaching absolute accuracy
may be hoped for. For this reason a large number of transmitting
tubes of various sizes, types, and conditions, representing half a
dozen menufacturers, were subjected to this investigation. Some of
these tubes have been lying idle on the shclf for a number of yoars,
It was hoped that whet was lacking in absolute accuracy for each
tube, will be made up statistically, as far as general information
from which to draw conclusions is concerned, by the employment of a
large number of tubes of different previous history and condition.
The various components of reverse grid current, singly and collective~
1y, are dependent on the tempsrature of the tube. In the determina-
tion of the various components it is necessary to recreatc the same
temperature for the various tests for each tube. The temperature was
taken to be the same at the instant the total grid current reached
a given value determined after the tube was estimated to have reached
a steady operating tomperature.

CONCLUSIONS AND RECOMMENDATIONS

(2) Conclusions

27. (a) The present specification “"gas" test does not give the
component of the reverse grid current due solely to gas. It actually
measures the sum of the gas current plus the total leakage. The
latter component may be obtained by an independent method, as ex-~
plained in this report, and subtracted from the total, thoreby ob-
taining the required gas current component alone.

(b) The gas curront may also be obtained by another inde=-
pendent method, as explainod in this report. The primery grid emis-
sion and totel lcakage are obtained semi-independently and subtracted
from the totel reversed grid current giving the gas component alonce

.-



(¢} The total leakage component may be obtained alone
and entirely independent of primary grid emission and ieonization
current .

(d) Knowing gas current component and total leakage,
the grid emission may be obtained by subtraction from the total.

(¢) The gas component measured by method (a) checks
that obtained by method (b) in the great majority of tubes testcd.

(b) Recommendations

298. It is recommended that, in view of the data obtained in
this investigation in respect to the separation of the components
comprising the total reverse grid current in negatively biased
transmitting tubes, the Navy Specifications RE 134 600A be modified
accordingly.



Appendix

(a) Symbols employed in this report:

Igy = maximum total reverse grid current at any
time during operation.
I = totel reverse grid current .
Iy = primary grid emission + leekage current
between grid and plate.
Ig = leakage current betwsen cathode and gride.
I, = leakags current between cathode and grid

+ leakage current between plate and grid
= total leakage current.

(Iy*Iq) = total primary grid emission + total leakage.

Igy = present specification gas test current.
gz = primry grid emission.
I,' = pure gas current (from present specification

gas tost method)

"
Ig

pure gas current (from determination of primary
grid emission and total leakage) .

Formulas employed in this report:

Ig' = Igl £ Ie (l)
1" = Ta - (Ip + Ta) (2)
tep = 3y * 20) = I, (3)

(b) Symbols used in this report to identify manufacturers of
tubes used in this investigation:

Symbols Manufacturer
A Sylvania
B Ampsrex
C RCA
D Westinghouse
E General Electric
F Western Electric
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CIRCUIT FOR THE DETERMINATIQN OF COMPONENTS OF
REVERSE GRID CURRENT FOR NEGATIVE BIAS TUBES
AT THE OPERATING TEMPERATURE.




