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The subject of gas tubes is an old one. Early electron
tubes were gassy due to inadequate pumping techniques.
Certain early amplifier tubes, on the other hand, were
gas-filled in an attempt to use the gain resulting {rom
avalanche ionization; early cathode-ray tubes also were
gas-filled to assist focusing. The gas tube field enjoyed
a heyday in the late 1920's when the phanotron (low-
pressure gas diode), tungar (high-pressure gas diode),
thyratron, and ignitron appeared in quick succession.
The gas-tube field was quiescent during the thirties
while vacuum tube development surged ahead. During
World War II the transmit-receive (TR) box and the hy -
drogen thyratron made radar practical and revived in-
terest in the gas-tube field. In the early 1950's, the
gas-tube field received another 'shot in the arm" with
the developments of the Plasmatronand Tacitronby our
Princeton Laboratories. At this writing the fusion pro-
cess for releasing nuclear energy again focuses atten-
tion on gas tubes,

The theory upon which the foregoing devices are
based exhibits a similar chronology. Townsend origi-
nated the early theory in 1915, Langmuir, Hull, and
Slepian developed, in about 1929, the basic theory which
is currently found in the text books. Because much of
the phenomena are not yet understood, contemporary
researchers, including 8. C, Brown, S, T. Martin, L.
Malter, and E. O. Johnson, using modern techniques,
are now developing new and more comprehensive theory.

The gas tube is oftenthought of asbeing limitedto the
audio range in its frequency of operation; on the con-
trary, some gas tube phenomena occur at megacycle
rates. TR boxes involve the radar frequencies, meas-
urement techniques utilize ultrahigh frequency (UHF},
and the yet unharnessed oscillations inherentin a gas
discharge extend into the VHF spectrum.

The complexity of the gas tube may be ascribedto the
fact that three types of particles are involved: mole-
cules, ions, andelectrons, Further complicationsarise
from the varieties and combinations of gases which may
make up the molecules and ions.

Although the gas-tube designer is spared the neces-
sity of mastering certain vacuum -tube operational char -
acteristics, he must be familiar with many techniques
and characteristics of the vacuum-tube field such as
pumps and exhaust, gettering, heaters, emission and
coatings, anode materials, heat radiation and conduc-
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tion, grid emission, and amplification factor. In addi-
tion, he must master the techniques of gas filling and
understand the complex phenomena resulting therefrom.
The scope of the material in this article is restricted
to phenomena unique to gas tubes.

PROCESSES PRIOR TO CONDUCTION

Collision

Mean-Free-Path, Gas molecules may be ionized by
electron impact. This process is of major importance
since, when coupled with secondary emission of elec-
trons from the cathode, it makes possible a self-sus-
taining gas discharge. An electron injected into a gas
will collide with the gas molecules, If the molecules
were spaced in anorderlyarray, suchthatalong agiven
straight line the spaces between molecules were equal
and the electron continuedalong this same straight line
between collisions, thenthe free path between collisions
would be a constant length. But the molecules are in
motionand the electron direction is random and subject
to change after every collision. Consequently, the free
path of a given electron is continually changing.

The mean of this variable-length path can be found
inthe following manner (see Fig. 1). In traveling a free
path through the gas, the electron may be imagined fo
cut a cylindrical path of cross-sectional area wre, where
r is the molecular radius, If the center of the molecule
lies within this path, it will be hit when the electron has
traveled a length A, called the mean free path,

When the unit volume of the path of the electron is
equated to the unit volume pér molecule:

A 7l = YN 1

where N is the number of molecules per unit volume,

-
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Figuve 1. Mean Free Path of Electrons



The molecular mean free path, derived in a similar
manner, is found to be 1/4 of the electron mean free
path.l Because molecular speed is much lower than
electron speed, the secondor target molecule will have
moved during the free flight of the first molecule. A
more rigorous calculation taking this thermal motion
into account gives the molecular free path,

Am = 1/4'/2 Ae

where Ae is the electron mean free path.

(1a)

The molecule collides more frequently per given dis-
tance of travel.

By the gas laws:
N = PV/KT (2)

where P = pressure (dgnes/sz}
V = volume (cm?)
T = temperature, degrees Kelvin
k = Boltzmann's Constant (1.38 x 10-16 erg/
deg)

Hence, the mean free path is proportional to the abso-
lute temperature of the molecules andinversely propor-
tional to the pressure of the molecules. Table I gives
the mean free path of the gases used in gas tubes at a
typical dosing pressure.

TABLE I, Mean Free Path
Mean Free Path in millimeters*
Gas For Molecule For Electron In Gas
Ha 0.90 5.1
He 1.41 8.0
Ne 1.00 5.66
A 0.51 2.88
Kr 0.39 2.2
Xe 0.26 1.47
Hg 0.35 (1004, 82 C) 1.98
3.5 (10 47C) 19.8
35.0 ( 1y, 18C) 198.0

*Note: At 0 C and 100 microns (y) pressure except as
indicated

Free Paths vs. Number of Particles.3 Because the
motion of gas molecules is random, the free paths are
randomly distributed with regard to distance. Some
paths are long while others are short. Since A is the
mean free path of the electron, 1/X is the mean colli-
sion frequency (collisions per centimeter) per electron.
The number of electrons dn colliding while traversing
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a distance dx is:

= - 1
dn n % dx (3)
where n = number of electrons traveling distance x
without collision

The negative sign signifies the decreasein n as x is in-
creased.

Integrating Eq. (3) and substituting boundary conditions
gives:

n=noe_x/)l (4)

where ng, = total number of electrons

This is known as the survival function and describes the
number of electrons surviving in their original path
without collision after traveling distance x. It is more
valuable to know the number of electrons having free
paths in the range of x to (x + dx). Differentiating Eq.
(4) with respect to x gives:

™ (5)

To use this relationship, the differentials are replaced
by increments and regrouped to give

An X e-X/X

fig ~ % (6)
Eq. (6) is plotted in Fig. 2. Note that in this case the
distribution function of Eq. (6} is the same as the sur-
vival function of Eq. (4).

To better appreciate these relationships, the distribu-
tion function of men's heights may be plotted, as in Fig,
3, corresponding to the function of Eq. (4), but having
a different shape. If knowledge of the number of men
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with heights greater than a given value h is desired,
Fig. 3 may be integrated to get Fig. 4. Fig, 4 is the
survival curve corresponding to the function of Eq. (4).

Examination of Fig. 2 shows that 10 per cent of the
free paths arein the range of 0 to 0.1 of the mean free
path . Very few electrons have paths greater than?;

only 3.7 per cent have free paths in the range centering
at A,

Free Paths vs, Voltage. If the electrons and mole-
cules are consideredas solid spheres, it would appear
that the mean free path were independent of speed of the
moving particles. However, if the molecule is pictured
as aplanetary system of electrons, it is easyto imagine
that a fast moving electronmay miss the planetary elec-
trons and so avoid collision. Experimental evidence
shows that the mean free path is, indeed, a function of
speed 8. It is customary to express this function in
terms of the mean collisions per unit distance P and
voltage V (see Fig. 5). The reciprocal of P is the
mean free path. This quantity P; has been miscalled
probability of collision, but is not a probability since
it has dimension 1/centimeter. From Eq. (1) it can be
seen that 1/A is proportional to the cross section and
hence is sometimes expressed as collision cross sec-
tion.

Voltage is related to speed by the formula
12
§ = (ZEY)
m

where g = charge of particle in coulombs
m = mass of particle in kilograms

meters/sec (M

The arrows in Fig. 5 show the kinetic-theory values
which were calculated using only the speed of thermal
motions (equivalent to fractions of a volt).

Ionization

Voltage Dependence. Having collided with an atom,
the colliding electronmay affect the planetary electrons
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Figure 5. Probability of Collision

in the following ways:

(a) A planetary electron may be excited, remain so for
about 10-9 second, and then radiate the energy received
in the collision.

(b) A planetary electron maybe excited, remain so for
10-3 second (metastable), and suffer asecond collision
from which it may be removed from the atom (cumula-
tive ionization),

(c) A planetary electronmay be removeddirectly (ioni-
zation).



(d) The electronmay simplybounce offlike a pea from
a cannon ball.

Table II gives critical voltages at which eifects des-
cribed in (a) through (c) begin to occur,

Probability of Ionization. Like the probability of
collision, the probability of ionization actually is not a
probability but a coefficient. It is expressed as ions
per centimeter per colliding particle. (Townsend la-
beled this coefficient & .) The ionizing coefficient is
shown in Fig. 6 as a function of voltage.® Above the
threshold values (shown in Table II), the probability of
ionization increases to apeak and then falls, It will be
noted that the ionization coefficient is maximum at about
five times the threshold ionization voltage.
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BREAKDOWN

Secondary Emission at Cathode

Assume that two parallel plane electrodes, immersed
in a gas, have a voltage applied to them. Stray radia-
tion striking the negative electrode will release a small
number of electrons. The electrons move toward the
positive electrode and further ionize in a manner just
described. Likewise, the ions move toward the negative
electrode colliding frequently with molecules, but few
ions are produced in such collisions.® However, upon
hitting the negative electrode the ions are effective in
releasing electrons by the process of secondary emis-
sion (Townsend labeled this coefficient of this process
v.). Fig. 7 is a graph7 of the secondary emission vs,
the electric field (in volts per centimeter) for hydrogen

TABLE II. Critical Voltages of the Gases17,18

First Ioniza- Second Ioniza- Excitation Metastable

Gas Weight Pr‘gﬁg; ot tion Voltage tion Voltage Voltage Voltage

Volts Volts Volts Volts
Cs 55 5 x 104 3.9 23.4 1.4
Rb 37 1x 10-4 4.2 27.4 1.5
K 19 2 x 10-9 4.3 31.7 1.8
Na 11 1x 1077 5.1 47.1 2.1
Li 3 10-8 5.4 75.3 1.8
Ca 20 10-8 6.1 11.8 2.5 1.9
Mg 12 10-8 7.6 15.0 4.3 2.9
Hg 80 3x10-1 10.4 18.1 4.9 4.7,5.4
Xe 54 12.1 21.1 8.3,8.9
Hy0 18 13.2 17.8
H 1 13.4 10.1
Kr 36 13.9 26.4 9.9,10.5
o 32 14.1 6.1
Co 28 14.2 6.0 35
COy 44 14.3 10.0
Hy 2 15.3 11.1
A 18 15.7 217.8 11.5,11.7
Ny 28 16.7 8.5
Ne 10 21.5 40.9 16.6,16.8
He 2 24,5 54.1 19.7,20.5

*Note: Vapor pressure in mm Hg at 100 C
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Figure 7. Secondavy Ion Emission

with zinc electrodes. If the two processes of ion pro-
duction by electron collision with a molecule and elec-
tron production by ion impact at the cathode are com-
bined, the elements of a feedback system are perceived
to be present. If the gain of the system exceeds one,
the result is breakdown of the gas. Limitations in the
form of external resistance and ion losses with the gas-
filled envelope prevent unlimited current build-up and
stabilize the gas discharge in various modes to be des-
cribed later, See Appendix A for a mathematical treat-
ment of current build-up.

Paschen's Law
The voltage at which the ion-electron generation sys-
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tem feedback becomes unstable is called the breakdown
voltage. It is common experience that at atmospheric
pressure the breakdown voltage decreases as the dis-
tance betweenelectrodes is decreased. It is not com-
mon knowledge that atlow gas pressures the distance
can be decreased to a point where the breakdown volt-
age reaches aminimum and thereafter increases as the
distance is further decreased. The complete relation-
shipbetweenbreakdown voltage, distance, andpressure
was first discovered by F. Paschenin 1889 and is known
as Paschen's Law.

Paschen's Lawmay be deduced in anonmathematical
fashion. Referring to Fig. 8, the line labeled ""Colli-
sions per Electron in Traversing Xy" rises with in-
creasing pressure because the gas density increases
with pressure and consequently there are more mole-
cules inserted inthe path of the travelingelectron. The
line labeled "Energy per Collision" falls as pressure
increases, because (assuming that the electron loses
all of its energy at each collision) the electron has a
shorter distance between collisions to pick up energy
fram the electric field. As was shown previously, be-
cause a certain energy must be acquired to produce
ionization onimpact, the total number of ions produced
must be a productof these two values. This product is
shownas the curve "Ions Produced™, It has a maximum
near the crossover of the twolines. The more ions that
are produced, the less voltage is necessary to cause
breakdown. Hence, the breakdown voltage curve has
a minimum. A similar reasoning process can be car-
ried through for distance as a variable, with pressure
constant. In the complete Paschen's Law, breakdown
voltage is a function of the productof distance and pres-
sure (pd). A plot of Paschen's Law exhibits the same
shape as the curve in Fig. 8. Plots of Paschen's Law
for the various gases, have different minimums as Fig.
9 shows, but all exhibit the same characteristic shape.
A mathematical derivation of Paschen's Law is given
in Appendix B.

COLLISIONS, IONS PRODUCED

RELATIVE VALUES FOR ENERGY,

RELATIVE PRESSURE, P

Figure 8. Non-mathematical Devivation of Paschen's
Law
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PROCESSES DURING CONDUCTION

Voltage vs. Current

Fig. 10 shows the voltage-vs. -current relationship
for a gas discharge. As the voltage is increased from
zero, a small current called the Townsend current
flows. Ionization gauges operate in this region and the
gas testfor vacuum tubes is performed here. With ir-
radiation of the cathode, the curve shifts to higher cur-
rents as shown by the dotted curve. Gas phototubes
are operated in this region and realize the benefits of
gas amplification, Geiger-Mueller (GM} tubes also
operate in this regionandindicate the presence of cath-
ode irradiation by current increases. At further in-
creases in supply voltage, a plateau is encountered;
sucha flatcharacteristic permits the use ofa gas-filled
tube as a corona-type gas voltage regulator. Although
in Fig, 10 the plateau is at about 400 volts, different
gases and different electrode materials can shift this
region upward to several Kilovolts.

On the plateau just described breakdown oceurs which,
without the limitation of a series resistance, will re-
sult in an uncontrolled increase of current. Large
series resistance and a large supply voltage permit the
negative resistance portion to be traversed. Farther
along the solid line is the glow-discharge region. In
this region the glow-discharge voltage regulators (VR
tubes) and the transmit-receive switches (TR tubes)are
operated., Cathodes of such tubes are relatively cold
and emission occurs by virtue of ion bombardment.

Further increases of current leadto the sudden drop
of terminal voltage to about 10 volts. A very low voltage
and an incandescent cathode are characteristic features
of the arc discharge. If the cathode is externally heat-
ed, the glow discharge mode is bypassed and the low
voltage region is entered immediately. It is in this
region that the thyratrons and hot-cathode gas rectifiers
operate.
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Figure 10. Voltage vs. Curvent

Voltage vs. Distance

In a vacuum diode having parallel plane electrodes,
the voltage8is proportional tothe 4/3 power of the dis-
tance between cathode and anode; the slight deviation
from linearityis a resultof the negative electron space
charge. In a gas diode having parallel plane electrodes,
the voltage distribution with distance may take several
modes depending upon (1) whether the negative-electron
or the positive-ion space charge predominates and (2)
upon boundary conditions. Fig. 11 shows three of the
voltage distributions?d which have been identified. The
Langmuir mode is characterized by a sharp rise within
about a millimeter of the cathode and a practically con-
stant voltage from there to the anode. Visually, the
region next to the cathode (identified as the ""sheath'}
is dark, indicating the absence of excited atoms and
ions. The remainder of the volume (identified as the
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"plasma') glows indicating the presence of excited
atoms and ions, The sheath draws electrons from the
cathode and accelerates them to sufficient velocity for
ionization. The existence of this sheath makes possible
the design of gas-tube cathodes with several times the
thermal efficiency of vacuum -tube cathodes.

The Langmuir mode is most common in typical gas
tubes. When the anode current in a typical gas tube is
reduced to a small percentage of the available emission
(as determined in a vacuum) the anode -glow mode10 may
be observed. As Fig. 11shows, the sheathoccurs close
to the anode. The electrons enter the field-free region
from the cathode as a result of initial velocities. The
anode -glow mode may be enhanced by increasing pres-
sure above 300 microns and by minimizing ion losses.
The inverted structure in which the cathode surrounds
the anode is capable of operating in the anode-glow mode
to higher anode currents than conventional structures,
The Tacitron, designed to operate in this mode, ex-
hibits advantages of low noise and current cutoff ability.

At currentlevels intermediate between the Langmuir
mode and the anode-glow mode, the ball-of-fire mode
is encountered. As may be seen in Fig. 11, the voltage
rises to a maximum as the point of observation prog-
resses across the tube, With such a distribution the
maximum voltage may be sufficient fo ionize whereas
the over-all voltage across the tube may be appreciably
less.

Sheath

A sheath in a gastube is definedas a region exhibit-
ing appreciable electric field, Its thickness is small
compared to the mean free path so that electrons and
ions cross the sheath without collision. In the sheath
just described, electrons emitted from the cathode en-
ter the sheath on one side, whereas ions emitied from
the plasma enter the sheath on the other side, Such a
sheath is actually called a double sheath. The sin-
gle sheath, which involves charges of only one kind,
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is the simplest mathematically and so will be considered
first. The mathematical solution to the single sheath
case is identical to the solution of the space-charge-
limited vacuum-diode case, known as Child's Law, 11

i =52310-8M-1/2 g-2 v3/2 (9)
where i = currentin amperes per square centimeter

M = atomic weight of ion

d = thickness of sheath in centimeters

V = voltage across sheath in volts

This formula holds for the case of an electrode im-
mersed in a plasma. Application of a voltage to such
an electrode causes the sheathto be formed. The plas-
ma serves as the emitter of positive ions which move
across the sheath to the elecirode, The density of the
currentto the electrode is identical to the density of the
current across a surface in the plasma (assuming the
electrode to be large with respect to the sheath thick-
ness). It will be seen later that the plasma current
density is fixed by the conditions of the plasma and, to
also satisfy Child's Law, the thickness of the sheath
adjusts itself, A double sheath exists when electrons
enter the source from one side and ions enter the sheath
from a source on the other side, Consider the sheath
to occupy the entire space between cathode and anode,
which means that electrons cross the sheath and collide
with gas molecules directly in front of the anode. A
mathematical solution to this double sheath problem12
shows that the currentin the external circuit is 86 per
cent greater for the gas -filled device than for the vacuum
device. This increased current consists of 98 per cent
electrons and 2 per centions, The ions contribute little
because they move slowly, but they reduce the negative
space charge permitting the larger electron flow,

If the circuit voltage is increased, the current in-
creases and the sheath thickness decreases toless than
the anode-to-cathode distance. A plasma develops in
the vacated space between the sheath and the anode.
Because the plasma is a region of high conductivity,
this case may be described as one in which a virtual
anode exists at the sheath boundary. In comparison,
the current flow for the vacuum diode would increase
with a decrease of anode-to-cathode distance. Mathe-
matical considerations show that the current for the
gas-filled device is always 86 per cent greater than
that for the vacuum diode if the anode in the vacuum
diode is placed at the same distance from the cathode
as the virtual anodeis in the gas diode. Inactual tubes,
this procedure is impractical because the sheath gen-
erally reduces across to a millimeter or less.

Plasma

Description. The plasma maybe definedas a region
of very small electric field. The electron and positive
ion densities are approximately equal. For example,
in mercury at a pressure of 1 micron, a discharge of
170 milliamperes per square centimeter has 1011 ions
per cubic centimeter, 1011 electrons per cubic centi-
meter, and 4 x 1013 atoms per cubic centimeter. Note
that only one out of 4000 atoms is ionized. The atoms
move about as aresult of their thermal energy which is
relatively lowl3 (0.04 volts at 25 C).
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Recombinationof an electronand anion inthe plasma
is rare because the electron isunable to dispose of its
kinetic energy in the collision with the heavier ion. See
Appendix C for the mathematics of this process.

Ions and electrons can combine easily at the walls of
a discharge tube. When aparticleof either kind strikes
a wall, it gives up its kinetic energy as heat and ad-
heres by electrostatic attraction until a particle of the
opposite sign arrives to form a neutral atom.

Velocity Distribution, To analyze the behavior of the
plasma it is necessary to determine the velocity dis-
tribution of the particles therein. In the literaturel4
may be foundthe theory which culminates in the follow-
ing function:

2
-AgV.
f(Vy?) = Aje 27X (10)
where Vy = component of velocity in x-direction
f(sz) = fractionof particles having speeds in
range dVy divided by dVy

[ _m \2
1= Z7KT

m
Ay = ——
2 " 2KT
m = mass of particle
K = 1.38x 1023 joule per degree
T = temperature in degrees Kelvin

This function is plotted in Fig. 12 for hydrogen. The
curves show thatthe most probable velocity component
in the x-direction is zero, but the resultant velocity is
not zero because the velocities Vy and V3 in the other
directions probably are not zero, Note that the distri-
bution is a function of Vi# and is, therefore, the same
in both the positive and negative directions. As the
temperature is increased, the number of particleshav-
ing higher velocities increases, but the area under the
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f(V2)}=(FRACTION OF PARTICLES IN dvy)+ dvy

Figuve 12. Velocity Distribution (Hydvogen gas)

curve (the total number of particles in the given volume)
remainsg constant.

The temperature of the ions isabout the same as that
of the molecules of the gas (a few hundred degrees
Kelvin); both types of particles collide among them-
selves and with each other, and thereby interchange
energy. The electronsare found to have amuch higher
temperature than the ions or molecules (in the tens of
thousands of degrees Kelvin).

Particles Crossing Plane. 15 To determine the num-
ber of particles crossing a sheath, it is necessary to
know how many particles cross a unit area (ABCD of
Fig. 13) in one direction., All of the particles in the
box of height Vx and base ABCD, having velocities in
the range Vy to (Vg + dVy), will cross area ABCD in
one second. Of course, some of the particles starting
at the far end of the box will leave the boxbecause of y
and z components of velocity, but they will be replaced
by an equal number of outside particles. The total num-
ber of particles in the box is given by

Ny = N Vg1 (11)
where N = density of particles

Utilizing the velocity distribution functionof Eq. (10)
to obtain the number of particlesin the boxhaving veloc-
ities between Vy and (Vi + dVy) gives

2
dny = NVgA e 22Vx (12)

where the constants Ay and Ay are functions of the
temperature and of the gas only

To find the total number of particles crossing the unit
area per second, it is necessary to integrate over all
velocities (0 to «) giving

w a2
ng, e =NA1foe AV qv,  (13)

or NA 0 /2
1 KT
n = =f =2 14
0. "3a, (2m;)1 (14)
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Figuve 13. Particles Striking Wall
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Multiplying the number of particles crossing the unit
area per second by the charge per particle gives the
random plasma current density Jy. Useful in the analy-
sis of sheaths is the expression for the number of
charged particles crossing the unit area against a re-
tarding voltage. The particle musthave a kinetic ener-
gy (1/2mV,“) equal to or greater than the potential en-
ergy qE (where q is the charge and E the voltage):

1/2mVy2 = qF (15)

Substituting V, for the lower limit instead of zero and

integrating gives
2 g gl —msz
- 9KT (16)
ny w =Ng,= ©
_qE
KT (1

:no,w e

Probes. The insertion of a third electrode in a gas
discharge between cathode and anode sets the scene for
a situation known as ''probe behavior.' If the voltage
of the third electrode or probe is varied with respect
to the cathode, the current will vary in the manner
shown in Fig, 14, When the voltage of the probe is
more than a few volts below that of the cathode (line
A-B), the current is small and at saturation level; the
direction of the current and the saturation shows that
the probe is collecting positive ions only. Similarly,
along line C-D, the probe is collecting only electrons.
These saturation effects are accompanied by sheaths
which surround the probe and expand (see Eq. (9) and
discussion on sheaths)as the voltage between the probe
and the plasma increase,

Along line B-C, the probe is collecting both positive
ions and electrons. When the probe current is zero,
the numbers of ions and electrons collected are equal.
The corresponding voltage F is not the space voltage,
but is some negative value since the faster moving elec-
trons must be repelledto equalize the numbers of both
particles collected.

CURRENT
(o]

VOLTAGE

F
/O
B
Figure 14. Probe Characleristic
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As long as the probe voltage is less than the space
voltage, the positive-ion current remains constant,
Starting at B and making the voltage more positive, the
electron current Ie increases according to the following
modification of Eq, (17)

—qE

Ie=ng, « 8q eKTe (18}

where 8 = area of probe
q = charge
Tg = electron temperature
E = voltage difference bhetween probe and
space

Taking the logarithms of Eq. (18)

Inl, = In Ag 7& E (19)
e

When the experimental data are substituted in Eq.
(19) andplotted, the straight-line portion gives the elec-
tron temperature T,. The voltage at which the plot
departs from a straight line is considered to be space
voltage. At a more positive voltage, the positive-ion
space charge disappearsand a negative electron space
charge appears. With T, determined and assuming
saturated electron current, Eq. (14) can be used to ob-
tain the electron density Ng. The positive ion density
is Np = Npg.

Although a value for ion temperature can be deter-
mined by applying Eq. (14) to ions, the value thus de-
termined is higher than the gas temperature, which is
consideredto be the correct value for ion temperature,

RECTIFIERS
Anode Efficiency

The efficiency of the hot-cathode gas rectifier ac-
counts for its nearly exclusive use in the application
range of 1000 to 20, 000 peak inverse volts. For aver-
age currents from 0.1 ampere to 10 amperes, the gas
tube displays a low tube drop {(about 10 volts), whereas
the dropacross anequivalent vacuum tube is high (about
1000 volts), The resultant circuit efficiency can be as
high as 96 per cent for gas tubes compared to 60 per
centor less for vacuum types. Average anode currents
for gas rectifier tubes range from 0.1 to 40 amperes
for the hot-cathode type, and from 5 to 400 amperes
for the pool -cathode type. (The designation "'hot" refers
to atemperature at which radiation from the cathode is
visible; such a temperature normally is attained by the
application of external heat. The voltage-current oper-
ating region of the externally heated cathode type is
shown in Fig. 10. A hot cathode may be heated inter -
nally by ions. However, the number of types using this
principle (excluding fluorescent lamps) is negligible.
A gas discharge tube in whichthe cathodeis a pool of a
liquid metal (usually mercury) is classified as a cold-
cathode type of special form.,) A further advantage of
the gas rectifier is the superior regulation of output
voltage obtainable from power supplies employing gas
rectifiers. This good regulation results from the con-
stancy of tube drop from no-load to full-load current.



The design of tubes using pool cathodes will not be
considered since such types are not manufactured by
RCA. However, the RCA product line does include
purchased mercury-pool types,

The hot cathode of a gas tube may be either directly
or indirectly heated; both types are employed in tubes
presently manufactured. The directly heated cathodes
have the advantages of fast warm-up time, simplicity,
and low cost. The indirectly heated cathodes have the
advantages of high thermal efficiency and freedom from
phase effects and hum effects.

Cathode Efficiency

The hot cathode of a gas tube offers a much higher
thermal efficiency than its vacuum counterpart because
ina gas tube the anode current may be drawn from crev-
ices and holes in the cathode surface. This phenomenon
occurs because the plasma extends to within about a
millimeter of the cathode surface. Thus, the emitting
surface can be convoluted so that thermal radiation is
conservedbut electrons may emerge via the conductive
plasma. Experience has shown that 1100 K is the opti-
mum temperature for the operationof the oxide-coated
cathode in a gas tube., To maintain a planar cathode at
1100 K with an emissivity of 0.25 {a value taken for
barium oxide) requires 2.1 watts per square centimeter,
assuming no conductivity losses. Conductivity losses
and poor thermal coupling of heater and cathode may
run the requiredpower to ashigh as 7 watts/em2 for a
cylindrical outside-coated cathode. Convoluting the
cathode surface, reducing losses, heat shielding, and
good thermal coupling to the heater may reduce the
power required for 1100 K operation to as low as 1
watt/em2, The indirectly heated cathode of type 3C45
(6130) (see Fig. 15) has a good thermal efficiency (3.6
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Figure 15. Indivectly Heated Cathode Structuve of
Type 3C45

Gas Tube Design

watts/cm2) due to the coated insert. The indirectly
heated cathode of the type 5C22 (see Fig. 16) has ex-
cellent thermal efficiency (1.56 watts/cm2) due to the
fins and multiple heat shielding. Although the directly
heated cathode has perfect thermal coupling between
heater and cathode, other factors may prevent the at-
tainment of high thermal efficiency. The directly heated
cathode of type 5557 (see Fig. 17)(3.45 watts/cm2) does
not realize optimum efficiency because most of its area
can radiate to external cooler surfaces (no convolu-
tions). The directly heated cathode of type 866A (see
Fig. 18) is animprovement due to the edgewise winding
of the ribbon (2.55 watts/cm2), The directly heated
cathode of type 5855 (Fig. 19) (3.45 watts/cm2) has a
high thermal efficiency due to the inside coating and heat
shielding.

Cathode Design

Average Current. Whena gas rectifier or thyratron
is to be designed, the service to which it will be applied
determines the average and peak cathode currents. The
cathode area is a functionof these currents, the type of
emitting surface, and the expected life. Most gas tubes
use the conventional oxide emitting surface and 2000
hours may be considered a medium life expectancy., Ex-
perience has shown that, for gas tubes using the oxide
emitting surface, the average cathode-current density
should not exceed 0.200 ampere per square centimeter
of cathode area for a life expectancy of 2000 hours; a
longer life expectancy requires alower current density.

Peak Current. Consideration of peak current may
require modification of the cathode area as determined
by the above figure. Peak current, as usedhere, means
the current having a duration as represented by half a
sine pulse from a 60-cycle-per-second source and hav-
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Figure 16. Indivecily Heated Cathode Structure of

Type 5C22
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Figuve 17. Divectly Heated Cathode Structure of
Type 5557

ing a total value of 0.008 seconds, For gas rectifiers,
it has been customary to rate the peak current as four
times the average current to cover the case of 180-de-
gree conduction from a sine-wave source which yields
a peak current of 7 times the average current., For
industrial applications, where polyphase rectification
and motor control are required, the conduction angle
decreases and the ratioof peak current toaverage cur-
rent rises. The design objective set up for thyrairons
by the industry's standards organization (JEDEC) is 12.8
as the ratio of peak cathode current to average cathode
current. Experience indicates that sufficient cathode
area should be provided to avoid exceedinga peak cur-
rent density of 2.0 amperes per square centimeter.

Anode Voltage. The figures for current densities
given above are generally applicable to low-voltage
tubes (below 2000 volts peak). Experience has shown
that, for higher voltages, the current densities must be
reduced to obtain the same life., The reasons for this
interdependence are:

1. During the early parts of the inverse cycle of volt-
age, ions remainfrom the forward conduction cycle.
These ions are accelerated toward the anode by the
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high negative voltage. Upon impact, foreign gases
are released which poison the cathode,

2. If sufficient ions remain during the early parts
of the inverse cycle of voltage, arcback may result.
3. The cathode current is thus limited, but not by

the cathode,

In the case of thyratrons, ions may be



accelerated by the high voltage during forward break-
down, and cause cathode bombardment and destruc-
tion.

Thermal Efficiency. After the cathode arearequired
has beeniound, the power requiredto maintain this area
at the optimum temperature of 1100 K must be deter-
mined. Asdescribedpreviously, the thermal efficiency
of the cathode depends upon the amount of convoluting
and the amount of heat shielding. The thermal efficiency
is not subject to ready calculation, By comparison of
a proposed structure with the samples given previously
under Cathode Efficiency, one may obtain any value of
thermal efficiency ifrom 7 to 1 watt/ecm2. Note, when
expressed in this fashion, a low figure means a high
thermal efficiency.

Heat Shielding. The use of a large amount of heat
shielding raises the thermal efficiency but incurs the
disadvantage of along heatingtime, Some highly shield-
ed cathodes require as much as 5 minutes warm-up
time which is objectionably long to the customer. More
moderate amounts of heat shielding are used in modern
gas-tube design. The heat shields shouldhave low ther-
mal emigsivity on both inside and outside. The power
transferred by radiation from the cathode through the
heat shield to the atmosphere may be expressed as

a = AT - ToY v watts

where A = cathode area
k = a constant (a function of shape)
Ty = cathode temperature
Ty = outside temperature

and v = 1

1/e; + 1/eg + 1/e3 - 1

where ey = emissivity of cathode
e9 = emissivity of inside heat shield
eg = emissivity of outside heat shield

Heater Design

If the indirectly heated cathode is chosen for a design,
power must be transferred from a high-temperature
heater to a lower temperature cathode. The above
formula is useful to the extent that the power is radiated,
but compact designs involve power conducticn, usually
through an insulating layer. Power transfer by both
radiation and conduction is a complex problem not unique
to gas tubes. The reader is referred to other portions
of this book and to a paper by Cecil E, Haller, 18 This
discussion hereafter will be confined toc the directly
heated cathode.

Voltage, The maximum heater voltage fora gas tube
is limitedto that value at whichanend-to-enddischarge
may occur across the filament. The heater voltage,
because it is ac, passes through a maximum of 1.41
times the rms heater voltage at 90 degrees phase angle,
At this phase angle, one end of the filament is negative
and capable of emitting electrons while the other end is
positive and capable of receiving electrons. A discharge
ensues providing the adjacent gas pathbecomes ionized,
This process may occur without the presence of current

Gas Tube Design

to the anode, An end-to-end discharge will occur in
conventional mercury tubes at heater voltages of 9 volts
rms and higher; athigh temperature, the resulting high-
er pressure lowers the threshold. This discharge may
be observed on the oscillogram of heater current as a
distortion of the sine wave near the peak.

By special design in which the heater is well-shielded,
higher filament voltages (110 volts) may be used without
showing end-to-end discharge.

Current. The combination of low heater voltage (2.5
volts) and high heater current is popular inmodern gas
tube design because large cathode currents may be per-
mitted without appreciably affecting the heater tempera -
ture. A low instantaneous ratio of cathode currents to
heater currents should be maintained at all times. In
addition, the resulting low-resistance heater circuit
permits the cathode current and the filament current to
flow simultanecusly without encountering high voltage
drops. After the heater power and voltage have been
determined the heater current may be calculated by us-
ing the equation I = P/E.

Resistance. The hotresistance of the heater may be
calculatedusing Ohm's law R = E/I. The directly heat-
ed cathode is generally in the form of a ribbon which
gives a maximum ratio of surface to volume. The fol-
lowing formula gives the length of the filament:

2y 1/3
I = R_A.__
4PB

where A = emitting area, both sides
R = hot resistance of filament
P = resistivity of filament material
B = ratio of width to thickness of ribbon.

Because the ribbon is made by rolling wire, the higher
the value of B, the more expensive the ribbon. B has
a maximum value of 40 for most materials. The width
W can be determined from the formula W = A /2L

In the manufacture of a filament similar to that of
type 866A (Fig. 18) it is necessary to crimpthe ribbon
before winding it by threading it througha set of gears.
Such crimping distorts the ribbon cross section so that
the resistance may rise 5 to 10 per cent.

Experience has shown that to produce a directly heat-
ed filament from pure nickel for the standard low fila-
ment voltages of 2.5 to 5.0 volts requires such thin ma-
terial that the strength is inadequate for conventional
use., The resistivity of chemically pure nickel at the
normal operating temperature of 837 C is 44 x 10-6
chm ~centimeter. The addition of cobalt to form anickel-
cobalt alloy raises the resistivity. An alloy of 40 per
cent cobalt and 60 per cent nickel (known as RCA N97
material), which has a resistivity of 87 x 10-6 ohm-
centimeters, is commonly used for directly-heated
cathodes of gas tubes. For design purposes, the cold
resistance of N97 material is 13.8 x 10-6 ohm -centi-
meter.

Gas Filling

Choice of Gas. Referring to Table II, 17,18 jt may
be observed that the alkali metals Cs, Rb, K, Na, Li,
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offer a possible choice of gas filling since they exhibit
some vapor pressure at a typical operating temperature
of 100 C. The highest in this respect is mercury with
cesium second. Mercury is used very successfully for
the gas filling of electrontubes. Cesium has been tried
on anexperimental basis butno commerecial tubesusing
it have been announced. Allof the inert gases have been
used for filling gas-discharge tubes or lamps, The in-
ert gases with low ionization voltages yield the longest
life in hot-cathode tubes due to the low energy of the
ions that bombard the cathode. Argon was used exten-
sively until xenon became commercially available. Be-
cause of their chemical activity or instability, other
gases such as oxygen, nitrogen, carbon monoxide, and
carbon dioxide are notused. Hydrogen is a notable ex-
ception. Resgearch during World War II showed that
hydrogen could be used provided exposed parts within
the tube were degassed of oxygen. The amount of ion
bombardment that a hot cathode canstand is described
by the disintegration voltage.19 The following voltages
have been reported for the various gases:20 mercury,
-22; argon, -25; neon, -27; and hydrogen, -600.

Clean-Up. Another factor in determiningthe choice
of gas for filling a gas tube is the gradual disappear-
ance of the gas during life; this phenomenon is known
as clean-up.21 Gas ions, upon impact with the elements
or the envelope, may remain on the surface or become
imbedded within the body. The theory of gas clean-up
is still incomplete, but its characteristics are well
known, Gases such as nitrogen or oxygen clean up
readily, For thenoble gases, clean-up decreases with
increasing weight. Xenon, because it is the heaviest,
finds almost universal use. The low pressure (less
than 100 microns) made necessary by the high inverse
voltage ratings of gas tubes makes clean-up a severe
problem. Clean-up may be reduced in a hot-cathode
gas tube by reducing the anode-cathode spacing and by
minimizing the surface area exposed to the discharge.
In other words, shielding the discharge from exposure
to wall surfaces of the envelope reduces clean-up, Op-
erating conditions affect clean-up whichincreases with
increasing inverse voltage, increasing forward current,
and increasing frequency. During the time immediately
following forward current conduction, ions remain with-
in the envelope (see Fig. 20). The number of these
ions is directly proportional to the eleetron current
flowing prior to cessation of forward current (time T,
Fig. 20). The energy with which these ions bombard
exposed surfaces is proportional to the inverse voltage.
This process, having a duration of 10 to 100 micro-
seconds, occurs every cycle and, thus, clean-up is
proportional to frequency, Average life expectancy,
which is an inverse measure of clean-up, is given in
Table III for typical xenon-filled rectifiers for 420 cy-
cles per second,

Sputtering. Sputtering is the removal of particles
of the incident surface by the bombarding ions. Gen-
erally, gas clean-up is quite severe when accompanied
by sputtering. Studies of sputtering have shown there
is a threshold of voltage, characteristic of each metal.
These thresholds are shown in Table IV.22 It is be-
lieved that the metals which sputter with difficulty will
show the least gas clean-up.
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TABLE III. Average Life Expectancy

I Average| Average
. NVErse | porward Life
Type Design \foltage Current | Expectancy
Kilovolts| s 1nperes| Hours
3B25| Unshielded | 4.5 Kv 0.5 5000
3B28l Shielded 10.0 0.25 2000

For anode material, gas tubes employ copper, iron
with zirconium spray, nickel, molybdenum, and tanta-
lum. Copper, although subject to sputtering, is used
due to its high thermal conductivity.

Poisoning. In addition to sputtering, another effect
may occur when ions bombard a surface in a gas tube.
Foreign gases which will poison the cathode may be
ejected. An ion current of 1 milliampere bombarding
a previously degassed nickel surface at 250 volts ac-
celeration will poison a l-square-centimeter cathode
surfacein 2-1/2 hours. This poisoning effect has been
demonstrated with the type 2050 thyratron.23

Circuit Cushioning. Circuit cushioning is used to
minimize the harmful effects of ion bombardment. In
Fig. 20, the inverse voltage reaches an appreciable




TABLE 1V,
Sputtering Threshold Voltages for Metalg22

Metal Volts
Columbium 99.8
Tantalum 97.1
Aluminum 90.8
Hafnium 90.7
Tungsten 89.5
Yttrium 89.0
Titanium 85.5
Molybdenum 76.5
Zirconium 2.8
Cobalt 70.3
Nickel 67.6
Iron 66.2
Rhodium 64.5
Chromium 55.7
Platinum 54.7
Copper 52.5
Palladium 42.0
Gold 36.2
Silver 33.4
Platinum 19.9

value before the ion currenthas decayedto a negligible
value. The useof a combination of resistor and capaci-
tor inseriesacrossa gas rectifier, will reduce the rate
of rise of inverse voltage. Such a circuit is called a
cushioning, or snubber, circuit,24 The severity of ion
bombardment is described partially by the commutation
factor which is defined as the rate of fall of electron
current di/dt (Fig. 20) multiplied by the rate of rise of
inverse voltage de/dt. Many commercial tube types
have been ratedto withstand some maximum commuta-
tion factor. The use of these tubes must be restricted
to circuits having commutation factors<® within these
limits.

The commutation factor depends upon tube design.
The 5685 (6.4 amperes and 770 volts) with its open
structure will stand only 0.66 volt-amperes per micro-
second squared, whereas the close-spaced 6807 (6.4
amperes and 1500 volts) will take 130 volt-amperes per
microsecondsquared. To date commutation factor rat-
ing has been applied only to triodes, but it is equally
applicable to diodes. To design for a high commutation
factor requires that the following principles be incor-
porated:

(a) Use close spacing between anode and cathode or
grid.

(b) Enclose discharge to restrict bombarding area.

(c) Degasbombarding areas well by r-f or byion bom-
bardment while on the pumps.

(d) For bombarded areas, use materials which resist
sputtering,

(e) Use gas which does not clean up readily.

Gas Tube Design

Reservoir, A reservoir may be used to overcome
gas clean-up. The mercury tube has a natural reser-
voir in the drop of liquid mercury with which the tube
is dosed. There is clean-up in amercury tube but it is
never observedbecause the liquid is capable of provid-
ing many fillings of gas. For example, in type 816 only
0.01 milligram of mercury is required to fill the tube
to 25 microns pressure (60 C), but the average liquid26
mercury content is 500 milligrams, The absorption
and desorption characteristics of hydrogen by various
metals permit the design of a reservoir for the hydro-
gen-filled tube. Although hydrogen reservoirs have
been describedusing various metals such as zirconium,
titanium, tantalum, cesium, and lanthanum, titanium
has become the most popular. One gram of titanium
can be loaded with 300 liter-millimeters of hydrogen
which, if it all were available, could replace the gas
in a liter-volume tube 300 times to a pressure of 1
millimeter; (0.6 millimeter is typical pressure in a
hydrogen-filled tube). In practice, the reservoir oper -
ates as a ballastto maintainthe pressure at the desired
value by absorbing or desorbing as necessary. The
equilibrium value is determined by the temperature of
the reservoir, (A typical temperature is 400 C, )27

Dosing, Several methods are available for dosing or
filling the tube with the chosen gas, If the fillingis done
in the gaseous state at room temperature, the source
may be spectroscopically pure gas commercially avail-
able in flasks of 1/4 to 1 liter atatmospheric pressure.
Two stopcocks may be employedin series todose guan-
tities into the system. On machine exhaust, a pressure
regulator reduces the pressure to about 100 millimet-
ers; a rotating valve permits further expansion to give
a dosing pressure of about 100 microns.

On trolley exhaust, a porous valve (Fig. 21) may be
used for fine control of the pressure. In the position
shown in the illustration, no gas leaves the supply be-
cause the mercury closes up the pores. When the upper
plug is brought in contact with the lower plug, mercury
is squeezed out from between the two plugs and gas
passes from the high pressure source slowly into the
system. The rate can be held as low as 10 liter-mi-
crons per second. For hydrogen dosing, the palladium
needle method is accurate and safe. In this method
(see Fig. 22), forming gas (10% Hg in N3) is passed
around the palladium needle which, when cold, is quite
impervious to all gases., Application of power to the
tungsten filament raises the temperature of the palla-
dium needle which then becomes pervious only to hy-
drogen. Inthis manner, very pure hydrogenis admitted
to the system at a controllable rate.

Several methods are in use for dosing mercury into
tubes. In high-production low-cost tubes, the mercury
is dosed through the exhaust tubuilation by compressed
air before evacuation. A surplus of mercury is dosed
in this manner to cover the loss during bakeout and
radio-frequency treatment. More accurate control over
the final dosage is the hand-in-the-pellet method, In
this method, mercury is contained in a glass or metal
pellet which is attached to the mount before main seal-
ing. In the later steps of the exhaustcycle, the mercury
is released by cracking or exploding the pellet with ra-
dio-frequency current, European practice includes
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a further refinement: a pellet containingmercuric ox-
ide, zirconium, and iron is flashed at 500 C to decom-
pose the oxide and release the mercury. The oxygen is
gettered by the zirconium to avoid cathode poisoning,

Pressure. Paschen's Law (see Fig. 9) isa determin-
ing factor of the pressure to which a tube is dosed. To
obtain a high operating voltage, the pressure must be
above or below the minimum abscissa of Paschen's
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Law. Tubes dosed above the minimum exhibit a long
deionization time which limits their usefulness even at
60 cycle-per-secondoperating frequency. Hence, prac-
tically all hot-cathode gas tubes are dosed below the
minimum of Paschen's Law, For example, to raise
the arc-back voltage of a xenon-filled tube to 1000 volts,
the pressure-distance product must be less than 0.5
millimeter Hg-centimeter. Maximum long path between
anode and cathode may be 2 centimeters which means the
maximum dosing pressure is 0.25 millimeters or 250
microns.

In the case of mercury there is no control over the
dosing pressure, but the operating pressure may be
controlled by controlling the temperature of the liquid.
The coolest surface inside the tube will condense the
vapor to a liquidand will therefore be the critical temp-
erature, Fig. 23 shows the relationship between the
vapor pressure and liquid temperature of mercury.

Anode Design

The power input to a gas tube is the product of the
tube drop and the cathode current, The electrons en-
tering the discharge at the cathode have a very low
probability of reaching the anode without a collision.
In Fig. 5 it is shown that an electron accelerated to 10
volts in mercury vapor will have about 60 collisions in
1 centimeter. The electrons which are collected by the
anode have beenslowed down by collisions or have or-
iginated in the discharge. Thus the kinetic energy of
the electrons collected by the anode is less than 10
volts, The average anode heating is about 5 watts per
ampere, 28 depending upon the anode material and area
relative to other surfaces exposed to the discharge.
The remaining power is removed from the discharge by
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the ions and by radiation. Various materials are used
for the anodes of gas tubes dependingupon the applica-
tion of the tube. For a rectifier where high thermal
emission and low secondary emission caused by ion
bombardment are important, carbonized nickel is a
favorite material. Carbonizednickel which has thermal
emissivity of 0.7 and operates at 300 C will radiate 0.37
watts per square centimeter. If the anode heating figure
above is used the calculated anode area is 13.5 square
centimeters per ampere. For carbon anodes, where the
operating temperature may be considerably higher, one
square centimeter per ampere is permissible, Tanta-
lum and molybdenum are used for anode material of gas
tubes because these materials resistthe effectsof ion
bombardment on the inverse cycle (see Table IV) and
have, as a result, low clean-up. Tantalum also has
the advantage of gettering foreign gases when operated
at about 1000 C. Zirconium is used as a coating for
other metals for anodes, Zirconium hydride is mixed
with iron oxide and is applied by spraying. Gettering
action begins at 400 C. In one gas tube, copper has
been used as an anode in order to readily conduct the
heatto aradiating surface and toavoidhot spots. Other
materials are described in reference 29.

Tube Drop

Measurement. If a direct current ispassed through
a gas tube, the voltage drop will showa constantor de-
creasing value as the current isinereased. This effect
on voltage drop results from the increase in cathode
temperature caused by the increasing power injected
into the discharge. Such isnot the case for intermittent
or periodic pulses of cathode current. Short duration
pulses, i.e., one-half sine pulse from a 60 cycle-per-
second source injected once per second, do not alter
the cathode temperature and, therefore, give a true
picture of the effect of high current on tube drop.

Effect of Pressure. The voltage-currentcharacter-
istic of a gas discharge over many orders of magnitude
of currentis shown in Fig, 10. Tube drop is, by defini-
tion, the voltage across the tube, anode-to-cathode,
subsequent to breakdown. Fig. 24 illustrates the man-
ner in which tube drop varies with ancde current. If
the cathode is well shielded, as in the FG-166, there
is a slight decrease in tube drop as current is increased
from zero. After the minimum, there is a linear rise
to the rated maximum peak current of the tube. In the
case of an open cathode structure with little shielding
(such as that of the 866A), the tube droprises continu-
ously from zero voltage without aminimum. The transi-
tion from the space-charge-limited current to the gas-
discharge current is imperceptible. Note that at low
current the tube drop is less than the ionization voltage
for mercury (10.4 volts). Since the tube drop in this
case is measured to the center tap, we must add half
the peak filament voltage (1.75 volts) to the values given
to get the peak circuit voltage. For the higher condensed
mercury temperatures, the circuit voltage is still less
than the ionization voltage. The explanation may be
found in Fig. 11, which shows that the spacial distribu-
tion may exhibit a voltage difference greater than the
circuit (cathode-to-anode) voltage.

Note, in Fig. 24, thatthe tube drop falls with increas-
ing condensed mercury temperature. This fall results
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Figure 24. Tube Drop vs. Condensed Mevcury
Temperature

from rising mercury pressure which is accompanied
by increasing probability of collision and greater ion
density. A corollary to this relationship is the effect
of decreasing pressure caused by clean-up in an inert
gas tube. The rising tube drop increases the-velocity
of the positive ions. The high-speed ions may imbed
themselves in the shield and cathode and thus accele-
rate the clean-up process. Furthermore, the rising
tube drop will eventually reachthe destructive sparking
stage described later.

Eifect of Filament Voltage. Fig, 25 shows how the
slope of tube drop vs. current varies with the filament
voltage (cathode temperature). The slope is an indi-
cator of the quality of emission. For different cathodes
operating at the same temperature, the one having the
least slope has the best emission. During life the slope
may fall slightly for about 100 hours, but thereafter will
increase to the end of life. Fig. 26 shows how the tube
drop increases as life progresses.

Sparking, For a given gas diode, if the pulsed cath-
ode current is increased, the phenomenon of sparking
will eventually occur. The voltage-drop trace on an
oscilloscope will show a sudden discontinuity (Fig, 27)
where the voltage drop will change from about 25 volts
(for a xenon tube) to about 5 volts characteristic of the
barium arc. Simultaneously, one or more incandescent
particles can be seenin the tube flying from the cathode.
Prolonged sparking will damage the cathode since a
small spot of emitting area is destroyedat each spark.
It has been found30 that decreasing the pulse length
permits higher peak currents to be drawn without spark-
ing. Therefore, it has been concluded that the sparking
results from a definite amount of energy dissipated in
the cathode coating. Studies have shown that sparking
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tube drop vs. sparking current density is independent
of cathode quality andfilament current. Fig. 28 shows
such a curve for mercury vapor at a pressure of 25
microns.

Ion Starvation. If the cathode in a gas diode is well
shielded so that the discharge must traverse a hole of
small cross section and appreciable length, another
limitation on the maximum currents is encountered,
The trace of voltage drop will show a discontinuity; the
trace will rise to about the supply voltage and the cur-
rent will cease for a short interval. Subsequently, the
discharge will re-establish itself and oscillation may
ensue. This phenomenon has been identified as ion
starvation. The conducting path described has become
starved of conducting ions. All of the gas molecules
become ionized and the flow of ions to the cathode region
depletes the conducting path of positive space neutraliz -
ers, The negative space charge of the electrons rises
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to that characteristic of a vacuum and causes the high
voltage drop. Neutral particles rush in to re-establish
the arc. The sharp discontinuities play havoc with the
circuitry. Ion starvation can be avoided by designing
for adequate conducting paths andusing sufficiently high
gas pressure during operation. Fig, 29 shows results
ofaninvestigation of ion starvation on mercury tubes. 31

Fault Current. Gastubes are rated for average cur-
rent, peak current, and fault current, The average
current is largely determined by the dissipation and
hence by the size of the anode and of the bulb. The peak
current is primarily a function of cathode design. The
fault eurrent is the current whichmay be permitted per-
haps a dozen times duringthe tube life as a result of a
fault in the circuitry. Both sparking and ion starvation
must be considered in the establishment of a fault-cur-
rent rating. In addition, the leads must be capable of
carrying the fault current.
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Arcback

Pressure, Asdescribed earlier, the breakdownof a
gas between two electrodes is governed by Paschen's
Law, Breakdown in the forward direction is at a low
voltage because the externally heated cathode emits
electrons without the aid of ion bombardment. In the
reverse direction, breakdown is high because the nor-
mally cold anode will emit electrons only when bom-
barded by ions. Because the majority of gas rectifiers
are filled to a low pressure, operation is on the lower
side of the minimum of Paschen's Law.

The curve of Fig. 30 shows how the arcback voltage
varies with condensed mercury temperature for the
type 866A tube. Because pressureis a function of con-
densed mercury temperature, this curve represents the
portion of Paschen's Law below the minimum. After
equilibrium has been established, mercury vapor con-
denses on the coolest surface of the tube, and evapora-
tion from this region determines the pressure. It is
evident from Fig. 30 thathigh arcback voltage requires
low condensed-mercury temperature, To obtain this
condition, the designer must provide sufficient space
and heat shields betweenthe mercury-condensing zone
and the heat producing elements within the tube. In the
type 575A, a metal disk is insertedbetween the cathode
and the mercury-condensing zone located just above the
base. Inother types, such as the FG-166, themercury
condensing zone is an appendage tubing fitted with radi-
ating fins.

The pressure in inert-gas-filled tubes is not subject
to the user’'s control. In such tubes, the designer must
select a pressure which is not so highas to cause arc-
backand not solow as toclean up too rapidly. A prac-
tical aspect of the arcback problem is that tubes may
arc back contrary to Paschen's Law for the known mer-
cury pressure. The reason may be the presence of a
foreign gas having a Paschen's Law different from that
for mercury. Limited operation at high voltage will
clean up the foreign gas. Such operation is known as
seagoning or high-voltage aging.

Gas Tube Design
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If not retired for preventive maintenance, all gas
rectifiers fail by arcback. Verificationof this statement
may be found in the arcback process just described.
Foreign gas, evolved from the rising tube drop accom-
panying emission failure, has anunfavorable Paschen's
Law which results inarcback at lower than rated volt-
age. Reduction of dc output voltage due to the emis-
sion failure is small in high-voltage circuits. Another
cause of arcback in mercury tubes is localized high
pressure. A deposit of mercury on the anode (as a re-
sult of shipment or condensation) may evaporate when
the tube is operated. Temporarily, the coolest surface
loses control over the mercury pressure until equili-
brium is re-established. Arcbacks may occurin the
interim.

Spacing. Paschen's Law further states that, to ob-
tain high breakdown voltage, the distance between elec-
trodes must be small. Close spacingbetween the anode
and cathode is not difficult to obtain, but possible long
paths between the same electrodes must be eliminated.
Close-fitting bulb and metal shields are employed to
this end.

Anode. High inverse breakdown requires that elec-
tron emission from the anode be minimized. Anodes
made of materials having a high work function such as
carbon (4.39 volts) or iron (4.36 volts)32 will have low
electron emission. Practically, the material chosen
must also have ahigh work function when contaminated
with oxygen or barium. Another method of reducing
archackis to shield the cathode so as tominimize evap-
oration of barium onto the anode. Likewise, avoidance
of severe cathode activation schedules is desirable.
Aging and sparking schedules reduce arcback partly by
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cleaning the anode of barium and oxygen evaporation
products.

Because thermionic emissionincreases with temper-
ature, a cool anode will minimize arcbacks. Shielding
from the source of heat and good thermal emissivity
is helpful.

The shape of the anode is important. Curved surfaces
do much to reduce the electric field and thereby to raise
the arcback voltage. 33

Patch Effect. Another causeof arcback is the patch
effect94 in which aninsulated particle onthe anode sur-
face may pick up a charge. Although the charge may
be small, the minute spacing producesa large electric
field — large enough to initiate field emission; the re-
sult is archack. High-voltage seasoning or "high pott-
ing" serves to burn off such particles.

Anode Lead Design. Goodelectrode design requires
careful attention to the entrance andexit on the bulb for
over-all success. The anode lead is particularly
critical due fo the enclosing high electric gradient.
Paschen's Law, normally presented for linear voltage
distribution, must be modified for this case. The pos-
sible arcback discharge paths originating at the anode
may be interrupted by one or more glass pantlegs sur-
rounding the anode lead. Such glass pant legs (made of
tubulation) must not touch the lead or each other. They
also break up leakage paths. Most mercury rectifiers
use one pant leg; the inert gas rectifier, 3B28,uses
two pant legs, while the large inert gas rectifier, 4B32,
employs three pantlegs. In addition to pant legs, a re-
entrant structure is sometimes employed around the
lead on the outside of the bulb. Fig. 31 shows a com-
plex reentrant structure employedon the 5348 hydrogen
thyratron. The pathbetween the outer leadand the bulb,
which may contain a plasma at near ground potential,
is interrupted by a layer of ambient air.

THYRATRONS

Control Characteristic

Grid. The insertion of a third electrode, called the
grid, between cathode and anode of a hot-cathode gas
rectifier permits control over the forward breakdown
voltage. A gasrectifier tube containinga grid is called

ANODE GLASS

ASSEMBLY

METAL
SHIELD

\ANODE
Figure 31. Reentrant Anode Lead Structure
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a thyratron. Fig. 32 shows the relationship between
the cathode-anode voltage E, and the cathode-grid volt-
age Eg for a negative-grid thyratron, (Positive-grid
thyratron design is adequately covered by United States
Government research reports. ) 5 With E, at zero, the
cathode-to -anode breakdown voltage at point a (Fig. 32)
is the same as if the grid did not exist. As the grid is
made more negative, the breakdown voltage (E;) in-
creases linearly. The portion of the curve between
points a and ¢ is the useful region, A small voltage on
the grid (tens of volts) may hold off a large voltage on
the anode (thousand of volts). The curve is shaded be-
cause it does not represent a function relationship be-
tween Eg and E5 but rather a dividing line between two
regions. Starting below the line, there is no breakdown
and no conduction of current between cathode andanode.
Raising either quantity Eg or Eg in a positive direction
takes a point on the graph across the curve whereupon
breakdown suddenly occurs, Recrossing the curve in
the reverse direction does not restore the nonconducting
condition; the reason for this lack of restoration will
become apparent as grid current is studied. In other
words, the gridof athyratronisableto start conduction
but is not able to interrupt conduction or to vary the
amount of current. The exceptional cases and construc-
tions whereby the grid may perform the latter functions
is beyond the scope of this treatment, 36, 37

The slope of the useful portion of the control char-
acteristic (a to ¢, Fig. 32) is defined as the control
ratio, analagous to amplification factor in a vacuum
triode. The analogy isrestricted to the case where the
parameter, anode current, is negligibly small.

The maximum positive anode voltage rating of a thy-
ratron restricts operation to the linear portion of the

(DC ANODE VOLTS)
+|Eq
CONDUCTION
REGION
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4
a E;
-Eq 0 b +Eg

(DC GRID VOLTS)

Figure 32. Thyratvon Control Chavacteristic



control characteristic. However, if the anode voltage
is increased beyond the rated maximum positive anode
voltage, the grid loses control even though it be made
very negative, This loss of control results from a
breakdown occuring between the grid and anode in ac-
cordance with Paschen's Law; anode conduction nor-
mally follows. The downward slope (¢ to d) of Fig. 32
indicates thatthe grid-to-anode breakdown voltage is a
constant value; this value is equal to the sum of the
magnitudes of the two voltages referredto the cathode.
The vertical line at point d is encountered when the nega -
tive grid voltage exceeds the grid-to-cathode breakdown
voltage; again, this is just Paschen's Law working. In
RCA Tube Division nomenclature this voltage is known
as "grid glow volts.” The magnitude of breakdown in
the negative grid directionis several hundred volts. In
the positive direction the control characteristic loses
meaning when the grid-to-cathode path breaks down
(point b} and the gridassumes the role of an anode. Here
the magnitude is approximately equal to or less thanthe
ionization potential (approximately 10 volts),

Theory. The voltage distribution in a typical thyra-
tron before conduction is shown in Fig. 33. The space
charge is negligible and, therefore, the equipotentials
are the same as they would be in a vacuum tube. Fig.
34 shows the axial voltage distribution in the same thy-
ratron before conduction, The hot cathode emits elec-
trons of various initial velocities. All electrons with
initial velocities less than that represented by the volt-
age minimum Vm are repelledand returnedto the cath-
ode, As the grid voltage is made less negative, a small
portion of the electrons emitted are able to pass the
voltage minimum and enter the grid-to-anode region.
These electrons will collide with molecules producing
ions and a small preconduction current., As the grid
voltage is made less negative, the increasing number
of ions begin to affect the voltage distribution (see dashed
curve of Fig. 34). The positive ions have a greater
effect than the electrons due to the slow spzed of the
ions, The rising equipotentials permit more electrons
to pass and this creates more ions. Thus, the thyra-
tron breaks down suddenly just as does a cold-cathode
diode. Appendix D shows mathematically why the break-
down is sudden.

Effect of Pressure. In accord with Paschen's Law,
the control characteristic of a thyratron is a function
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Figure 33. Equipotential Lines in Thyrvatron Before
Conduction
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of pressure. At a given grid voltage, as may be ob-
servedin Fig. 35, the thyratronbreaks downat a lower
anode voltage as the pressure rises. Because the dosing
pressureand the maximum spacings within the tube put
the operating point of thyratrons on the low side of the
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CATHODE

VOLTAGE

DISTANCE

Figure 34. Axial Voltage Distribution in Thyvatron
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minimum of Paschen's Law, it is logical to expect that
thyratron breakdown would be similar to that of a gas
diode.

Grid Current Prior to Conduction

Components. Fig. 36 shows the components which
constitute grid current in a thyratron prior to conduc-
tion. Normally, the magnitude of these currents is in
tenths of a mieroampere, but when the grid circuit re-
sistance is in megohms, the grid currents become im-
portant. For Fig. 36, a positive de voltage is applied
to the anode. As the grid voltage is decreased from a
negative value, the voltage minimum of Fig. 34 decreas-
es in magnitude and some electrons surmount the hump.
The grid collects some of these high energy electrons
makingup component curve 1 in Fig. 36. Many of these
electrons pass through to the anode, because the grid
hole (or holes) may be a large percentage of the grid
cross section, The anode collects the remainder of
these electrons making up curve Iy. As explained
above, electrons reaching the grid-to-anode region are
accelerated to ionizing velocity by the anode field and
hence create ions. These ions flow in the opposite di-
rection and are collected by the grid making up com-
ponent 2 of Fig. 36; a leakage component 3 flows over
the insulators on which the grid is mounted. Leakage
is quite unpredictable; it generally decreases with grid
voltage but may do so nonlinearly. Leakage may occur
primarily to the anode, in which case it would be con-
stant in Fig. 36. Furthermore, leakage varies with
temperature, Curve 4, which represents elecirons
emitted by the grid, is shownas fixed since the electrons
are generally attracted to the higher voltage of the anode.
Likewise, grid emission is a function of temperature.
Finally, capacitance current (curve 5)is shown as con-
stant with grid voltage because most of it flows to the
anode due to the higher voltage. In shield-grid thyra-
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Figure 36. Components of Grid Curvent in Thyvatvon
Prior to Conduction
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trons, the capacitance from grid to anode, and conse-
quently the current from grid to anode, is reduced. The
resulting current Ig is the algebraic sum of all the com-
ponents.

Effect of Anode Voltage. Fig. 37 shows the grid-
current versus grid-voltage characteristic of a small
thyratron (type 2050) with anode voltage as a parameter.
The straight horizontal portions probably are leakage
and grid emission., No capacitance current flows be-
cause the anode voltage is dc. The appearance of the
ion component is quite evident as grid voltage is de-
creased., The small circles represent the point where
breakdown occurs. Of interest is the 25-volt curve
showing how the electron current to the grid predom-
inates at low grid voltage.

Eiffectof Pressure. Fig, 38 shows the effect of pres-
sure on the preconduction grid current. As the pres-
sure is increased, the probability of collision and the
amount of ionization increase. Thus, the ion current
appears at a more negative grid voltage. The break-
down point is shifted to the more negative grid voltage
(see also Fig. 35).

Grid Current During Conduction

Effect of Anode Current. The gridcurrent of a thy-
ratron during conduction is of the order of milliamperes
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Figuve 37. Grid Characteristic at Several Anode Volt-
ages Prior to Conduction



— much greater than thatmeasured before conduction.
The gridis simply a probe in the discharge and is sur-
rounded by a sheath across which ions flow to the grid
from the plasma. The plasmahasarandom ion-current
dengity determined by the anode current flowing. The
flow of currentis governed bythe 3/2 power law. Fig.
39 shows how the grid current of a typicallarge thyra-
tron (type 5563A) is saturated as the grid voltage is
made more negative. As was explained earlier under
"Probes, ""the sheath increases in thicknessas the volt-
age increases, thus maintaining a constant current.

Effect of Pressure. Fig. 40 shows the grid-current
versus grid-voltage characteristic with pressure as a
parameter for a large thyratron (type 55663A). Although
the random ion currentof a plasma increases withpres-
sure, 98 the voltage drop decreases (see Fig, 24) and
the saturated current thendecreases in accordance with
the 3/2 power law.

Design

Shape. The gridofathyratronmay take many shapes.
The conventional wire-wound grid of a vacuum triode
functions poorly in a thyratron because the discharge
may start atthe edges of the coil. The grid in athyra-
tron must completely block all extraneous paths be-
tween cathode and anode and force the discharge through
the intended aperture. The aperture may consist of
holes or slots through a wall of negligible or appreci-
able thickness.

Fig. 41 gives some data on spacing of the

Spacing.
The grid has a single hole

5563A mercury thyratron.
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Figuve 38. Grid Chavacteristic and Pressuve Effect
Prioy to Conduction

Gas Tube Design

of considerable depth. In general, if either the grid-
to-cathode or grid-to-anode spacing is increased, the
control ratio (p) increases. The reason for this be-
havior may be deduced from the equipotential plot of
Fig. 33. The field of the anode reaches through the
aperture to raise the equipotentials in the grid-to-cath-
ode space, If the anode-to-grid spacing is increased,
the anode voltage is not as effective and the control ratio
increases. Similarly, if the cathode-to-grid spacing
is increased, the anode voltage is less effective at the
cathode and the control ratio increases. This relation-
ship is valid for the type 5563A aperture which measur-
es 0.563 inch in diameter by 0.520 inch deep.

Aperture Size. Fig. 42 gives a curve of the control
ratio of a small shield-grid thyratron (type 2050) for
variable slot width of the grid. As the slotwidth is in-
creased, the anode field becomes more effective and
the control ratio, therefore, decreases,

Material. The prime consideration in the choice of
a grid material is grid emission, which is not unique
with gas tubes, Several materials are being success-
fully used for gas tube grids. A large thyratron (type
T7086) uses a copper grid for high thermal conductivity
to reduce the grid temperature, The side exposed to
the cathode is sprayed with aqua-dag to reduce grid
emission. A high-voltage thyratron (type 5563A) uses
carbonized nickel successfully, Gold-plated grids are
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usedin small thyratrons, e.g., type 2050. Thyratrons
merchandized by RCA, e.g., type C6J, use tungsten
rods which have been heavily oxidized.
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APPENDIX A. BREAKDOWN

Let Iy = number of electrons leaving negative electrode
per second
a = ions or electrons produced per centimeter
travel of electron
Iz = electron current reaching the positive elec-
trode (anode)
X, = distance negative to positive electrodes
Ip = primary electrons leaving cathode (exciting
current)
I, = positive ion current reaching cathode
¥ =secondary electrons released at cathode per
incident ion

The electron current will build up as it crosses from
the negative to the positive electrode, The increment
per element of path dx is:

dI = gldx (1)
Separating variables and integrating gives:
I, = Ipe ®a (2)

The positive ion current reaching the negative elec-
trode is, by subtraction:

I, = Ip (e**a-1) (3)
The current I leaving the cathode consists ol:

Ip = Ip + 7L (4)
Combining Eqs. 2, 3, and 4:

Ipe ¥*a

Ia = ——
1 -y (e2Xa-1) (5)
The constants ¥, o, and x; may be given finite values
such that the denominator becomes infinite; hence,
mathematically, there can be a breakdown,

APPENDIX B, PASCHEN'S LAW

Eq. (5) of Appendix A becomes the breakdown equa-
tion when the current I is increasedto a critical value
cl;. The variables remaining in Eq. (5) of Appendix
A at breakdown are:

X3 = the product of ionizing coefficient and distance
between electrodes
Y = the secondary emission coefficient of the cath-
ode

The ionizing coefficient @ (see Fig. 5) is a function
of the average number of collisions per centimeter
(1/ xe) (see Fig.4) and the kinetic energy V of the col-
liding electron,
thus a=f) ( 35! f2 (V) (1)
where Me is the mean free path of the electron

Substituting for V
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Va re

- fI(_')f2( (2)

where Vj is the voltage between electrodes

Although A e varies with voltage, as Fig. 4 shows,
above about 10 volts Ae approaches the kinetic theory

value and can be considered a constant. As the pres-
sure i$ changed, Xe varies inversely.
Substituting
\
= 2
a= 1)y G2 ) 3)

Multiplying by Xg

oXy =13 (XaP} is ( ) (4)

Thus one variable @X, in the instability (Eq. (5) of
Appendix A)above has beenreduced to functions of X P
and Vj.

The secondary emission coefficient y is a function
only of the energy with which the ion strikes the cath-

ode
ALV,
v =1y (52)

(5)

where A is the mean free path of ion.

Like g, Aj varies inversely with pressure

y =f5 XaP) (6)

Thus the variables of the breakdown equation have
beenreduced to V and X5 P; the equation relating these
two variables is Paschen's Law.

APPENDIX C. COLLISION OF ELECTRON AND ION

M2 Myv,2 . Mg Vg2

2 2 2 )

Mjvy = M3Vy + MpVp )

where M = mass of electron

Mg = mass of ion

v1 = velocity of electron before impact
Vi = velocity of electron aiter impact
Vg = velocity of ion aiter impact

Solving these two equations for the kinetic energy af-
ter impact of the electron gives;

W]. = (1 _ﬂ)z W
M1 + Mo
wj = kinetic energy of electron beforeim-
pact
W, = kinetic energy of electron after im-
pact

Because the mass of the electronM; is so small com-
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pared to the mass of the ion M3, the quantity in paren-
thesis is nearly unity andhence thereis very little loss
of kinetic energy by the electron in impact. For the
electron to recombine, it mustrelease all of its kinetic
energy to the ion. The above relationship precludes
this release and recombination is rare in the gas.

APPENDIX D. BREAKDOWN OF A THYRATRON

The solid line in Fig. 34 shows the axial voltage dis-
tribution of a thyratron without space charge. Of the
electrons emitted by the cathode, only those having
more kinetic energy than the potential energy of the
voltage minimum pass through to the grid-anode region.
Dividing both sides of Eq. (17) (An expression for the
number of chargedparticles crossingunit area against
a retarding voltage) by time converts the number to
current;:
qvm

I=Ige KT oy

where Ig is the total cathode emission
q is the charge and is negative.

The potential minimum V,,, is a function ¢, of Vgand
Va

V= & (Vo +Va

m= ¢ (Vg + 30 @)

p = control ratio.

As Fig. 34 shows, positive ion space charge raises
the voltage distribution by an effective amount AV,.
Assume that the amount of rise AV, is proportional to
the anode current I;.

then AVy =RI,; 3

where R is constant

Substituting in Eq. (1) gives:

®r

I=1Ige V, +RI

® (Vg + —aT& (4)

Taking the logarithm of both sides
_ V, + RI
inl = lnIS + %’f‘ $ (Vg + _a_;_ﬂ..] (5)
Since Ig is a constant
Vg + R.Ia)

u
where ¢ is an unknown function

InI=¢ (Vg + (6)

Now Iis the electron current passing the voltage mini-
mum. The anode current Iy isaugmentedby the ioniza-
tion, but is a function of I,

Hence:
V, + RI
inl, ={ (V, + & a)
a=t g " (1)
Let the function f be a linear one
Inl, = K (Vg + va* Rla (8)
K = constant
Rearranging
RI v
lnIa_K“a: K(Vg+—“a) (9)
Taking the derivative of Eq. {9)
dlp _ K
dv 1 KR (10)
E T
a M

a
In conclusion, m becomes infinite when 1/1; = -KR/1;
I is no longer limited by Vg and breakdown occurs.
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