ELECTRON EMISSION

All electron tubes® depend for their operation.
on the flow of electrons within the tube, either
through high vacuum or an ionized gas. The elec-
trons are emitted from a cathode surface as a
result of one of four processes that are distinguished
on the basis of the mechanism by which the
electrons are enabled to leave the surface. These
processes are elevated temperature (thermionic or
primary emission); bombardment by other par-
ticles, generally electrons (secondary emission);
the action of a high electric field (field emission};
or the incidence of photons {photoemission).

Thermionic Emission

Thermionic emission occurs when the electrons
in the cathode material have enough thermal
energy to overcome the forces at the surface and
escape,

The thermal emission of electrons from metals
obeys the Richardson-Dushman equation

Jo=AT? exp (— 11600/ T)

where J; is emission density in amperes/em?, A is
a constant [amperes/cm?(°K}¥], ¢ is the work
function (electron-volts), and T is temperature in
degrees Kelvin, 4 and ¢ are characteristic of the
specific material.

The ecurrent density given by this equation is
usually referred to as the saturation emission cur-
tent dengity. ‘I'ypical constants are given in Table 1
for several commonly used cathode materials.

The maximum cwrrent of which a cathode is
apable at the operating temperature is known as

he saturation current and is normally taken as
the value at which the current first fails to inerease
a5 the three-halves power of the voltage causing
the current. to flow. Thoriated-tungsten filaments
OF continuous-wave operation are usually assigned
80 available emission of approximately half the
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ELECTRON TUBES

saturation value, Oxide-coated emitters do not
have a well-defined saturation point and are de-
signed empirically. The available craission from
the cathode must be at Teast equal to the sum of
the peak currents drawn by all the electrodes.
Figure | gives a plot of saturation cytrent as a
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Fig, 1—Emission current density va. eathode temperature
for several types of thermionic emitters. The shaded
blocks at the bottom of the fizure show the normal
operating range for three of the cathodes. Curves are
given for (A) The ozide-conted cathode. Curve A, gives
the saturation emission current demsity under pulsed
eonditions, Curve A, gives the direct-cuirent saturation
emission density. The position of this curve may vary
substantially with environmental conditions. Direct-
current densities much in excess of 0.5 amp/em? lead to
relntively short cathode life. (B) The pressed nickel
cathode. Curve B shows the direct-current saturation
emission current density obtained from a pressed nickel
eathode. (C) The tmpregnated nickel cathode. Curve C
shows the saturation emission current obtained from the
impregnated nickel cathode. The measuretnents were
taken with 40-microsecond pulses and a repetition rate
of 60 pulses per second. {D) Pressed and impregnated
tungsten eathodes. Curve D shows the saturation emission
density obtained from pressed and impregnated tungsten
cathodes based on 4 =25 amps/em® (°K)* and ¢;=1.67
electron-volts. (E) The thoriated-tungsten cathode. Curve E
shows the meastred saturation emission current density
of an uncarburized thoriated-tungsten filament. (F)
Tungsten filaments, Curve T shows the saturation emiseion
current density of a tungsten filament based on A=70
amps/em? (°K)? and ¢o=4.5 electron-volts. J. W. Gawar-
towski and H. A. Watson, “Principles of Electron Tubes,”
1965: p. 42. Courtesy of D. Van Nostrand Company, Inc.



PERCENT GF NORMAL LIFE AND EMISSION

TasLe 1—CommonLy Usep CATHODE MATERIALS.

Efficiency Specific Operating  Resistance
(milliamperes/ Emission  Emissivity Temperature Ratio
Type A $o watt) (amp/em?) (watts/cm?) (°K) (hot/eold)
Bright tungsten (W) 70 4.50 510 0.250.7 70-84 25002600 14/1
Thoriated tungsten 4 2.65 40-100 0.5-3.0 26-28 19502000 10/1
(Th-W)
Tentalum (Ta) 37 4.12 10-20 0.5-1.2 48-60 2380-2480 6/1
Oxide coated . 1.0-1.3 50-150 0.5-2.5 3-5 1000-1150  2.5t05.5/1
{Ba~-Ca—Sr)
Impregnated 2.4 1.685 1.8-5.4 2.6-3.8 1300-1400

* The Richardson-Dushman equation does not apply to a composite surface of this type.

function of temperature for several types of emitters
in common use.

Thoriated-tungsten and oxide-coated emitters
should be operated close to specified temperature.
A customary allowable heating-voltage deviation
is &5 percent. Bright-tungsten emitters may be
operated at the minimum temperature that will
supply required emission as determined by power-
output and distortion measurements. Life ot a
bright-tungsten emitter is lengthened by lowering
the operating temperature. Figure 2 shows a typical
relationship between filament voltage and temper-
ature, life, and emission.

Mechaniesl stresses in filaments due to the mag-
netic field of the heating current are proportional
to I/ Current flow through a cold filament should
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Fig. 2—Efect of change in filament voltage on the

temperature, life, and emission of a bright-tungsten

filament (based on 2575-degree-Kelvin normal temper-
ature).

be limited to 150 percent of the normal operating
value for large tubes, and 250 percent for medium
types. Excessive starting current may easily warp
or break a filament.

Secondary Emission

When the surface of a solid is bombarded by
charged particles having appreciable velocity, elec-
trons are emitted from the solid. This is the process
of secondary emission,* the most important case
being when the bombarding particles are also elec-
trons. One then differentiates between incident and
emitted electrons by the terms primary and sec-
ondary, respectively. The latter term commonly
describes all electrons collected from a secondary
emitter; these electrons comprise three groups:
(A) true secondaries, (B) inelastically reflected
primaries, and (C) elastically reflected primaries.
True secondaries are considered to be those of the
solid which have been excited above the energy
level required for escape across the surface barrier.
The three groups are separable to a degree on the
basis of energy as indicated in the energy distri-
bution curve of Fig. 3. True secondaries constitute
the bulk of emitted electrons at moderate primary
energies and have a mode energy of at most a few
electron-volts, Their distribution is almost inde-
pendent of primary energy. Electrons in the rela-
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Fig. 3—Total energy distribution of secondary electrons.

tively flat interval within a, b constitute a mixture of
true secondaries and inclastically reflected primar-
ies. It has become customary to arbitrarily desig-
nate those emitted electrons having energies less
than 50 electron-volts as true secondaries.

Total secondary yield 8, defined as the ratio of
secondary to primary electron current, is inde-
pendent of primary current but strongly dependent
on primary energy as indicated in Fig. 4. The
shape of the yield curve follows from generating
and escape mechanisms; the former leading to an
initial rise in yield with primary energy, and the
latter causing an eventual reduction owing to in-
creased penetration of primaries and a greater
mean depth of escape of secondaries. Significant
points of the yield curve are first and second
crossover at which yield becomes unity, the maxi-
mum yield §,, and the primary energy eV, at
which the maximum occurs. For most insulators,
first erossover occurs between 15 and 25 eV primary
energy. Insulators generally exhibit higher yields
than conductors, a property attributed to the
absence of conduction electrons which tend to
reduce the mean energy and the escape probability
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Fig. 4—Secondary-emission yield curve.

of secondaries through collision losses within the
solid. The yield of insulators decreases noticeably
as temperature is increased, owing to increasing
electron-phonon interaction. -

Secondary yield increases with angle of primary
incidence, the effect being most pronounced at
high primary energies. Yield is also a function of
surface structure and may be minimized by em-
ploying physical trapping such as provided by a
porous surface. Lowest yields are obtained for
porous carbon deposits and highest yields for single
crystal insulators having low electron affinity.
Secondary yield may also be influenced by internal
electric fields which tend to assist or retard the
escape of secondaries. If such fields are strongly
dependent on charge transport withip the bom-
barded material, yield may become dépendent on
primary current which can in turn give rise to
anomalous time-dependent effects. Barring such
effects, it appears that the interaction time for the
secondary-emission process is of the order of 107"
second.

When the rate of bombardment by primary
electrons becomes very low, as in single-electron
counting, the statistical nature of the secondary-
emission process becomes evident. The probability
of obtaining 0, 1, 2, - -+, n secondaries per incident
primary is given by the Poisson distribution.

Commonly used secondary-emission materials
are silver-magnesium or copper-beryllium alloy
processed to provide & high-yield partly conductive
surface film. Typically such surfaces exhibit yields
of 2.5 to 4 at 100 eV primary energy.

Secondary emission is employed advantageously
in the operation of many electron devices, such as
camera tubes, storage tubes, and image intensifiers.
A most important application lies in secondary-
electron multiplication, which provides 8 means
for amplifying very weak electron currents as in
photomultiplier tubes. A conventional electron
multiplier consists of. a number of secondary-
emitting dynodes operated at progressively higher
potentials and terminated by an electron-collecting
electrode. Electrons incident on the first dynode
are multiplied, the resultant secondaries are ac-
celerated to the second dynode where the process
is repeated, and so on throughout the multiplier
structure.

If the dynodes exhibit uniform yield character-
isties, the overall amplification & obtained from a
multiplier having n dynodes is

G=g"

where g is the gain per dynode. The actual gain ¢
may be slightly less than the secondary yield §
because of multiplier geometry. In the absence of
appreciable space-charge effects, maximum gain is
realized when the available potential is uniformly
distributed across the dynode chain, An empirical
reletion for g may be obtained by spproximating



the Initial portion of the yield eurve, that is
g=d=AAY™

AV=interdynode potential (primary energy), and
A and m are empirical constants. Using this ap-
proximation, one obtains

Jopr=€"
Popt™ Abim ( V/E)

{e=Dbase of natural logarithms), where go, and
2, are the optimum values of gain/dynode and
number of dynodes, respectively, for maximizing
overall amplification, given a total potential V
available for distribution across the dynodes, The
number of dynodes r is taken as the closest integer
to the caleulated value. In some cases, deviation
from a uniform potential distribution and optimum
gain conditions is advantageous, for example to
reduce space-charge effects and improve time-delay
and time-dispersion properties. Increasing the en-
ergy of electrons incident on the first dynode im-
proves signal-to-noise ratic and single-electron-
counting capability.

In addition to the conventional discrete dynode
multiplier, a number of novel arrangements have
been devised including crossed-field strip multi-
pliers and tubular muiltiptiers which commonly
employ a continuous semiconductive dynode sur-
face for potential distribution and multiplication.
Tubular multipliers, when formed into a parallel
array of small-diameter elements, may be employed
for electron image intensification. Another form of
multiplier commonly used for this purpose is
the transmission seconlary-emission multiplier,
wherein secondaries exit from the side opposite
primary incidence. The structure normally takes
the form of & thin-film or porous supported layer,
having the side of primary incidence made electri-
cally conductive.

Field Emission

If an electric field of sufficlent magnitude is
offered to the surface of a metal, the potential
barrier at the surface will be lowered, allowing
the escape of electrons, and field emission* will
result. The current has been found to vary with
the applied field in accordance with

J=CE? exp{— D/ E) amperes/centimeter?

where J is the current density, F the electric field
at the surface, and ¢ and D are approximately
constant coefficients with D determined mainly
by the work function, Field emission must be taken
into account in the design of very-high-voltage

tubes and apparetus, and is a factor in the oper-
ation of cold-cathode gas tubes, Although develop-
ment is being carried on, there has been little use
made yet of field emission in high-vacuum iubes,

Photoemission

If photons with sufficient energy impinge on a
photocathode, electrons are emitted.® Such elee-
trons are known as photoclectrons. For an input
flux of fixed relative spectral distribution, the
munber of photoelectrons is proportional to the
intensity of the input flux while the energy of the
photoelectrons is independent of this intensity.
The maximum energy of emitted electrons ex-
pressedd in volts ¥V depends on the wavelength A
and temperature, At absolute zero, according to
Einstein’s law

e(V+)=he/A

where e=electron charge=1.6X10""* coulomb,
¢=work function in volts, A= Planck’s constant=
6.6X107* joule-secondl, c=velocity of light=

3X10° meters/second, and A=wavelength in
meters.
If a threshold wavelength Ap is defined by
€¢= hL‘/Ao

¥V is seen to be zero (except for thermal velocities)
at the wavelength Xg; for A> Xq, there is no photo-
electrie emission at absolute zero. At temperatures
above absolute zero there is always a finite prob-
ability of some photoemission at all wavelengths
due to the thermalization of the clectron distri-
bution,

Photocathode Response to onochrematic Radi-
ation: The output current dfy in amperes, gener-
ated by a photocathode subjected to a mono-
chromatie input flux d11’y in watts, is given by

dl)‘= 8y d”r)\

where s, is the monochromatic radiant sensitivity
(or respensivity) of the photocathode in am-
peres/watt definedd by this equation, Similarly,
the number of clectrons/second dny generated
by an input flux d¥y in photons/second is given hy

dm= )Y dN,\

where g is the monochromatic quantum efficiency
of the photocathode in electrons/photon defined
by this equation.

The monochromatic radiant sensitivity s, is re-
lated to the monochromatic quantum efficiency

by
= eAq/ho=8.08X 10°Agy.

Typical values of the monochromatic radiant
sensitivity s and corresponding monochromatic

TasLe 2—Tyrical PEAXx PHOTOCATHODE
SENSITIVITIES.

Radiant Sensitivity

Quantum Efficiency

guantum efficiency g as a function of wavelength ) max Amax Ir max Amaz
» are shown in Yig. 5 for some commonly used 3 (MHF: (nano- (electr(_):u {nano-
photoeathodes, designated by their JEDEC reg- Number  watt™!)  meters) photon™)  meters)
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ties of the common surfaces. s 0.052 330 0.21 320
Photocathode Response to Spectrally Distributed 88 0.0024 360 £.0082 350
Sources: The total photocurrent 7 in amperes 59 0.023 190 0.056 480
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Fig. 5—Typical absolute spectral response characteristics of photoemiasive devices.




Current? at
25°C (amp/em?)
10711071
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1074
1071
1041071
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1071101
10741016
1014105
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Typical Photo-
cathode Dark

may be used.

Typical
Luminous
Sensttivity*
25
6.5
40
30
125
40
150
30

{ua/lumen)

K color-temperature tungsten-lamp test source.

Photocathode
Supporting Substrate®
Entrance window or opaque
material’
Opaque reflecting material’

Opaque material’
Opaque material?
Opaque material’
Opaque material’
Entrance window
Entrance window
Entrance window
Entrance window
Opaque material?
Entrance window
Entrance window
Opaque material®

TABLE 3—CHARACTERISTICS OF STANDARD PHOTOSURFACES.

Enirance Window Material
Visible-light-transmitting glass®

Visible-light-transmitting glass®

Visible-light-transmitting glass®
Fused silica

Fused silica
Ultraviolet-transmitting glass

Visible-light-transmitting glass®
Visible-light-transmitting glass®
Visible-light-transmitting glass®
Ultraviolet-transmitting glass
Visible-light-transmitting glass®
Visible-light-transmitting glass®
Visible-light-transmitting glass®
Sapphire

Principal
Photocathode
Components®
Ag-0-Cs
Ag-0-Rb
Cs—Sh
Cs-Sb
Cs—DBi
Ap-Bi-0-Cs
Cs—S8b
Cs—8b
Cs-5b
Cs—8b
8b-K-Na-Cs
Cs-Sh
Cs-Te

Cs-Sb

photoelectrons is usually metallic in nature.
8. An S number designation has not yet been assigned to this experimental “solar blind”’ photoemissive surface.

1. The 8 number is the designation of the spectral response characteristic of the device and includes the transmission of the device window material.
7. The opaque material used as the supporting substrate for photocathodes in which the input radiation is incident on the same side as the emitted

2. Principal components of the photocathode are listed without regard to order of processing or relative proportions.
3. When the supporting substrate is the enirance window, an intermediate semitransparent electrically conductive layer

4. Corresponding to the specific absolute response curves shown in Fig. 5 using a 2854°

5. Specific dark current excludes direct-current leakage.
6. Lime glass and Kovar sealing borosilicate glass are commonly used for visible-light-transmitting glass.

53
54
85
88
89
810
811
813
S17
819
3520
§21
LAY

Number!
81

Notes:

where wh max=peak input flux spectrai devsity
(watt/m), s max=peak monochromatic radiant
gensitivity of the photocathode (amp/watt), un=
relative spectral distribution of the input flux,
m=relative spectral distribution of the radiant
gensitivity of the photocathode, A=wavelength,
and Wip.=flux in watts within the wavelength
interval M A< s,

Typical values of the dimensionless “spectral
matching factor” ratio

o Az
[ s dA / f wx A
0 N

appearing in the above relationship and deserib-
ing the comparative spectral mateh between
various photocathode and input-flux spectral
distributions are shown in Table 4 evaluated
for =0 and A=1.2u=1.2X10~% meter.

If the input flux is measured in lumens L instead
of watts, the resultant ratio I/L of emitted cur-
rent I to flux input is designated as the photo-
cathode luminous sensitivity §, and is given by

S=1/L=s) max f ” unon AN / 680 f = inEy dX
0 a

where 680=luminous equivalent of 555 A radia-
tion (Jumens/watt}, E\=relative photopic human
eye response, normalized to unity maximum, and

fmmaxd?\/[mwxE;dR
[ 9

is a dimensionless ratio that can be computed
from the spectral-matching-factor data in Table
4 for various photocathode and input-flux spectral

distributions by dividing the spectral-matching-
factor data for

o ke
f wry AN / wox AN
o M

by the spectral-matching-factor data for

o he
fleAd?\/f i dA,
0 M

In the special case where the input spectral
distribution un, designated as u»(2854), corre-
sponds to a standard 2854°K color-temperature
tungsten lamp, the luminous sensitivity S, desig-
nated as S(2854), and often used as a specification
on photocathode sensitivity, is given by

S(2854) = 8y max

X[mwh(2854)a,\d7\/680 f"m(zsz,;)}zm.
[} 0

This equation relates the peak cathode mono-
chromatic radiant sensitivity s, max (also commonly
used to specify cathode sensitivity) to the standard
luminous sensitivity S(2854). Since the wave-
length at which the cathode quantum efficiency
has its peak value does not correspond, in general,
to the wavelength at which the radiant sensitivity
has its peak value (Fig. 5 and Table 2) no general
relationship exists between the peak radiant sensi-
tivity s\ max and the peak quantum efficiency g max.

Photocathode Response with Optical Filler: The
ratio of (A) the emitted photocurrent, I(filter},
with a filter inserted between a given flux source
and the photocathode to (B) the current without

TaBLE 4—SprEcTRAL MartcHiNG FAcTORS.

= 1.2 o ha
f wyay dA / f wndh  and f w,Ey, dA / f wn, dA
Qq 0 1] M

Photocathode Type

Source A1 A2 S1 811 520 Photopic Eye
2854°K lamp 0 1200 0.52 0.060 0.112 0.071
5000°K blackbody 0 1200 0.53 0.26 0.34 0.140
Mean solar flux 0 1200 0.54 0.32 0.36 0.197
P1 phosphor 0 w0 0.28 0.28 0.69 0.768
P4 phosphor 0 w0 0.31 0.67 0.73 0.402
P11 phosphor 0 o 0.22 0.91 0.88 0.201
P20 phosphor 0 o 0.39 0.42 0.58 0.707
NaI(Th) 0 o 0.53 0.88 0.90 0.046

Note: A, and A; are in nanometers.




TasLe 5—Tyricar FiLTER FACTORs.

Filter Factor

fmtmﬂdx/fmwndx
1] 0

Filter wn=un (2854)
Photocathode Type
Glass 7 Color o
Manufacturer Number Thickness Series Description S1 54 St 820
Coming 20  stock  CS7-56  Infrared 0,108 0.000 0.000 0.000
Corning 5113 % stock CS 5-58 Blue 0.004 0.126 0.103 0.055
Corning 2403 stock CSs 2-58 Deep red 0.788 0.114 0.112 0.257

the filter, I (no filter), is called the filter factor
T (tr, wn, on) and is given by

T (ty, un, on) = I{filter) /I (no filter)

=f®tlw)ahdk/‘[mw\o'xdx
0 0

where #, is the transmission of the filter at a given
wavelength ), and the notation (&, w, 0x) indi-
cates that the filter factor is a function not only
of the filter transmission £, but also of the detector
response oy and the source distribution wy. Typical
filter factors are given in Table §.

The ratio of emitted photocurrent with the filter,
I {filter), to the Aux in lumens L(2854), incident
on the filter (not on the eathode) from a 2854°K
source is designated as S(photoeathode+filter)
and is given by

S(photocathodetfilter) = [{filter) /L{2854)
— 8(2854) T(t, 28534, o).

The magnitude of the luminous sensitivity,
S(photocathode+filter), in amperes per lumen is
used to specify cathode sensitivity, or more pre-
cisely, cathode-plus-filter sensitivity, over a se-
lected spectral region, where the filter is chosen to
restrict the flux incident on the photocathode to
the desired region. The sensitivity, S(photo-
cathode-filter), is then designated as the *“infra-
red” sensitivity, or “red” sensitivity, or ‘“blue”
sensitivity, et cetera, depending on the pre-
dominant spectral region passed by the filter.

ELECTRODE DISSIPATION

After the electron stream has given up the useful
component of its energy, the remainder is dissi-
pated as heat in some suitable part of the tube.
Five processes are commonly used to remove this
heat. The amount which can be removed depends
on the area available, the temperature differential,
and, in the cases of forced cooling, the coclant flow.

TapLe 6—Ty¥ricaL OPERATING Dara For Comyoxn Types oF CooLing.

Average Cooling
Surface Temperature

Specific Dissipation
of Cooling Surface

Type (°C) {watts/cn?) Cooling-Medium Supply

Radiation 400-1000 4-10

Water 30-150 30-110 0.25-0.5 gallon/ minute/kilowatt

Forced air 150-200 0.5-1 50-150 feet®/minute/kilowatt

Evaporative 100-120 80-125 Water-, air-, or convection-cooled con-
denser. A water-cooled condenser would
require 0.07-0.1 gallon/minute/kilc-
watt

Conduction 100-250 5-30 Heat sink operating at 50-100°C

In computing cooling-medium flow, a minimum
velocity sufficient to assure turbulent flow at the
dissipating surface must be maintained. The figures
for specific dissipation (Table 6) apply to clean
cooling surfaces and may be reduced to a small
fraction of the values shown by heat-insulating
coatings such as scale or dust.

Radiation Cooling

In a radiation-cooled system, that portion of the
tube on which the heat is dissipated is allowed to
reach a temperature such that the heat is radiated
to the surroundings. The amount of heat which

TaBLE 7T—Toran TuErmAL Emissiviry € oF
ELEcTrON-TUBE MATERIALS.

Temperature Thermal
Material ("K) Emissivity
Aluminum 450 0.1
Anode graphite 1000 0.9
Copper 300 0.07
Molybdenum 1300 0.13
Molybdenum, 1300 0.5
quartz-blasted
Nickel 600 0.09
Tantalum 1400 0.18
Tungsten 2600 0.3¢

can be removed in this manner is given by
P=¢o (T1—Ty')

where P=radiated power in watts/centimeter?,
€&=total thermal emissivity of the surface, o=
Stefan-Boltzmann  constant=>5.67X 10~  watt-
centimeters X degrees Kelvin ™, 7= temperature
of radiating surface in degrees Kelvin, and Ty=
?mperature of surroundings in degrees Kelvin,
Total thermal emissivity varies with the degree of
roughness of the swface of the material and the
temperature. Values for typical surfaces are in
Table 7.

Water Cooling

F or water cooling the water is circulated through
4 suitably designed structure. The amount of heat
Which can be removed by this process is given by

P= 264QW ( Tg_ T]_)

where P=power in watts, Qw=flow in gallons per
minute, and Ty, Ty=outlet and inlet water temper-
atures in degrees Kelvin, respectively.

This same relationship is given in the nomogram
of Fig. 6 with the temperature rise in degrees Fahr-
enheit or Celsius and the power in kilowatts,

Forced Air Cooling

With forced air cocling a stream of air is forced
past a suitable radiator. The heat which can be
removed by this process is given by

P=169Qu[(T2/T)—1] 3

where Qa=air flow in feetd/minute, other quan-
tities as above.

Evaoporative Cooling

A typical evaporative-cooled system consists of
a tube with a specially designed anode immersed
in a boiler containing distilled water, When power
is dissipated on the anode, the water boils and the
steam is conducted upward through an insulating
pipe to a condenser. The condensate is then gravity
fed back to the bailer, thus eliminating the pump
required in a cireulating water system,

For some transmitter applications the steam is
directed downward to leave the space above the
tube available for other components. Such a system
requires & pump to return the condensate to the
boiler, but even then the pump has to handle only
ahout 0.05 of the amount of water required for a
water-cooled system because of the exploitation of
the latent heat of steam,

The size of the heat-exchanger equipment for an
evaporative-cooled system is less than one-third
of that required for & water-cooled system because
of the greater mean temperature differential be-
tween the cooled liquid and the secondary coolant.
Typical temperature differentials for the two sys-
tems are 75°C and 30°C, respectively.

The anode dissipation should not exceed 135
watts per square centimeter of external anode
surface because at this point, often referred to as
the ‘“Leidenfrost” or “calefaction’ point, the sur-
face becomes completely covered with a sheath of
vapor and the thermal conductivity between the
anode and the eeoling liquid drops to 30 watts
per square centimeter, with resultant overheating
of the anode. Special designs of the external anode
surface {such as the “pineapple”) allow up to
500 watts to be dissipated per square centimeter of
internal anode surface,
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Fig. 6—Heat transfer in cooling water. P=0.1466DAT, for T in Fahrenheit.

Conduction Cooling

When an external heat sink is available, heat
may be removed from the tube by conduction.
Since the electrode where the heat appears is
usually at an elevated potential, it is often neces-
sary to conduct the heat through an electrical
insulator.

Because of its relatively high thermal conduc-
tivity, beryllia ceramic can be used as a common
insulator and thermal conductor between the anode
of a tube and a heat sink.

Properties of beryllia:

Breakdown strength= 10 kV/mm

Dielectric constant=6-§

Thermal conductivity=2.62 watts/em/°C at
20°C, 1.75 watts/em/°C at 200°C

Dielectric loss factor==4X10"%

Tengile strength=18 000 Ibs/square inch
Compressive  strength= 150 000 lbs/square
inch.

The temperature drop in degrees Celsiug scross
the beryllia ceramic is given by
ti—ty=dW,/KA (for a parallel configuration)
where t=temperature of tube anode (typi'Cﬂ]
maximum 2560°C), b= temperature of heat sink
{typically 100°C), d= thickness of beryllia in em,
A= cross-sectional area of beryllia perpendicular
to direction of heat flow, K= thermal conductiylt}’
of beryllia in watts/em/°C, and W,=power dissi-
pated on anode in watts. ,
To the temperature drop across the beryllis
ceramic must be added the temperature droP
across the interfaces between the ceramic and the

anode and heat sink, typically 20°C for clamped
surfaces at a loading of 25 watts/cm?®.

Because of its toxic nature, care must be taken
in handling and disposal of beryllia ceramic.

Grid Temperalure

Operation of grids at excessive temperatures will
result in one or more harmful effects: liberation of
gas, high primary (thermal) emission, contami-
nation of the other electrodes by deposition of grid
material, and melting of the grid. Grid-current
ratings should not be exceeded, even for short
periods.

NOISE IN TUBES

There are several sources of noise in eleetron
tubes*, some associated with the nature of electron
emission and some ecaused by other effects in the
tube.

Shot Effect

The electric current emitted from a cathode
consists of a large number of electrons and conse-
quently exhibits fluctuations which produce tube
noise and set a limit to the minimum signal that
can be amplified. The root-mean-square value of
the fluctuating (noise) component of the plate
current [, is given in amperes by

I2=2¢IT?Af

where /=plate direct current in amperes, e=elec-
tron charge=1.6X10""" coulomb, Af=bandwidth
in hertz, and I=space-charge reduction or smooth-
Ing factor. For temperature-limited cases, =1,
For space-charge-controlled regions

2= 2kT g0/ cel

where k=RBoltzmann’s constant=1.380) 102
Joule/degree Kelvin, T.=cathode temperature in

degrees Kelvin, g=conductance or transeonduct-
ance in mhos, which relates the output signal
current to the input signal voltage*, 8=a factor
which in most practical cases is nearly equal to
its asymptotic value of 3[1— (x/4)]=0.644, and
=4 tube parameter, related to the amplification
factor and electrode spacings, which is unity for
diodes and varies between 0.5 and 1.0 for negative-
grid tubes.

Partition Noise

Excess noise appears in multicolleetor tubes he-
cause of fluctuations in the division of the current
between the different electrodes. In a grid-con-
trolled tube, these fluctuations in curreht division
reduce the effectiveness of the space-charge smooth-
ing of the shot noise in the plate current. For a
sereen-grid tube, the root-mean-square noise cur-
rents in the cathode lead, the screen-grid lead, and
the plate lead (I, Face, and I, respectively) are
given by

Tu2=2eIT?Af

[Mf: 28[¢2[ ( lecg-f- I)/Ik]Af
1,2=2¢I[ (214 1,5) /1 ]AS

where I; and I are the cathode and screen-grid
currents, respectively.

Flicker Effect

The mechanism is not completely understood
but appears to depend on the field distribution in
the surface layer of the cathode due to its porous
structure. Because this same field distribution also
will influence the cathode activity and temper-
ature, flicker noise will depend on cathode activity
and temperature in & complicated manner.

The flicker noise spectrum is usually of the
form f~* with « close to unity and thus is important
only at low frequencies. The sensitivity of audio,
subaudio, and direct-current amplifiers iz limited
by the flicker noise generated in the first tube.

Collision lonization

Free gas ions can be generated by ecollisions
with the electron stream. The electrons thus liber-
ated and collected by the anode will appear as
noise in the anode circuit. The ions that travel
to the cathode will travel slowly through the po-

* For diodes, ¢ is the conductance; for trinde and
pentode amplifiers, g is the transconductance gn.; and
for triode or pentode mixers and converters, g is the
conversion conductance ..



tential minimum and reduce the space charge,
which in turn will reduce the space-charge smooth-
ing effect. This also will increase the noise in the
anode circuit.

Induced Noise

At high frequencies it is not necessary for elec-
trons to reach an electrode for indueed current to
flow in the electrode leads. This noise is an im-
portant consideration in miniature tubes above 15
megahertz and becomes the principal limiting fac-
tor in low-noise amplifier design above about 100
megahertz. For microwave tubes, this is the domi-
nant method by which beam noise is coupled to the
output circuit.

Miscellaneous Noise

Cther noise may be present due to microphonics,
hum, leakage, charges on insulators, poor contacts,
and secondary emission.

Evaluation of Tube Performance

There are two common ways of evaluating tube
performance: equivalent noise input resistance
value, and noise figure (or factor).

Equivalent Notse Input Resistance: A resistor
generates an amount of thermal noise (also called
Johnson noise or Brownian motion noise) given by

E2=4kTRAS

where F,= the open-circuit root-mean-square fluc-
tuating voltage measured across the resistor ter-
minal in volts, T=resistor temperature in degrees
Kelvin, and R=resistor resistance in ohms. The
equivalent noise input resistance in ohins Req is
defined as that vatue of resistance which, when
connected to the input of the tube and held at
room temperature, will double the output noise
power. This can be expressed as

4k ToReAfg?= 2eIT ot Af
or
Req=elIToir?/2kTof

where To=293°I{, Tyr?= the effective space-charge
reduetion factor to include partition noise effects,
and g=the appropriate transconductance or con-
version conductance as before. Practical approxi-
mations to Re, are given in Table 8 for several
tube functions.

Noise Figure, The noise figure of a tube is defined
as the ratio of the available signal-to-noise ratio
at the input to the signal-tonoise ratio at the

TaBLE 8—ApPPROXIMATE EQUIVALENT NoOISE
RESISTANCES.

Function Type Req

Amplifying  Triode 2.5/gm

Pentode I/(I+1.2)
X[(2.5/g0)+ (201 2/ g2

Mixing Triode 4/g.
I/(1+L2)(4/0c +20LR/9':2)
91— /g

Pentode

Converting Multi-
and mixing grid

output. It is usually given the symbol / and is
always greater than unity. For a more-detailed
discussion of noise figure refer to the chapter on
“Radio Noise and Interference.”

Microwave Tubes

The noise appearing in the output circuit of a
microwave tube is due in part to induced noise
from the beam. Also, some of the electrons may he
intercepted by the radio-frequency structure
(microwave cavity, slow-wave circuit, et cetera)
giving rise to partition noise. In well-designed low-
noise tubes, however, this latter effect is kept
negligibly small,

For lossless linear beam tubes (traveling-wave
amplifiers, klystron amplifiers, backward-wave am-
plifiers), the minimum obtainable noise figure Frin
for one-dimensional single-velocity small-signal
theory and high gain has been found to be given by

Frin=14 (2x/kT0) (S—7)

where S— is the basic noise parameter and is
established in the region of the potential minimum
of the bean. If certain assumptions concerning the
potential minimum are made, such as full shot
neise and uncorrelated current and veloeity fluetu-
ations,* then values for S and 7 can be obtained.
They are given as

x=0
S=[1—(x/4) ] (kTo/7)
Fmin.= 1+ (‘1—'”)1/2(7,6/ TO) .

For T/ To=4, Fmin™4. The assumptions made are
not entively valid, as shown by the fact that noise

therefore

figures of less than 4 have been obtained experi-
mentally. At the present time values of S and =/8
are obtained by measurement.

LOW- AND MEDIUM-FREQUENCY
TUBES

This section applies particularly to triodes and
multigrid tubes operated at {requencies where
electron-inertia effects are negligible. T'raditionally
the vacuum envelope of such tubes has heen of
glass with metal, usually copper, for the anede
in larger sizes. In recent years the trend has been
toward ceramic in place of glass for the external
insulating portious of such tubes. Figure 7 shows
a typical eonstruction of a medium-power trans-
mitting tube.

Cerantic-envelope tubes have the following ad-
vantages over glass tubes.

{A) The radio-frequency loss Py in the seals
of a tube is given by

Pﬁ= I(fﬁf?leZpI/Z

where K=constant, f=/frequency, K= resistivity
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Fig. 7—Electrode arrangement of medium-power
external-anode transmitting tube.

of the conducting material, and p=permeability
of the conducting material. In glass-to-metal seals,
the metal is normally of & magnetic material such
as Kovar. As Kovar has high resistivity and
permeability, the radio-frequency losses at the seals
are therefore high, and at high frequencies cracking
and/or glass suck-in near the seals can result.
With eeramic-to-metal seals this problem is mini-
mized because the radio-frequency circulating cur-
rents at the seals flow through the metallizing
and plating on the ceramie, The resistivity is low,
and the permeability is unity.

{B) Ceramics have a lower dielectric loss than
glass. Furthermore the loss factor of glass rapidly
rises with temperature. This leads to a “runaway’”
condition, glass suck-in, and hence severg limitation
of maximum frequency of operation of glass tubes.

(C) The =afe operating temperature of a
ceramic-to-metal seal may be between 220 and
250 degrees Celsius s against 180 degrees Celsius
for Kovar glass seals.

{D) High hakeout temperature of ceramic-
envelope tubes during evacuation increases relia-
bility and life.

(E) Ceramic tubes withstand higher thermal
and mechanical shocks than those with glass en-
velopes. They can also be manufactured to closer
dimensional tolerances.

Coeflicients

Amplification factor u: Ratio of incremental plate
voltage to control-electrode voltage change at a
fixed plate current with constant voltage on other
electrodes

681,
r= 5 Iy, Ecp, - -E¢p conatant .
Bl =0

Transconductance s,,: Ratio of incremental plate
current to control-electrode voltage change at con-
stant voltage on other electrodes

S
" aecl ri={}

By Bo1io Een vonstant -

When electrodes arc plate and control grid, the
ratio is the mutual conductance g,

gm=p/Tp.

Variational (AC) Plate Resistance r,: Ratio of
incremental plate voltage to current change at
constant voltage on other electrodes

Beg,
= [S;b ﬁ;_lo.---.E”. conatant -

Total (DC) Plale Resistance R,: Ratio of total
plate voltage to current for constant voltage on



TasLe 0—TuBE CHARACTERIATICS FOR UNIPOTENTIAL CATHODE AND NEGLIGIBLE SATURATION oF

CATHODE.
Function Parallel-Plane Cathode and Anode Cylindrical Cathode and Anode
Diode anode current Gre? Gedl
(amperes)
Triode ancde current Gol (s tpec) /(1) Gal(entpe.) {1 u) P

{amperes)
2.3X107%(4,/d?)
2.3 X 1078(Ay/dudc)

Diode perveance G
Triode perveance G
Amplification factor
L. 5Galpe/ (u+DI(E
Eo=(Bv+uE.)/(1+u)

Mutual conductance g,

2.7d.[(db/dc) ~ 1)1 log{e/2mr,)]

2.3 1074 4,/8r?)

2.3 X 1078(As/Bre)
(2nd./p)log(dv/dc) Noglp/2n7 )]
1.5Glu/(u+ 1)) E )

E = (EviuEo)/(1+4)

where 4;=effective anode area in square centimeters, dp=sanode-cathode distance in centimeters, d. = grid-cathode
distance in centimeters, 8 =geometric constant, a function of ratio of anode-to-cathede radius; B2==21 for r,/re>10
(Fig. 9), p=pitch of grid wires in centimeters, r,=grid-wire radius in centimeters, »,=sanode radius in centimeters,
ry=cathode radius in centimeters, and r.=grid radius in centimetera,

Note:

These equations are based on theoretical considerations and do not provide accurate results for practical struct ures;
however, they give a fair idea of the relationship between the tube geometry and the constants of the tube.

other electrodes

E
Rp: [-I_b:l Ec .0 Eep constant
b

Lp IN AMPERES

ep IN VOLTS
Amplification factor u= {esr—es1)/ (ecr—ec1)
Mutual conduetance gn= {te—11)/ (€a—ee1)

Total plate resistance R,= e/
Variational plate resistance r,= {esa— ee1)/ (ipa—te1).

Fig. 8— Graphic method of determining coefficients.

A useful approximation of these coefficients may
be obtained from a family of anode characteristics,
Fig. 8. Relationships between the actual geometry
of a tube and its coefficients are given roughly in
Table 9.

HIGH-FREQUENCY TRIODES AND
MULTIGRID TUBES*

When the operating frequency is increased, the
operation of triodes and multigrid tubes is affected
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Fig. 9—Values of 3* for values of ry/re<C10.
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Fig. 10—Electrode arrangement of a small high-frequency
external-anode triode.

by electron-inertia effects. The design features that
distinguish the high-frequency tube shown in Fig.
10 from the lower-frequency tube (Fig. 7) are:
reduced cathode-to-grid and grid-to-anode spac-
ings, high emission density, high power density,
small active and inactive capacitances, heavy
terminals, short support leads, and adaptability
to a cavity cireuit.

Factors Affecting Ultra-High-Frequency
Operation

Electron Inertia: The theory of electron-inertia
effects in small-signal tubes has been formulated;
No comparable complete theory is now available
or largesignal tubes.

When the transit time of the electrons from
cathode to anode is an appreciable fraction of one
radio-frequency cycle:

(A) Input conductance due to reaction of elec-
trons with the varying field from the grid becomes

appreciable. This conductance, which increases as
the square of the frequency, results in lowered
gain, an increase in driving-power requirement,
and loading of the input circuit.

(B) Crid-anode transit time introduces a phase
lag between grid voltage and ancde current. In
oscillators, the problem of compensating for the
phase lag by design and adjustment of a feedback
circuit becomes difficult. Efficiency is reduced in
both oscillators and amplifiers.

(C) Distortion of the current pulse in the grid-
anode space increases the anode-current conduction
angle and lowers the efficiency.

Electrode Admultances: In amplifiers, the effect
of cathode-lead inductance is to introduce a con-
ductance component in the grid circuit. This effect
is serious in small-signal amplifiers because the
loading of the input cirenit by the conductance
current limits the gain of the stage. Cathode-grid
and grid-anode capacitive reactances are of small
magnitude at ultra-high frequencies. Heavy cur-
rents flow as a result of these reactances and
tubes must be designed to carry the currents
without serious loss. Coaxial cavities are often
used in the circuits to resonate with the tube
reactances and to minimize resistive and radiation
losses, Two circuit difficulties arise as operating
frequencies increase:

(A) The cavities become physically impossible
as they tend to take the dimensions of the tube
itself.

{B) Cavity Q varies inversely as the square
root, of the frequency, which makes the attainment
of an optimum @ a limiting factor.

Scaling Factors; For a family of similar tubes,
the dimensionless magnitudes such as efficiency
are constant when the parameter

d=fd/ V2

is constant, where f=frequency in megahertz,
d= cathode-to-anode distance in centimeters, and
V=anode voltage in volts.

Based on this relationship and similar consider-
ations, it is possible to derive a series of factors
that determine how operating conditions will vary
as the operating frequency or the physical dimen-
sions are varied (‘Table 10). If the tube is to be
scaled exactly, all dimensions will be reduced in-
versely as the frequency is increased, and operating
conditions will be as given in the “Size-Frequency
Sealing” column, If the dimensions of the tube are
to be changed but the operating frequency main-
tained, operation will be as in the ‘‘Size Scaling”
column. If the dimensions are to be maintained
but the operating frequency changed, operating
conditions will be as in the “Frequency Scaling”
column. These factors apply in general to all types
of tubes.



TaBLeE 10—8caLinG Facrors For Urrra-Hica-Freqouency TubEs.

Size-Frequency Size Frequency
Quantity Ratio Sealing Sealing Scaling
Voltage Vo/ V) 1 g 2
Field E,/E, ! d 2
Current L/n i 4 i
Current density Jo/J1 ? d B
Power P/P, 1 a4 i
Power density ha/ by F? a3 &
Conductance Gof Gy 1 d f
Magnetic-flux density By/ By I 1 f

d=ratio of sealed to original dimensions
f=ratio of original to scaled frequency

With present knowledge and techniques, it has
been possible to reach certain values of power
with conventional tubes in the ultra- and super-
high-frequency regions. The approximate maximum
values that have been obtained are plotted in
Fig. 11.
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Fig. 11—Approximate maximum ultra-high-frequency

continuous-wave power obtainable from a single triode

or tetrode. These data are based on 1965 knowledge and
techniques.

MICROWAVE TUBES*

The reduced performance of space-charge control
tubes in the microwave region has fostered the
development of other types of tubes for use as
oseillators and amplifiers at microwave frequencies.
Such tubes generally function on the basis of the
modulation of the velocity of an electron stream
rather than of its density. They may be roughly
divided simply into linear beam devices and crossed-
field devices. In the former the electron stream
flows essentially linearly, often with a collimating
magnetic field to counteract space-charge spread-
ing; in the latter the electron stream follows &
curved path under the aclion of orthogonal electric
and magnetic fields. The linear beam devices are
often referred to as O-type, while the crossed-field
devices are referred to as .M -type.

Terminology

Bunching: Any process that introduces a radio-
frequency conduetion-current component into a
velaeity-modulated electron siream as a direct re-
sult of the variation in electron transit time that
the velocity modulation produces.

Cavily Resonator: Any region bounded by con-
duecting walls within which resonant electromag-
netic fields may be excited.

Circuit Efficiency: The ratio of (A) the power
af the desired frequency delivered to the output
terminals of the eirenit of an oseillator or amplifier
to (B) the power of the desired frequency delivercd
by the electron stream to the circuit.

Coherent-Pulse Operation: Methil of pulse oper-
ation in which the phase of the radio-frequency
wave is maintained through successive pulses.

Drift Space: In an electron tube, a region sub-
stantially free of externally applied alternating
fields in which a relative repositioning of the clec-
trons is detennined by their velocity distributions
and the space-charge forees,

Duty Cyele: The product of the pulse duration
and the pulse repetition rate, It is also the ratio
of the average power output to the peak power
output,

External @: The reciproeal of the difference he-
tween the reciprocals of the loaded and unloaded

Qs

Frequency Pulling of an oscillator is the change
in the generated frequency caused by a change of
the load impedance,

_ Frequency Pushing of an oscillator is the change
in frequency due to change in anode current (or
in anode voliage).

Loaded Q of a specific mode of resonance of a
syster is the @ when there is external coupling to
that mode. Note: When the system is connected
to the load by means of a transmission line, the
!oaded @ is customarily determined when the line
1s terminated in its characteristic impedance.

Mode: One of the components of a general con-
figuration of & vibrating system. A mode is char-
aeterized by a particular geometric pattern of the
electrompgnetic field and a resonant frequency

or propagation constant).

Noise Figure: The ratio in decibels of the total
available output noise from an amplifier to the
available noise which would be present at the
output if the amplifier itself were noiseless, as-
suming g source temperature of 200°Ix.

_ Pulling Figure of an oscillator is the difference
' mnegahertz between the maximum and mininun
frequencies of oscillation obtained when the phase
angle of the load-impedance reflection coefficient
Varies through 360 degrees, while the absolute
value of this coefficient is constant and is normally
&qual to 0.20.

Pulse: Momentary flow of energy of such short
time duration that it may be considered as an
isolated phenomenon.

Pushing Figure of an oscillator is the rate of
frequency pushing in megahertz per ampere or
megahertz per volt.

: The @ of u specific mode of resonance of a
system is 27 times the ratio of the stored electro-
magnetic energy to the energy dissipated per eycle
when the system is excited in this mode,

Reflector: Electrode whose primary function is
to reverse the direction of an electron stream,.
It is also called a repeller.

Refler Bunchiing: T'ype of bunching that occurs
when the velocity-modulated electron stream is
made to reverse its dircction by eans of an
opposing direct-current field.

Slow-Wave Structure: A microwave cireuif, as
used in beam-type microwave tubes, capable of
propagating radio-frequency waves with phase ve-
locities appreciably less than the velocity of light.

LINEAR BEAM TUBES

The principal types of linear beam tubes are the
klystron, the traveling-wave amplifier, and the
hackward-wave oscillator.

Klystrons

A klystron® is an electron tube in which the
following processes may be distinguished ;

(A) Periodie variations of the longitudinal ve-
locities of the electrons forming the beam in a
region confining a radio-frequency feld.

(B) Conversion of the velocity variation into
conduction-current modulation by motion in a
region free from radio-frequency fields.

{C) Extraction of the radio-frequency energy
from the beam in another confined radio-frequency
field.

The transit angles in the confined fields are
made short (8% 7/2) so that there is no appreciable
conduction-current variation while traversing them.
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Several variations of the basic klystron exist.
Of these, the simplest is the 2-cavity amplifier or
oscillator. The most important is the reflex klystron,
used as a low-power oscillator. The multicavity
high-power amplifier is also important,

Two-Camiy Klystron Amplifiers: An electron
beam is formed in an electron gun and passed
through the gaps associated with the two cavities
(Fig. 12). After emerging from the second gap,
the electrons pass to a collector designed to dissi-
pate the remaining beam power without the pro-
duction of secondary electrons. In the first gap,
the electron beam is alternately aceelerated and
decelerated in succeeding hall-periods of the radio-
frequency ¢ycle, the magnitude of the change in
speed depending on the magnitude of the alter-
nating voltage impressed on the eavity. The elec-
trons then move in a drift space where there are
no radio-frequency fields. Here, the electrons that
were accelerated in the input gap during one half-
eyele catch up with those that were decelerated in
the preceding hali-cycle, and a local increase of
current, density occurs in the beam, Analysis shows
that the maximum of the current-density wave
oceurs at the position, in time and space, of these
electrons that passed the center of the input gap
as the field changed from negative to positive.
There is therefore & phase difference of #/2 be-
tween the current wave and the voltage wave that
produced it. Thus at the end of the drift space,
the initially uniform electron beam has been altered
into a beam showing periodic density variations.
This beam now traverses the output gap and the
variations in density induce an amplified voltage
wave in the output circuit, phased so that the
negative maximum corresponds with the phase of
the bunch center. The increased radio-frequency
energy has been gained by conversion from the
direct-current beam energy.

The 2-cavity amplifier can be made to oscillate
by providing a feedback loop from the output to

-

the input cavity, but 2 much simpler structure
results if the electron beam direction is reversed
by a negative electrode, termed the reflector.

Reflex Klystrons*: A schematie diagram of s
reflex kiystron is shown in Fig. 13, The velocity-
modulation process takes place as before, bui
analysis shows that in the retarding field used to
reverse the direction of electron mation, the phase
of the current wave is exactly opposite to that in
the 2-cavity klystron. When the bunched beam
returns to the cavity gap, a positive field extracts
maximum energy [rom the beam, since the di-
rection of electron motion has now been reversed,
Consideration of the phase conditions shows that
for a fixed caviiy potential, the reflex klystron will
oscillate only near certain discrete values of re-
flector voltage for which the transit time measured
from the gap center to the reflection point and
back is given by ’

wr="27(N+%)

where N is an integer called the mode number.
By varying the reflector voltage around the
value corresponding with the mode center, it is
possible to vary the oseillation frequency by a
small percentage. This fact is made use of in
providing automatic frequency contrel or in fre-
quency-modilation transmission,

Reflex-Klystron Performance Daln: The perform-
ance data for a reflex klystron are usually given in
the form of a reflector-characteristic chart. Fhis
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Fig. 13—Schematic of reflex klystron with pewer supply.
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chart displays power output and frequency devi-
ation as a function of reflector voltage. Several
modes are often displayed on the same chart.
A typical chart is shown in Fig. 14.

There are two rather distinct classes of reflex
klystrons in current large-scale manufacture
('Table 11).

(A) Low-power tubes suitable for use in local-
oscillator service, maser pumping, antenna-pattern
testing, or similar applications, These tubes have
power outputs in the range of 10 milliwatts to
1 to 2 watts. Typically, for local-oscillator service,
2 power of 10 to 100 milliwatts is necessary to
operate crystal mixers with the required degree of
isolation. For such applications as antenna testing
or pumping of eryogenically cooled masers, power

TaBrLe 11—Crasses or RerLex KLYSTRONS.

Power Useful Mode

Frequency OQutput  Width Afsq Operating
(MH?z) (W) (MHz) Voltage
Local oscillators
3 000 150 40 300
9000 40 40 350
24 000 35 120 750
35 000 >15 50 2000
50 000 10-20 60-140 600

Maser pumps
35 000 500-1500 70 2000
45 000 500-1000 80 2000
Frequency-modulation transmitters
4 000 10 000 40 1100
7000 10 000 37 750
9000 6000 60 500

of 500 milliwatts to 2 watts is usually required.
The electronic tuning range required is about 50
megahertz independent of center frequency, but
the linearity of the Af versus AV, characteristic is
relatively unimportant. -

(B} Tubes as frequency modulators in micro-
wave links. These usually require considerably
greater power, up to about 10 watts, and the
linearity of the Af versus AV, characteristic over
a limited (for example 10-megahertz) excursion is
of primary importance as this parameter deter-
mines the harmonie margins in the system. Second-
harmonic margins of —96 decibels for deviations
of 125 kilohertz have been observed; the third-
harmonic margins are about — 120 decibels.

Multicavity Klysirons: Multicavity' klystrons®
have been perfected for use in two rather different
fields of application: applications requiring ek-
tremely high pulse powers and continuous-wave
systems in which moderate powers (tens of kilo-
watts) are required. An example of the first appli-
cation is a power source for nuclear-particle ac-
celeration, while ultra-high-frequency television
and troposcatter transmitters are examples of the
latter.

A multicavity klystron amplifier is shown sche-
matically in Fig. 15. The example shown has 3

‘eavities all coupled to the same beam. The radio-

frequency input modulates the beam as before.
The bunched beam induces an amplified voltage
across the second cavity, which is tuned to the
operating frequency. This amplified voltage re-
modulates the beam with a certain phase shift
and the now more-strongly bunched beam excites
a highly amplified wave in the output circuit.
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Fig. 15—Three-cavity klystron ampfifier.



It is found that the optimum power output is
obtained when the second cavity is slightly de-
tuned. Moreover, when increased bandwidth is
required, the second cavity may be loaded with a
resultant lowering in overall gain. Modern multi-
cavity klystrons use magnetically focused high-
perveance beams, and under these conditions high
gains, large power outputs, and reasonable values of
efficiency are readily obtained.

Conthiuous-wave multicavity klystrons are avail-
able with outputs of around 10 kilowatts at fre-
quencies up to 5000 megahertz. The efficiencies
are of the order of 30 percent and the gains vary
between 20 and 50 decibels, according to the num-
ber of cavities, bandwidth, et cetera. Pulsed tubes
have been designed for outputs of 30 megawatts
and with efficiencies of over 40 percent at fre-
quencies near 3000 megahertz.

Traveling-Wave Tubes

The traveling-wave tube* differs from the klys-
tron in that the radio-frequency field is not con-
fined to a limited region but is distributed along
a wave-propagating structure. A longitudinal elec-
tron beam interacts continuously with the field of
a wave traveling along this wave-propagating
structure. In its most common form it is an ampli-
fier, although there are related types of tubes that
are basically oscillators.

The principle of operation may be understood
by reference to Tlig. 16. An electron stream is
produced by an electron gun, travels along the
axis of the tube, and is finally collected by a suitable
electrade. Spaced closely around the beam is a
circuit, in this case a helix, capable of propagating
a slow wave. The circuit is proportioned so that
the phase velocily of the wave is small with respect
to the velocity of light. In typical low-power tubes,
a value of the order of one-tenth of the velocity
of light is used; for higher-power tubes the phase
veloeity may be two or three times higher. Suitable
means are provided to couple an external radio-
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Fig. 16—DBasic helix traveling-wave tube. The magnetic
beam-focusing system between input and output cavities
is not shown.

frequency circuit to the slow-wave structure at the
input and output. The velocity of the eleciron
stream is adjusted to be approximately the same
as the axial phase velocity of the wave on the
circuit.

When a wave is launched on the cirenit, the
longitudinal component of its field interacts with
the electrons traveling in approximate synchronism
with it. Some electrons will be accelerated and
some decelerated, resulting in a progressive re-
arrangement in phase of the electrons with respect
to the wave. The electron stream, thus modulated,
in turn induces additional waves on the helix.
This process of mutual interaction continues along
the length of the tube with the net result that
direct-current energy is given up by the electron
stream to the circuit as radio-frequency energy,
and the wave is thus amplified.

By virtue of the continuous interaction hetween
a wave traveling on a hroad-band circuit and an
electran stream, traveling-wave tubes do not suffer
the gain-bandwidth limitation of ordinary types
of electron tubes, By proper circuit design, such
tubes are made to have bandwidths of an octave
in frequency, and even more in special cases.

The helix is an extremely useful {orm of slow-
wave circuit because the impedance that it presents
to the wave is relatively high and because, when
properly proportioned, its phase velocity is almost
independent of frequency over a wide range.

An essential feature of this type of tube is the
approximate synchronism between the electron
stream and the wave. For this reason, the traveling-
wave tube will operate eorrectly over only a limited
range in voltage, Practical considerations reguire
that the operating voltages be kept as low as is
consistent with obtaining the necessary beam input
power; the voltage, in turn, dictates the phase
velocity of the cireuit. The electron velacity » in
centimeters/second is determined by the acceler-
ating voltage V in accordance with

v=5.93X 107 V12,
Figure 17 shows a typical relationship between
gain and beam voltage. The gain & of a traveling-

wave tube is given approximately by

G=A+BCN

g
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Tig. 17—Traveling-wave-tube gain versus accelernting
voltage.

in decibels, where A= the iitial loss due to the
establistunent of the modes on the helix and lies
in the range from —6 to —9 decibels, B=a gain
coefficient that accounts for the effect of circuit
attenuation and space charge, C=a gain pa-
rameter that depends on the impedances of the
cireuit and the electron stream=[ {72/ {w/v)2P) X
{(Io/8Vs) '3, Ip="Deam cutrent, Vo= beam voltage,
N=number of active wavelengths in tube=
(/o) (¢/v), I=axial length of the helix, ho=1free-
space wavelength, v=phase velocity of wave along
tube, and c= velocity of light. The term £%/ (w/p)?P
is & normalized wave impedance that may be
defined in a number of ways.

In practice, the attenuation of the cireuit will
vary slong the tube, and consequently the gain
per unit length will not be constant. The total gain
will be a summation of the gains of various sections
of the tube.

Commonly, C is of the order of 0.02 to 0.2 in
helix traveling-wave tubes. The gain of low- and
medium-power tubes varies from 20 to 70 decibels
with 30 decibels being a common value, The gain
in & tube designed to produce appreciable power
will vary somewhat with signal level when the
beam voltage is adjusted for optimum operation.
Figure 18 shows a typical characteristic.

To restrain the physical size of the electron
stream as it travels along the tube, it is necessary
to provide a focusing field, either magnetic or
electrostatic, of a strength appropriate to overcome
the space-charge forces that would otherwise cause
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Fig. 18—Cain of traveling-wave tube ag a function of
input level and beam voltage. Eu < Bpe < Ess.

the beam to spread. Until fairly recently a longi-
tudinal magnetic field supplied by a solenoid
electromagnet was used for this purpose. Con-
tinuing demands for improved efficiency and relia-
bility, and for weight and size reduction, however,
have forced the development of permanent magnet-
type focusing structures. At the present time,
focusing by periodically reversing magnetic fields
produced by permanent magnet structures is
rapidly becoming predominang.

Several techniques for electrostatic containment
of the electron stream have also been developed.
Typical is the use of a bifilar helix slow-wave
structure where an appropriate voltage difference
between the helices provides, in effect, a distributed
Einzel lens. Because of voltage breakdown prob-
lems as well as increased power supply require-
mentg, electrostatic focusing has not yet proved
practical for use in linear beam tubes.

Other types of slow-wave circuits in addition to
the helix are possible, including a number of
periodic structures. In general, such designs are
capable of operation at higher power levels but at
the expense of bandwidth.

Traveling-Wave-Tube Performance Data

Traveling-wave tubes are designed to emphasize
particular inherent characteristics for specific appli-
cations, Three general classes are distinguished.

Low-Noise Amplifiers: Tubes of this class are
intended for the first stage of a receiver and are
proportioned to have the best possible noise figure.
This requires that the random variations in the
electron stream be minimized and that steps be
taken also to minimize partition noise. Tubes have
been made for commercial use with noise figures
as low as 3 decibels in S-band and 6 decibels or
less over the entire range from 1000 to 12000
megahertz. Gains of from 20 to 35 decibels are
typical. The maximum power output iz generally
not more than a few milliwatts. Performance of
this order can be achieved with either permanent-
magnet or electromagnet focusing structures. Re-
cently a new class of tubes has been developed
which offers medium-power performance (1 to 5
watts) with reasonable low-noise performance
(noise figures of 10 to 14 decibels).

Intermediale Power Amplifiers: These tubes are
intended to provide power gain under conditions
where neither noise nor large values of power
output are important. Gains of 30 or more decibels
are customary and the maximum output power is
usually in the range from 100 milliwatts to 1 watt,

Power Amplifiers: For this class of tubes, the
application is usually the output stage of a trans-
mitter; the power output, either continuous-wave



or pulsed, I8 of primary importance, Much active
development continues in this area and the values
of power obtainable are steadily increasing. At
present, continuous-wave powers range from tens
of kilowatts in the ultra-high-frequency region to
more than 100 watts at 10 000 megahertz. Tubes
especially designed for pulsed operation pro-
vide congiderably higher power. Several mega-
watts of peak power have been achieved at 3000
megahertz. Efficiencies in excess of 30 percent have
been obtained and this may be further enhanced
by recently developed collector-depression tech-
niques. Power gaing of 3¢ to 50 decibels are normal.

Backward-Wave QOsciflators

A member of the traveling-wave-tube family,
the O-type backward-wave oscillator,® makes use
of the interaction of the electron stream with a
radio-frequency c¢ircuit wave whose phase and
group velocities are 180° apart. The group veloeity,
and thus the direction of energy flow, is directly
opposed to the direction of electron motion. Figure
19 shows schematically a backward-wave tube
with connection to both ends of the slow-wave
structure, so that operation as either oscillator or
amplifier could be achieved. An electron beam is
produced by the electron gun, traverses the slow-
wave structure, and is dissipated in the collector
structure. During its transit the beam is confined
by a longitudinal magnetic field. With a beam
current of suffictent magnitude, the beam-structure
interaction will produce oscillations and microwave
power will be delivered from the end of the struc-
ture adjacent to the electron gun. At heam-current
levels below the “‘start-oscillation” value, & radio-
frequency signal may be introduced at the collector
end of the device and the tube will operate as an
amplifier.

To improve interaction efficiency, electron beams
with hollow cross sections are usually used. This
places all the electrons as close as possible to the
slow-wave structure in the region of maximum
radio-frequency field. The reason here is that the
strength of the —1 space harmonic field goes to
zero on the axis. To produce this hollow-cross-
section beam it is necessary to use magnetically
confined electron flow from the cathode, and thus
the electron gun is entirely immersed in the mag-
netic field.
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Fig. 19—A traveling-wave tube in operation as a baek-
ward-wave amplifier. A separate power supply connected
to the anode permits beam-ourrent control independent
of the helix voltage.

O-type backward-wave devices are voltage tun-
able, with the frequency being porportional to
the } power of the cathode-helix voltage as well
as dependent on the dimensions of the structure.
Typically, tuning over full octave range is possible
and in special cases a range of 2 or more octaves
can be achieved. However, where confined limits
are desired on power variation or other special
characteristics, more-restricted frequency ranges
may be necessary. Where full octave tuning is used,
power output variation of 6 to 10 decibels across
the range is usual. In most cases a separate control
element in the gun permits adjustrent of beam-
current amplitude and thus provides control of
power output. Oscillators of this type have very
low pulling figures but the pushing figure is often
substantial. Frequency stability is generally excel-
lent, with the achievable value normally depending
on power supply capabilities rather than inherent
tube Limitations.

O-type backward-wave oscillators are generally
low-power devices, with 10 to 50 milliwatts being
typical. However, in the range from 1 to 4 gigahertz
up to seversl hundred milliwatts is feasible, while
in the range from 50 to 100 gigahertz 5 to 10 milli-
watts is relatively difficult to achieve reliably.
Typical performance for low-power helix-type per-
manent-magnet-focused backward-wave oscillators
is listed in Table 12.

Electron-Beam Parametric Amplifiers

Parametric amplification occurs through a time-
varying or nonlinear parameter of the system. A

TapLt 12-—Perrormance oF Typican Low-
PowEk BACKWARD-WAVE OSCILLATORS.

Minimum

Frequency Tuning  Cathode  Power

Range Voltage Current  Output

(GHz) (V) (mA) (mW)
1.0-2.0 250-1150 15 100
2.0-4.0 300-1800 10 100
4.0-8.0 25(0-2400 12 25
5.3-11.0 245-2400 10 25
8.0-12.4 5502400 10 25

simple mechanical example is a child pumping
up a swing. He gives energy to the swing amplitude
by raising and lowering his center of gravity at
twice the swing frequency. The time-varying
parameter is the effective length of the swing.

Parametric amplifiers differ from usual ampli-
fiers in the frequency of the energy source; for
parametric amplifiers the energy comes from E:3
high-frequency source whereas for the usual ampli-
fier it comes from a direct-current source. There
normally are 3 frequencies associated with para-
metric amplifiers: the signal frequency f;; the
energy source or pump frequency fp; and the
difference or jdler frequency fi==f,~—f,. Although
no energy is supplied at fi, a circuit must be pro-
vided to support this frequency. Four-frequency
parametric amplifiers, where the fourth frequency
is a second idler or a second pump frequency, have
been made. The advantage of this device is that
the pump frequency (frequencies) can be lower
than the signal frequency. The disadvantage is
that a fourth cireuit must be provided, Two-
frequency (degenerate) parametric amplifiers, in
which f,= 2f, so that f;=f,, are the common form
of the electron-beam devices. (The child in the
swing. is a versicn of the degenerate parainetric
amplifier.) The advantage of the degenerate para-
metrie amplifier is that only 2 circuits need to he
provided—1 for the signal frequency and 1 for the
pump frequency. The disadvantage is that the
phasing hetween the signal and pump must be
edjusted precisely. In each of the foregoing cases,
the ratios of the powers at the several f requenmes
are governed by the Manley-Rowe relations.™

The parametric amplifier’s principal virtue is its
low-noise behavior. It has this feature in common
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Fig, 20—Block diagram of O-type parametric amplifier.

with the maser to which it bears s superficial
resemblance. :

Electron-beam parametrie amplifiers are, for the
most part, linear beam (O-type} devices, although
crossed-field (A-type) devices have been built*
The usual O-type amplifier, such as the traveling-
wave tube, uses the coupling between a circuit and
the slow space-charge wave on the beam to obtain
gain. Since this wave carries negative kinetic power,
it is not possible to couple the noise on this wave
out of the beam. Tor parametric amplification, it is
necessary to use either the fast space-charge wave
or the fast cyclotron wave., Because these waves
carry positive kinetic power, it is possible (theo-
retically) to couple all the noise on these waves
out of the beam.

A block diagram of an O-type parametric ampli-
fier is shown in Fig. 20. A microwave tube version
of this block diagram is shown in Fig. 21. This
device has 20-decibel gain at 4140 megahertz with
a bandwidth of 67 megahertz and a double-channel
noise figure of 2.4 decibels. The tube uses the fast

COLLECTOR

Tig. 21—Cross seetion of a microwave O-type parametric
amplifier.



eyclotron wave, and the input and output are
microwave forms of the Cuccia coupler.*

Crossed-Field Tubes

The earliest type of crossed-field tubet was the
magnetron oscillator, The carcinotron oscillator
and the crossed-field amplifier have been developed
more recently. Crossed-field tubes generally operate
with higher conversion effciencies than linear beam
devices, making them especially attractive for
high-power applications.

Magnetrons

A magnetron? is a high-vacuum tube containing
3 cathode and an anode, the latter usually divided
into two or more segments. A constant magnetic
field modifies the space-charge distribution and
the curient-voltage relations. In modern usage,
the term “magnetron” refers to the magnetron
oscillator in which the interaction of the electronic
space charge with the resonant system converts
direct-current power into alternating-current power,
usually at mierowave frequencies.

Many forms of magnetrons have been made in
the past and several kinds of operation have been
employed. The type of tube that is now almost
universally employed is the multicavity magnetron
generating traveling-wave oscillations, Tt possesses
the advantages of good efficiency at high fre-
quencies, capability of high outputs either in pulsed
or continuous-wave operation, moderate magnetic-
field requirements, and good stability of operation.
A section through the basic anode structure of a
typical magnetron is shown in Fig. 22,

In magnetrons, the operating frequency is de-
termined by the resonant frequency of the separate
cavities arranged around the central cylindrical
cathode and paralle! to it. A high direct-current
potential is placed between the cathode and the
cavities, and radie-frequency output is brought
out through a suitable transmission line or wave-
guide usually coupled to one of the resonator

cavities. Under the action of the radio-frequency
voltages across these resonators and the axial
magnetic field, the electrons from the cathode
form & bunched space-charge eloud that rotates
around the tube axis, exciting the cavities and
mainiaining their radio-frequency voltages.

Magnetron Performance Data

The performance data for a magnetron are usu-
ally given in terms of two diagrams, the perform-
ance chart and the Rieke diagram.
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Tig. 22--Magnetron oscillator.
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Fig. 23—Performance chart for pulsed magnetron.

Perfarmanee Chart: This is a plot of anode current
along the abseissa and anode voltage along the
ordinate of rectangular-coordinate paper. For a
fixed typical tube load, pulse duration, pulse-
repetition rate, and setting of the tuner of tunable
tubes; lines of constant magnetic field, power out-
put, efficiency, and frequency may be plotted over
the complete operating range of the tube. Regions
of unsatisfactory operation are indicated by cross
hatehing. For tunable tubes, it is customary to
show performance charts for more than one setting
of the tuner. In the case of magnetrons with at-
tached magnets, curves showing the variation of
anode voliage, efficiency, frequency, and power
output with change in anede current are given. A
typical chart for a magnetron having 8 resonators
is given in Fig, 23.

Ricke Diagram: This shows the variation of
power output, anode voltage, efficiency, and fre-
quency with changes in the voltage standing-wave
ratio and phase angle of the load for fixed typical
operating conditions such as magnetie ficld, anode
current, pulse duration, pulse-repetition rate, and
the setting of the tuner for tunable tubes, The
Rieke diagram is plotted on polar coordinates, the
radial coordinate being the reflection coefficient
measured in the line joining the tube to the load,
and the angular coordinate being the angular
distance of the voltage standing-wave minimum
from a suitable refcrence plane on the output
terminal. On the Rieke diagram, lines of constant
frequency, anade voltage, efficiency, and outpit
may be drawn (Fig, 24).

Magnetrons for pulsed operation have been built
to deliver peak powers ranging from 3 megawatts
at 3000 megahertz to 100 kilowatts at 30 000
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Fig, 24—TRieke diagram.

megahertz. Continuous-wave magnetrons having
outputs ranging from 1 kilowatt at 3000 megahertz
to & few watts at 30 000 megahertz have been
produced. Operation efficiencies up to 60 percent
at 3000 megahertz are obtained, falling to 30 per-
cent at 30 000 megahertz.

Carcinotron

The earcinotron is an M-type backward-wave
oscillator in which the electron stream traverses
the tube and interaects with the fields on the slow-
wave structure under conditions where the electric
and magnetic fields are perpendicular to ench other.
Figure 25 shows schematically a linear version of
the earcinotron. In the electron gun, current is
drawn from the cathode when the accelerator
voltage is applied. Because of the presence of the
magnetic fleld, directed as shown, the electron
paths are curved approximately 90° so that they
enter the interaction region between the slow-
wave structure and the sole. If the voltages and
the magnetic field strength arve proper, the elee-
trons will travel along a path approximately paral-
lel to the structure until they reach the collector,

Although Fig. 25 shows a linear arrangement,
carcinotrons are eonventionally designed in a eir-
cular arrangement to conserve magnet size and
weight. In this arrangement, the sole approximates
the appearance of the cathode of a magnetron
and the slow-wave structure is in the position of
the magnetron anode, but neither the sole nor the
structure are re-entrant,

The carcinotron performance is similar to that
of the O-type backward-wave osecillator but it
offers several of the advantages of crossed-field
devices. High-efficiency operation is possible with
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Fig, 25—Linear version of an M-carcinotron oscillator.



values of 20 to 30 percent being readily obtained.
This efficiency eapability makes the carcinotron
useful as a high-power device with continuous-
wave capabilities of hundreds of watts through
X-band. Its construction is such as to permit
direct sealing to very-high frequencies, with several
milliwatts of power having besn achieved at fre-
quencies beyond 300 gigahertz.

The carcinotron, like the O-type backward-wave
oscillator, is voltage-tunable with the oscillation
frequency being approximately directly propor-
tional to the cathode slow-wave-structure voltage.
This linear relationship simplifies the associated
electronic tuning circuit considerably. Frequency
pushing is also considerably lower than in O-type
backward-wave oscillators. The M-type ecarcino-
tron has the disadvantage, however, that it is
relatively noisy, with spurious power output often
not more than 10 to 15 decibels below the main
signal output,

In addition to obvious usage as high-power
tunable signal sources, carcinotrons with their high
noise may be used as electronic countermeasure
jamming sourees.

Crossed-Field Amplifiers

Crossed-field amplifiers as a general class of
tubes are mechanically quite similar to the crossed-
field oscillator or magnetron. As may be seen from
Fig. 26, the major difference is that the slow-wave
structure is not re-entrant whereas in the magne-
tron both the bemm and the circnit are re-entrant.

Referring to Fig. 26, voltage and magnetic field
are applied as for the magnetron. A radio-frequency
signal is applied to the structure and progresses in
a clockwise direetion toward the output terminal,
Current spokes, produced in the cathode-circuit
region by the radicdrequency electric fields, also
progress in a clockwise direction synchronously
with the eircuit wave. The interaction between the
beam and circuit wave results in a growing of the
circuit wave and thus gain. I desired, interaction
with a backward mode may also be accomplished
with this device.

Sinee the beam is re-entrant, the crossed-field
amplifier will oscillate if the circuit gain becomes
high. Gain is usually limited to 10 to 15 decibels.
If only a portion of the eireumference is used for
the slow-wave structure and a drift area is left
between the two ends of the structure, the feedback
mechanism is disrupted and gaing of 15 to 20
decibels may be realized.

Fig. 26—Schematic drawing of a crossed-field amplifier.

The power output of the erossed-field amplifier
is essentially independent of the radio-frequency
drive signal and it thus operates as a saturated
amplifier. This characteristic makes it unsuitable
for amplifying amplitude-modulated signals.

Crossed-field amplifiers offer the advantage of
relatively high efficiency, 40 to 60 percent or even
higher, and they may be designed to provide very
high peak output powers. Their disadvantages are
their low gain, limited bandwidth, high noise, and
saturated-amplifier characteristic.

GAS TUBES

lonizafion

A gas tube is an electron tube in which the
pressure of the contained gas is such as to affect
substantially the electrical characteristics of the
tube. Such effects are caused by collisions between
moving electrons and gas atoms. These collisions,
if of sufficient energy, may dislodge an electron
from the atom, thereby leaving the atom as &
positive ion. The electron space charge is effec

TasLeE 13—IoN1zATION PROPERTIES OF (GASES.

Ionization Collision
Energy Probability

Gas ‘ (volts) P.
Helium 24.5 12.7
Neon 21.5 17.5
Nitrogen 16.7 37.0
Hydrogen (Hp) 15.9 20.0
Argon 15.7 34.5
Carbon monoxide 14.2 23.8
Dxygen 13.5 34.5
Krypton 13.3 45.4
Water vapor 13.2 55.2
Xenon i1.5 62.5
Mercury 10.4 67.0

tively neutralized by these positive ions and com-
paraiively high free-electron densitics are easily
created.

Table 13 gives the energy in electron-volts neces-
sary to produce ionization. The column P, is the
kinetic-theory collision probability per centimeter
of path length for an electron in a gas at 15°
Celsius at a pressure of 1 millimeter of mercury.
The collision frequency is given by

Je=0Pep

where f,= collisions per second, P.= collision prob-
ahility in collisions per centimeter per millimeter
of pressure, and p=gas pressure in millimeters of
mercury. :

Characteristics of Gas Tubes

Gas tubes may be generally divided into two
classes, depending on whether the cathode is hot
or cold and thus on the mechanism by which
electrons are supplied.

Hot-Cathode Gas Tubes: The electrons in the hot-
cathode gas tube are produced thermionically, The
voltage drop across such tubes is that required
to produce ionization of the gas and is generally
a few tens of volts. The current conducted by the
tube depends primarily on the emission capability
of the cathode. Figure 27 shows the effect of the
lonized gas on the voltage distribution in & hot-
cathode tube.

Cold-Cathode Gas Tubes: The electrons in a cold-
cathode tube are produced by bombardment of
the cathode by iong and/or by the action of a
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Fig. 27—Voltage distribution between plane parallel

electrodes showing effect of space-charge neutralization
in a hot-cathode gas tube.

localized high electric field. The voltage drop across
such & tube is higher than in the hot-cathode
tube because of this mechanism of electron gener-
ation, and the current which can flow is limited,
Figure 28 shows the effect of tube geometry and
gag pressure on the voltage required to initiate
the discharge.

Figure 20 shows a typical volt-ampere char-
acteristic of a cold-cathode discharge. Cold-cathode
gas tubes may be divided into two categories,
depending on the region of this characteristic in
which they operate.

Glow Discharge Tubes require o drop of several
hundred volts across the tube and operate in
region II. The current is of the order of tens of
miilismperes.

Are Discharge Tubes operate in region III. They
are not, strictly speaking, cold-cathode tubes since
the current is drawn from a localized spot on the
cathode which is consequently heated and provides
a large thermionic current. The voltage drop is
thus lowered. Such a tube is eapable of conducting
currents of thousands of amperes at voltage drops
of tens of volts. Mercury-pool eathodes are used

BREAKDOWN VOLTAGE

{GAS PRESSURE) X (ELECTRODE SPACING)

Fig. 28—Effect of gas pressure and tube geomeiry on
pap voltage required for breakdown in a cold-cathode
gas tube.
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Fig. 20—Typieal volt-ampere characteristic of cold-
cathode gas discharge.

in one common form of arc discharge tube, supply-
ing the electron current from an are spot on the
mercury-pool surface. The mercury vapor evapo-
rated from the surface provides the gas atmosphere
which is 1onized.

Power Applications of Gas Tubes

Power Rectifier and Control Tubes: Mercury-
vapor rectifiers, thyratrons, and ignitrons employ
the very high current-carrying capaeity of gas
discharge tubes with low power losses for rectifi-
cation and control in high-power equipment. The
operation of mercury-vapor tubes depends on tem-
perature insofar as tube voltage drop and peak
inverse voltages are concerned (Fig. 30).
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Fig. 30—Tube drop and arc-back voltages as a function
of the condensed mercury temperature in a hot-cathode
mercury-vapor tube.

Hydrogen Thyrairons are hot-cathode hydrogen-
filled triodes designed for use as electronic switching
devices where short anode delay time is important,
In pulsing service they are capable of switching
tens of megawatts at voltages of tens of kilovolts.
Anode delay time and time jitter are in the nano-
second range, and the tubes do not depend on
ambient temperature for proper operation. Hy-
drogen thyratrons are also used in crowbar appli-
cations to protect other circuit components against
faull voltages or currents and are capable of hand-
ling peak currents of several-thousand amperes.

Triggered Spark Gaps are cold-cathode gas tubes
operating in the are discharge region III. The
gaps contain two high-power electrodes and a
trigger electrode which is generally fired through
a step-up pulse transformer by a simple low-energy
pulse, The gaps are used as electronic switching
devices for peak currents of tens of thousands of
amperes and volfages of tens of kilovolts. They
can discharge stored energies of several thousand
joules and are used for energy transfer in ex-
ploding-bridge-wire cireuits, gas plasma discharges,
gpark chambers, and Kerr cells. They are also
used in crowbar applications for fast-acting pro-
tection of other circuit components against fault
voltages and currents, Before conduction the gap
presents a low capacitance and a very high imped-
ance to the circuit. After triggering, when the
gap is conducting, the impedance drops to a few
ohms or less.

Voltage Regulators of the glow discharge type
take advantage of the volt-ampere characteristic
in region 1, where the voliage is nearly inde-
pendent of the current. They operate st milli-
amperes and up to a few hundred volis.

Voltage regulators of the corona discharge type
operate at currents of less than a milliampere and
at voltages up to several thousand volts,

Microwave Applications of Gas Tubes

Noise Sources: Gas discharge devices possess 2
highly stable and repeatable effective noise temper-
ature when in the fired condition. This feature
provides a convenient and accurate means for
determining noise figure. The microwave energy
radiated from a gas discharge plasma is coupled
into  radio-frequency transmission line with which
it is used. The amount of radio-frequency power
available from a gas discharge tube depends mainly
on the nature of the gas fill, the geometric char-
acteristic of the discharge tube, and the electron
temperature of the positive column or plasma.
The design parameter which most strongly de-
termines the noise temperature is the type of gas
employed. Any of the noble gases may be used in

a noise source, In practice, however, only two or

three are normally used:

Gas F=ENR(dB)
Helium 21.0
Neon 18.5
Argon 15.3

YWhen referring to a noise source or generator,
the ratio of ifs noise power output to thermal
noise power is called the Hxcess Noise Ratio
(ENR).

C(2o/T0) =11 YL {Ty/ T}~ 1]

F=ENR= =

where Y=ratio of the noise output power of the
receiver with the noise generator ox, to that with
the noise generator oFr, Ty=290°K, T\= temper-
ature (in degrees K) of the termination, and
T.=effective noise temperature (in degrees K)
of the noise generator in the fired condition, The
expression | (Ty/To)— 1] is termed the excess noise
power of the noise source. When 7= Ty=290"K

ENR=[(T%/To)—-1]/(¥Y—1)
ENR (dB3)=10 logi ENR.

The effective temperature of the noise source is
equal to the temperature of the discharge only if
the coupling of the transmission line to the dis-
charge is complete, Otherwise there is a reduction
in the noise power output which ean best be de-
termined by measuring the fired and unfired in-
sertion loss of the unit at the frequency of interest.
The relation between these factors is given by

{(TG/TU) MIJ/E(TQ/TD) - 1]: 1- (Lu/Lf)

where [(7T./Ty)—1] is the effective excess noise
power of the generator, [ (Ta/Ty) — 1] is the excess
nhoise power, and I, and Ly are the insertion losses
In the unfired and fired conditions, respectively,
This correction should be subtracted from the
apparent measured noise figure.

Noise figure is always measured with reference
to a standard temperature of 290°K (T,). If the
ambient temperature (7)) of the noise-generator
termination differs from the standard temperature,
the noise figure ealenlated must be corrected. To
find the correction factor, substitute the ambient
1"‘5111_1)£31’=’:1,l‘,ure of the noise-generator termination for
Ty in the following equation and add the temper-
ature factor (Fr) to the noise figure caleulated.

Fr=[Y/ (Y1) (T To)— 1]

TR Tubes: Transmit-receive tubes are gas dis-
charge devices designed to isolate the recciver
sect_ion of radar equipment from the transmitter
d‘““ng the period of high power output. A typical
TR tube and its cireuit are illustrated in Fig. 31.
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Tig. 31—Diagram of a TR tube and eircuit.

The cones in the waveguide form a transmission
cavity tuned to the transmitter frequency and the
tube conducts received low-power-level signals from.
the antenna to the receiver. When the transmitter
is operated, however, the high-power sighal causes
gas ionization between the cone tips, which detunes
the structure and reflects all the transmitter power
to the antenna. The receiver is protected from the
destructively high level of power and all of the
available transmitter power is useful output.

Microwave Gas Discharge Circuil Elements: Be-
cause of the high free-electron density, the plasmas
of gas discharges are capable of strong interaction
with electromagnetic waves in the microwave re-
gion, In peneral, microwave phase shift and/or
absorption result., If used in eonjunctien with a
magnetic field, these effects can be inereased and
made nonreciprocal, Phase shift is a result of the
change in dieleetric constant caused by the plasma
according to

/6= 1 (0.8 X 107*No/f®)

where e,=dielectric constant in plasma, e=di-
electric constant in free space, No= electron density
in electrons/centimeter?, and f,=signal frequency
in megahertz.

Absorption of miicrowave energy results when
electrons, having palned energy from the electric
field of the signal, lose this energy in collisions
with the tube envelope or neutral gas molecules.
This absorption is a maximum when the frequeney
of collisions is equal to the signal frequency and
the absolute magnitude is proportional to the free-
electron density.



LIGHT-SENSING AND -EMITTING TUBES

Radiometry and Photometry

Radiometric and photometric* systems are gen-
erally based on the concept of radiated flux, where
flux is defined as the total amount of radiation
passing through a unit area per unit time.

If & flux is measured in terms of its thermal
heating ability, the most common unit is the watt
and the resultant measurement system is called
radiometry.

If o flux is measured In terms of its ability to
stimulate the standard phofopic human eye, the
resultant unit is the lumen, and the resultant
measurement system is called photomeiry.

A third cholce for the measurement of flux is
the number of photons per unit time.

These three choices, in conjunction with the
MKST system of units, lead to the three mutually
compatible systems of units shown in Table 14.
Table 15 gives equivalents belween units in differ-
ent photometric measurement systems.

Fluz Units: The number of lumens dL, and
the number of photons per second diVy associated
with a monochromatic flux dIVy in watts are
given by

dLy=680E) 411"y
and
dNy= (\/he) dTF,

where 680= number of lumens per watt of radiation
at the peak photopic eye response, By = normalized
(to unity maximum) photopic human eye re-
sponse (Fig. 32), A=wavelength of the mono-
chromatic radiation (meters), h=Planck’s con-
stant>~6.6X 10~* (joule-second}, and ¢= velocity
of light=~3.03<10? (meters per second).

The number of lumens L and the number of
photons per second N between the wavelength
units of A; to A\; associated with s distributed
spectral radiation source having a wattage W be-
tween the wavelength limits, \; and Ae, are given by

@ ka
L/ =680 f Exun A / f wy d\
0 A

A A
Nhe/ 1= [ Nz @\ / f wy
ha AL

where

and

Az
W= W, mm;f 1wy dA
A

t Meter, kilogram, second.

and where Wyma.= maximum spectral density in
watts per unit wavelength in the spectral band
between A and )y, and w,=relative spectral dis-
tribution of the radiation source on thermal-energy
hasis, normalized to a maximum value of unity,
Some typical w, spectral distributions are shown
in Fig. 32.

Optical ITmaging: In an optical lens system of
flux-gathering diameter Dy in meters, focal length
f in meters, and optical transmittance T, the ratio
f/Ds=nys is called the f-number of the lens. If
the surface of an object of radiance or luminance
B in flux units per steradian per meter? is imaged
by this system with a linear magnification m,
and assurming Lanibertian emittance characteris-
tics over the solid angle subtended by the optical
system, the image will be subjected to an ir-
radiance or illuminance Iy, in flux units per meter?
given by

IL=nBT/[4n2 (m-+1)1+m¥].
For objects at infinity, m=0, and
I, (object at infinity) =wBT/4n2.

If the irradiance (or illuminanee) 7, in flux units
per meter® is allowed to fall on & nonabsorbing
Lambertian diffusing surface, the resultant image
radiance (or luminance) B, in flux units per stera-
dian per meter? ig given by

B;=1r.

Any desired method of measuring flux units,
such as watts, lumens, or photons/second (Table
14}, can be selected for expressing the object
radiance {or luminance) B in flux units steradian™
meter? and the irradiance (or illuminance) It
in Aux units meter~™ in these relationships. Thus,
a radiance B in watt steradian— meter~? would be
paired with an irradiance 7, in watt mefer™, a
luminance B in Tumen steradian™ meter—? with an
illuminance Iy in lumen meter—, and a radiance
B in photon second™ steradian ' meter— with an
irradiance 7z in photen seeond™ meter—2,

Any  speetral distribution modifications, if
present, would be included in the numerical mag-
nitude of the lens transmission T, defined as the
ratio of the total cutput flux from the optical
system to the corresponding input flux.

Selection of appropriate alternative pairs of
luminance and illuminance units when the flux
units are not explicitly stated (first column of
Table 15) must be made with eare. Thus eandle
centimeter— {or stilb) would be paired with phot,
candle meter~ (or nit) with lux, and candle foot™
with footcandle. Even greater difficulty arises
when the factor IT in the preceding relationships
is absorbed or included in the units of luminance-
Thus the produet ITB in apostilb would be paired
with I in hu, the product IIB in lambert with

TaBLe 14—CoMPATIBLE SYSTEMS OF RAprarion Unrps.

Parameter Radiometric System Photometric System Photon System

Flux watt lumen photon sec™
Source intensity watt ster! lumen ster™ photon sec™ ster™
Irradiance (or

iluminance ) * watt m™ lumen m—? photon seg™ m#
Emittance watt m—2 lumen m™? photon sec™ m™2
Radiance (or

luminance) * watt ster ™ m2 lumen ster™ m~ photon sec® ster ! m—?
Energy watt sec lumen ses photon

* The terms illuminance and luminance (sometimes brightness) are commonly substituted for irradiance

and radiance, respectively, when reference is made to & photometric system of radiation units.

TABLE 15—Puoromerric EQUIVALENTS.

Photometric Unit

Equivalent Unit Based on the
Lumen (Im} as the Unit of Flux Equivalent Lumen-MKS Unit

1 candle {Note 1)

1 candela

1 int. candle (Note 1)

1 Hefner candle

1 candlepower {Note 1)

1 candle em

1 candle m™2
1 eandle in—*
1 eandle ft72
1 nit

1 stilb

1 apostilb

1 lambert

1 millilambert,
1 footlambert

Source Intensity, ¢
1 Im ster™? (Note 2)
1 Im ster?!

1 Im ster* {Note 2)
0.92 Im ster!
1 lm ster™ (Note 2}

Surface Luminance, B
1 Im ster™ cm™

1 lm ster! m—?

1 Im ster™! in?

1 Im ster™! {t72

10~* Im. ster™! cm™?

1 Im ster™ em™?

# 1 1m ster ! m?

71 Im ster™! em™?
10-% 7! Im ster~! em™2
7~ Lln ster* ft=2

[Numinance of a Surface, Ir,

1 Im ster? (Note 2)
1 lm ster™

1 Im ster™! (Note 2}
0.92 Im ster™

1 Im ster™? (Note 2)

104 Im ster™! m2

1 Im ster™! m™2
1.55X10% Im ster™! m™?
10.8 Im ster™ m™2

1 Im ster™ m™?

10% Im ster~! m~2

71 lm ster™ m™2

104 71 Im ster™ m™?
107~ Im ster™ m2
10.87 1 Im ster™? m™2

1 Jux 1Im m2 1lmm™

1 phot 1Im cm™? 1% Im m™?

1 milliphot 103 lm em*® 10 Im m—2

1 footeandle 1lm 672 10.8 Im m™?
Energy, U

1 talbot 1 lm sec 1 lm sec

Notes:

1. Unit becoming ohsolete. )
2, For a discussion of small differences in source intensity definitions and magnitudes a standard

textbook on photometry should be consulted




I; in phot, the produet I1F in millilambert with
[ 1, in milliphot, and the product IIB in footlainbert
with 77 in footeandle. These difficulties are avoided
by the use of the compatible systems of radiation
units shown in Table 14.

Earth’s Surface:
Sun at zenitho=1G* footeandles
~10% lumen meter—?

Full moon~~3X 10~ footcandles

Typical Approzimate Hlumination Values at the ~3% 10" iumen meter 2,
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Fig. 32—Useful spectral distributions.

Fusged silica: transmission through polished “Suprasil” (I millimeter thick)
Sapphire: transmission through polished Sapphire (1 millimeter thick)

O741: transmission through polished Corning 9741 glass (I millimeter thick)

7056: transmission through polished Corning 7056 glass (1 millimeter thick)

Mean sun: mean solar distribution at Earth’s surface

5113: transmission through polished Corning 5113 filter ((8-5-58) (half-stock thickness)
2854 5113: produet of 5113 eurve and 2854 curve

2854 spectral density distribution of 2854°K color-temperature tungsten lamp
Scotopic eye: relative responge of dark-adapted eye

Photaopic eye: standard eye respanse

2418: trangmission through polished Corning 2418 filter {CS-2-62) (stock thickness)
2854 X 2418: product of 2854 and 2418 eurves

2540: transmission through polished Corning 2540 filter (CS-7-56) (stoek thickness)

Note: "Relative spectral distribution” designates the relative radiant-energy density distribution wy for scurces, the

relative visual stimulation for equi-energy inputs for the eye response, and the spectral transmission 4 for windows

and filters. The transmission characteristies of individual filter and window samples can be expected to depart ap-
preciably from these typical values.

Typical Approximate Brightness Values:

footlamberts Im ster'm™

Highlights, 35-milli- o~d ~=100
meter movie

Page brightness for ~10 >3 X 10°
reading fine print

November football ~50 ~1.5X10%

field

Surface of moon seen  =<1.5X10% ~=5X10*
from Farth

Summer baseball field ~3X10° ~ 10

Surface of 40-watt 8 I8 ~32 5X10°

{rosted lamp bulb
4 BXI o1
~5 2108 ~1.5X10%

Crater of carbon are

Sun seen from Earth

Photoconductivity

Photoconductivity® is the increase in electrieal
conductivity of a material which takes place when
the material is illuminated with infrared, visible,
or ultraviolet light.

The absorption of light is 2 guantum process in
which electrons are excited to hipher enerpy levels.
Ordinarily, the excited electrons are more mobile
than unexcited electrons. Photoconductivity is
commonly aralyzed in terms of the number and
mobility of the excited electrons in an electron
conduction band and of electron vacancies or
“holes” in a lower-energy valence band. T'o main-
tain a steady current, both types of current carriers
must be generated in the volume of the material,
or else charge carriers must enter the photoeon-
ductor at one of the electrodes. Many photocondue-
tors make “ohmic™ contacts with their electrodes.
These serve as practically unlimited reservoirs
of mobile electrons, free to enter the photocon-
ductor volume. Even in these photoconductors
the steady dark current, is usually limited to a low
value by a build-up of a space-charge-potential
barrier in the photoconductor,

At the same time that mobile photoelectrons
are excited (thermally or optically) in the inter-
electrode volume, positive charges must also be
generated; these compensate the charge of the

photoelectrons in such a way that a “photocurrent”
can be superimposed on the small space-charge-
limited “dark’ eurrent originating at the electrode.
If the positive charges are immobile, then long
after the photoelectron has passed through the
photoconductor into the ancde, the immobile posi-
tive charges may remain to support a photocurrent
of electrons, drawing on the reservoir of electrons
at the cathode. This will continue until the im-
mobile “holes” or impurity centers are neutralized
by recombination with some of the mobile elec-
trons, Since the recombination lifetime may be
much longer than the electron transit time between
electrodes, the number of “photoelectrons” trans-
ported across the photoconductor may be much
larger than the rate of generation of phetoelectrons
in the photoconduetor volume. This ratio of photo-
current to generation rafe is called the photo-
conductive gain,

The photoconductive gain of a pure material
can often be greatly increased by addition of
lovalized traps lying near the condueting band.
Since these are in thermal equilibrium with the
conducting band, they serve as an additional
reservoir of the charge carriers. This can increase
both the response time and the sensitivity by a
large factor.

Practically all materials are photoconductors in
the sense that light of the correct wavelengths
will generate current carriers. However, In many
materials the photoconductivity is not detectable
by ordinary measurements, either because of very
short carrier Jifetimes or because of a large dark
current. The useful photoconductors, characterized
by comparatively long lifetimes and low dark
currents, have most of their charge carriers immo-
bile (in the dark). Light of the proper energy can
excite these carriers through the forbidden energy
regions into the conduction bands. The long-wave-
length iimit of photoconductivity at low tempera-
tures is approximately given by

Amax=he/E,

where F; is the forbidden band gap, k is Planck’s
constant, and ¢ is the veloeity of light. For wave-
lengths longer that 5 microns, this equation gives
a band gap smaller than  volt. Photoconductors
with sueh small energy gaps are usually cooled to
reduce the dark eonductivity due to thermal
excitation of carriers across the gap,

A commonly used figure of merit for photo-
conductors is the detectivity D*, defined as the
signal-to-noise ratio af a given chopping frequency
with an amplifier bandwidth of 1 hertz for a
photodetector of 1 square centimeter, divided by
the light flux in watts. Detectivities for several
typical photoconductors at room temperature are
shown in Fig. 33. The photoconductors with long-
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Fig. 33—Detectivity for some typical photoconduetors at
room temperature.

wavelength cutoffs will be considerably more sen-
sitive if they are cooled below room temperature,

Phosphors

Fluorescent screens® are used in various electron
devices such as image tubes, cathode-ray tubes,
and storage cathode-ray tubes to convert electron
energy into radiant energy. These viewing sereens
are comprised of many small-diameter (2 to 3
microns) phosphor erystals which emit light when
bombarded by high-energy electrons. The spectral
response of a phosphor screen is determined by its
chemical and physical composition, deposition
methods, and the tube processing procedures.
Phosphor screens with given output characteristies
have been categorized and assigned type numbers,
Typical absolute spectral-response characteristics
of aluminized phosphor sereens are shown in Fig.
34,

Phosphor Efficiency: Over a rather wide range of
magnitudes, the ratio U//q of total radiated energy

I/ into a 2r solid angle, to exciting electron
charge ¢ for typical aluminized phosphor screens,
Fig. 35, is independent of excitation time, beam-
current magnitude, and bombarded area.

Consequenily the ratio W/I of average total
radiated flux 1 to average exciting current I is
also independent of the magnitude of the average
current I, the peak current In.x, and the bom-
barding area, and may therefore be used to describe
the flux-generating properties of raster-scanned as
well as steady-state excited phosphor sereens. Ex-
perimentally, it is found that the ratio W/TI is
not a linear function of eleciron beam voltage V,
as might be expected if the phosphor converts the
beam energy IV linearly into radiated flux, bui
behaves in general as shown in Fig. 36, with an
offset energy component [V followed by an ap-
proximately linear dependence on the added energy
I{V—V.)} over the usual working voltage rauge,
Vmin< V< anx-

The flux-genetating properties of & phosphor
screen behaving in the above manner are therefore
approximately described by

W/I=8,(V—Vi), for Vain< V< Vinax
where IV=average output flux (watis), [—aver-
age exciting electron beam current (amperes),
&,= dimensionless phosphor efficiency ratio [radi-
ated watts per exciting electron beam watts (watts
watt™) ], V=eleciron beam voltage, Vi==extrapo-
lated offset kree voltage (Fig. 36}, and Vmin,
Vmex=limits of operating electron beam voltage.

The offset knee voltage V; for typical aluminized
phosphor screens has a magnitude between 1 and 3
kilovolts, and may be attributed primarily to
electron beam power losses in penetrating the
aluminizing layer plus possible inert-phosphor-
particle coatings.

The average monochromatic radiant flux output
per unit wavelength dun, from & phosphor screen at
wavelength X under these conditions is given by

dw;\z 8)‘1 ( V— Vk)
where

Su-tfm En dA =8 max /m wy dA
[} o

&= spectral density distribution of the phos-
phor efficiency or “spectral efficiency”
| {watts meter™) watt]

&) max= maximum spectral power density efficiency
[ {watts meter™) watt™]

wn=normalized relative power density of the
radiant energy spectruin.

Typical values of the “spectral efficiency” &
are plotted in Tig. 34 for a number of commonly

=]
\ I
. \\_\\ 10.3 PHQTONS
g 2 N\poseE QT ONS PER NANOMETER PER ELECTRON-voLT ]
s R
— 1 T
i p-226 _
& \\\ =il ‘—,?.—\\;,—_--EEP‘____, |
x 1gd e\ .
Z & \iC\\ / ,”/ \\ N 4—""/ ‘ ~. \. P-.z_zi_q‘—*‘“——-_.____
5 7 / P J g N\ \J( \
—— 2 :
« 4 —— /7 5 ‘_T__\‘*‘—
E \\_\ / : A > \ 10—4 PHOTONS PER
\ NANOMETER PER
E z\ hY ELECTRON-VOLT\
.8 "
2 S~ N
5 T AF PEANERAN A
S a ’1 I : 4 L ._.‘ \ .
& AL N A NG N DX N\ N —N
] N T - T
& l / / / i ] ] M/ \ i \ 3 \\\ N \
w . b H H - \
3 * r ] ./ / H P-5 \ \ \ 5 A%,
f‘[ i \"7_ l' ‘\ -,_. \\ \\
G J. i A \ B ARY
§ ? / /] o 15 PHOTONS PER LAY l\ﬁﬁ\_
NANOMETER PER \
s ELECTRON-VOLT
1G

|
300 350 400 450 500 550 600 650 T00 750
WAVELENGTH X IN NANGMETERS

Fig. 34—Typical absolute spectral response characteristics of aluminized phoaphor acreens.

Typical
Typical Typical Quantum
Luminous Absolute Yield
Equivalent Efficiency  Factor
Typical 8L/Bw Bu Y
Peak (radiated (radiated {photons

Phosphor Weavelength lumens per  watts per
Bereen Chemical Fluorescent Pergistence (nano- radiated  per watt  electron-
P Number Composition Color Classification  meters) watt)  excitation)  volt}
P1 ZnpSi0s: Mn Yellow-green Med. 525 520 0.06 0.028
P2 ZnB3:Cu Yellow-green Med. 533 460 0.07 0.03
P3 ZngBeSi;0: Mn Yellow-orange  Med. 603 380 0.041 0.02
P4 ZnB:Ag+ZnCdS:Ag  White Med. short 459 290 0.15 0.067
{all sulfide type)
(silicate-sulfide type) White Med. 450 200 — —
(silicate type) White Med. 410 240 —_ —_
P5 CaWO,: W Blue Med. short 417 90 0.025 0.009
Pg ZnS:Ag--ZnCdS:Ag  White Short 565 340 —_ —

P? ZnBS:Ag on ZnCdS:Cu White Med. short 440 280 — —_
{White decay)  Long — — — —

P10 KRG {dark trace) Long — — — —
P11 ZnS: Ag{Ni) Blue Med. short 460 140 0.10 0.038
P12 ZuMgFy: Mn Orange Long 590 410 — —
P13 Mg8iOz: Mn Red-orange Med. 640 140 — —



Fig. 34—Continued.

Typical
Typical Typical Quantum
Luminous Absolute Yield
Equivalent Efficiency  Factor
Typical 80/8w Bu Y
Peak (radiated (radiated (photons
Phosphor Wavelength lumens per  watts per
Sereen Chemiecal Fluoreseent Persistence (nano- radiated  per watt electron-
P Number Composition ‘Color Classification  meters) watt)  excitation)  volt)
P14 ZnS:Ag+ZnCdS:Cu  Purple-blue Med. short 440 250 — —
(Yel-or. decay) Med. — — — —
P15 Zn0:Zn Green Short 390 250 0.051 0.02
Pl6 CaMgBi0,;:Ce UV-blue Very short 380 25 0.049 0.015
Pi7 ZnO-+ZnCdS: Cu Blue-white Short 550 350 — —
{Yellow decay) Long — — — —_
P18 CaMgBi0;: Ti4+P3  White Med. 410 230 — —
P19 KMgF::Mn Orange Long 590 390 0.0002 -
P20 ZnCdS:Ag Yellow-green Med. 560 480 0.14 0.063
P21 MgF»:Mn Red-orange Med. 610 360 — —
P22B nS:Ag Blue Short 450 55 0.15 0.055
P22G Zn;&i0y: Mn Green Med. 525 530 0.08 0.025
P22R Zny(P0O,)2t Mn Red Med. 645 150 0.05 0.022
P23 P4 type White Med. short 570 320 —_ —
F24 ZnO0:Zn (Special) Green Short 510 360 0.026 0.011
P25 CaRi0;:Pb, Mn Orange Med. 610 320 0.013 0.006
F26 ZnF Orange Very long 550 410 — —
P27 Zmz{POy)2 i Mn Red-orange Med. 635 60 —_ —
P23 ZnS:Ag, Ca Green-yellow Tong 550 500 — —
P29 P2 & P25 type — — —- — — —
P31 Zn3:Cu Green Med. short 522 230 0.22 —
Notes:

Since the response characteristics of phosphor screens depend on such variable parameters as chemical composition,
particle size, deposition methods, and the tube processing procedures, considerable departure from the data given on
this chart is to be expected for individual screen samples.

With the exception of efficiency and quantum yield factor, the data are based primarily on JEDEC Publication
No. 16 entitled “Optical Characteristics of Cathode-Ray-Tube Screens.’”

Efficiency and quantum yield factor data on phosphor sereen types shown in the figure are derived directly from
experimental measurements. For the remaining phosphors, data from various published sources, primarily phosphor
manufacturers, have been extrapolated to the stated units of measurement whenever possible.

Phosphor excitation is expressed in terms of the power dissipated by the electron beam in the phosphor Iayer proper,
with corrections for power losses to the aluminum layer eoating and to the glass substrate in the case where the electron
beam completely penetrates the phosphor layer. Expressing the phosphor excitation in this manner minimizes the
variations of efficiency ratings with accelerating potential. The ratings given are most accurate in the region from
8 ¥V to 12 kV. Typical phosphor screen dead voltages, as a result of the aluminum coating, can be expected te be
on the order of 1 kV to 3 kV.

Radiant output is expressed in terms of the total flux leaving the phosphor exit window. Luminanee characteristics
may be caleulated from the data given provided a radiating ares is also specified and assuming a cosine-law radiance
distribution {approximetely valid only).

Input current levels are restricted to the linear response region for each phosphor with respect to both average and
peak current densities.

Quantum yield factors are tabulated in terms of photons per electron-volt, making it possible to multiply the listed
numerical factor by the selected effective excitation voltage to give the quantum yield in photons per electron.
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Fig. 35—Aluminized phosphor-screen construction.

used JEDEC-registered phosphor materials. The
apparently redundant designation {watts meter—)
watt~! {or the equivalent) is retained in Fig. 34
and in this text to emphasize the fact that watt
watt™ refers to ratios of radiated watts to effective
exciting electron beam wattage. The spectral distri-
butions shown in Tig. 34 refer only to the first fast
eomponent of phosphor emission and ignore the
slower less-intense exeitation levels ocewrring in
some phosphors.

If the total flux output is measured in lumens L
instead of watts, then the corresponding relation-
ships are

LiI=&{V—Vy),
ALy=8u I (V—V4)

for Vmin< V< Vm ax

8L='[m81,)\ dh
0

where the subscript L indicates the use of lumens
for measuring the flux. Phosphor efficiency &, in
lumens watt™! and spectral efficiency &y in (lumens
meter™) watt™! are related to their corresponding
absolute values € and &, by

& AT 680E;‘8)\

&= 6806, f “uny A / f “it A\
1] @

where 680=luminous equivalent of monochromatic
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Fig. 36—Typical phosphor-screen behavior.

radiation in lumen watt™! at the peak eye-response
wavelength, and IEy=relative photopiec eye
response. ’

Some typical wvalues of the dimensionless
“spectral-matching-factor ratio”

[ " unEy dA / f o dA
0 0

appearing in these relationships are givenin Table 4.

If the total flux output is measured in photons
second™! instead of watts or lumens, then the
corresponding relationships are

N/n=Y(V—-V,)
dNy= e (V— V) .

Yzf”w dx
[1]

where N=total number of output photons, n.=
total number of triggering input electrons, ¥=
“guantum yield factor” (photons electron-volt™},
dNy=number of photons per unit wavelength (pho-
tons meter—'}, and y,=spectral efficiency {pho-
tons meter™) electron-volt™ {shown on curved
coordinate scales of Fig. 34).

The ‘“quantum yield factor” ¥, tabulated in
Tig. 34 for the listed typical phosphor behavior,
is useful in predicting the quantum yield ¥ /n, of &
phosphor screen for an effective exciting electron
beam voltage V—Vy according to the above
equation,

For a phosphor screen radiating according to
Lambert’s Cosine Law (often approximately, but
not exactly, valid), the radiance B in (watts
ster™!) meter—? and the luminance Bz in (lumens
ster™") meter™? is given by

TB=§,J(V—T%)
mBr= SLJ(V*‘ Vk)

where J=exciting current density
meter2},

{amperes

LIGHT-SENSING TUBES

Image Tubes and Image Intensifiers

An image tube® is an optical-image-in to optical-
image-out electron tube device, combining an input



photocathode and an output phosphor sereen such
that photoelecirons emitted from each poeint on
the photocathode subsequently excite a corre-
sponding individual image “point” on the phosphor
sereen, Various focusing means, including magnetic
and electrostatic electron lenses, may be used to
assure maximum point-to-point correlation between
the input and output images. The prinecipal oper-
ating requirements are a lens to form the input
image and a high-voltage supply, typieally 5-25
kilovolts, te provide suflicient electron beam energy
to excite the output phosphor screen.

If means are provided within the image tube to
amplify the photoelecirons before they strike the
output phosphor sereen, or if the tube without
such means produces & much brighter output image
than the input image would produce on & diffusing
sereen, the tube is commenly called an image-
intensifier tube,

Image-intensifier tubes are used to amplify the
brightiness of a faint input image for better visual
or photographic viewing, whereas image tubes
without amplification are used to convert radiation
from one spectral region to another (image con-
version} or to perform suck control operations as
optical shuttering by programing the applied high
voltage.

The total output flux w, in watts exiting (through
211 steradians) from the phosphor-screen face-
plate of an image intensifier tube for an input
monnchromatic flux dWy in watts at a wavelength
A is given by

AW o= 5G8,,(V— V) dWy
=@ dIV)

where Gh=monochromatic wattage gain of the
image intensifier tube at a wavelength A=ratio
of the total output flux dW, in watts to the input
monochromatic flux dWy, in watts, s\=radiant
sensitivity of the input photocathede in amperes
per watt (Fig. 5), @¢=internal current gain ratio
of the image intensifier tube=1atio of the current
bembarding the output phosphor screen to the
corresponding photocurrent leaving the input
photocathode, &,=absolute phiosphor screen ef-
ficiency=ratio of the total radiated flux in watts
to the exciting electron beam power in watts dis-
sipated in the particles of the output phosphor
screen {Fig. 34), V=-energy of the electron beam
in volts bombarding the output phosphor sereen,
and Vi,=extrapolated knee voltage of the output
phosphor sereen (Fig. 36).

If the phosphor sereen radiates flux according
to Lambert’s Law (usually only approximaiely
valid), the corresponding output image radiance
R, in watt steradian meter— is given by

Ra= GMIM/Hmz

where [,,=input Image irradiance on the photo-
cathode in watt meter? at the wavelength A\
and m=differential magnification ratic of the
image tube=output increrental image size divided
by the corresponding input incremental image
size.

For a spectrally distributed input flux having
a known relative spectral distribution w, and a
known total radiated power Wiy, in watts between
the wavelength limits A and Az, the resulting
total output flux W, in waits exiting from the
image tube is given by

o Lt
W= LiN mBX(f oatn dA // Wy d)\)
0 M

x Ggw( V— Vh:) WMM.
= GMM-E’V}Q)\Z

whete s ax=peak radiant sensitivity of the
input photocathode in amperes per watt, oy=
relative radiant sensitivity of the input photo-
cathode as a function of wavelength A nermalized
t0 unity maximum, un=relative spectral distribu-
tion of the power density spectrum of the input
flux normalized to unity maximum, and Ghp,=
wattage gain of the image tube for the relative
spectral  distribution w, and the wavelength
limits A and Az Typical values for the magnitude
of the dimensionless speetral-matching-factor ratio

o A
/ aat 4A / f un, dh
0 AL

are found in Table 4.

The total output flux L, in lumens exiting from
an image tube, corresponding to the total output
flux W, in watts, can be computed from the flux
conversion relationships given in the section on
Radiometry and Photoretry, or fron the following
relationship

Li=s ( [ ooy d\ / f N dA)
[1] 0
X Gﬁu-( [ " Byoa, @N / [ N dk)(V— Vi)li
0 a

:GLL,'

where Gz=Iluminous gain of the image intensifier
tube=ratio of the output flux in lumens to the
corresponding input flux in Jumens Jor the spectral
input  distribution w,, Ey=standard tabulated
average relative photopic eye response (Table 4),
wa=relative spectral density distribution of the
output flux, and L;=input flux in lumens. The
typical values of the dimensionless spectral match-
ing factors given in Table 4 can be used to deter-
mine the magnitude of the dimensionless integral
ratios appearing in these relationships.

For the special case where the irput flux L,(2854)
in lumens is generated by a 2854°K color-tempera-
ture tungsten-filament lamp, the output flux
L,(2854) in lumens is given by

L,,(2854)=S(2854)G’8w( f wanEy dA / f “a d)\)
[} 1]

K (Ve Vi) Lo(2854)
=@.(2854)L,(2854)

where G'2(2854)=Iumincus gain of the image
intensifier for 2854°K tungsten-lamp radiation,
and S8(2854)=luminous semsitivity of the input
photocathode for 2854°K tungsten-lamp radiation.
The magnitude of the luminous gain G1(2854) is
commonly used to characterize the image intensifi-
cation properties of an image intensifier tube.

If the output phosphor screen radiates flux ac-
cording to Lambert’s Law (usually only approx-
imately valid), the output image luminance {or
brightness) B, in lumen steradian™ meter— is
given by

Bo=G@rl;/Tm?

where ('r=luminous gain of the image intensifier
for the particular input spectral distribution ws,
I;=input illuminance (or illumination} on the
rhotocathode in lumen meter? for the spectral
distribution w,, and m=differential magnification
ratic of the image tube=output incremental image
size divided by the corresponding input ineremnental
image size.

Internal current gain @ of an image intensifier
tube can be obtained by the use of an internal
sandwich electrode, in which an auxiliary or
sandwich photocathode is mounted in close
proximity to and following an auxiliary or sand-
wich phosphor, Photoelectrons from the input
photocathode of the tube are then imaged onto this
sandwich phosphor sereen and the flux from this
sereen is coupled to the sandwich photocathode,
generating an enhanced photocurrent. The current
gain ratio @ of this sandwich phosphor-photo-
cathode combination, defined as the ratio of output
photocurrent to input photocurrent, is given by

G= S\ max, sand

(z:] (]
f W (sand)I\ (sand) dA f Wy (sand) di
0 0

Sw, sund(Vaand— Vk snnd)'y

where &, max, sana= peak monochromatie responsi-
Vity of the sandwich photocathode in ampere
Watt™l, wy eangy=relative speetral distribution of
the flux emitted by the sandwich phesphor
SEreen, oy and)= the relative spectral distribution
of the sandwich photocathode, &y, sana= absolute
efficiency of the sandwich phosphor screen in
watt watt!, Vima=electron beam energy in

volts bombarding the sandwich phosphor screen,
Vk, sana=extrapolated knee voltage in volts for
the sandwich phosphor sereen, and y=optical
coupling efficiency of the sandwich electrode=
ratio of the flux falling onto the sandwich photo-
cathede to the corresponding flux emitted by the
sandwich phosphor sereen, Typical values of the
dimensionless ratio of the two integrals appearing
in this relationship are given in Table 4.

The combination of a phosphor sereen and a
photocathode to produce .current gain G can also
be achieved by optically coupling the output flux
from one image tube fo the input of a second tube.

Resolution in image tubes and image intensifier
tubes is a subjective parameter describing the
number of pairs of equally spaced illujninated and
unilluminated bars per unit distance g% the photo-
cathode imaged onto the input photocathode sur-
face which can just be distinguished visually by a
trained observer under stated test conditions.

Distortion is a parameter describing any change
in the geometric shape of the output image com-
pared with the input image. Radially inereasing
magnification leads to “pincushion” distortion,
radially decreasing magnification leads to “barrel”
distortion, and radially changing image rotation
leads to ““$”" distortion.

Vacuum Phofodiodes

The combination of a photocathode and an anode
electrode for collecting the emitted photocurrent
in an evacuated envelope is called a vacuum photo-
diode. A positive anode potential sufficient to
assure collection of all emitted photoelectrons (that
is, to “saturate” the diode phototube) is normally
required, the tube then acting as a constant-current
generator (Fig. 37). The power supply potential
Vs must assure suflicient anode potential in the
presence of a voltage drop in the load resistor K.

Under these conditions the total anode output
current [, neglecting all noise fluctuations, is
given by

=14+ L+1;

where J,=emitted photocathode signal current,
Ii=emitted photocathode photocurrent due to
stray background flux, Iy=photocathode therm-

ANODE/ _|

“é

PHOTOCATHODE \

Fig. 37—Photodiode circuit.



ionic dark current, and Ip==residual dark current
{(leakage, ete.).

The instantaneous value of the signal current
I, will follow the instantaneous signal flux input
magnitude from direct current up to an upper
frequency limit (commonly 200-2000 megaherts)
set by the transit-time spread of the electrons
crossing the gap between cathode and anode, and
including induced displacement currents during
transit.

For steady-state or slowly varying input flux
rates, the total noise curreni output 4, from the
diede and load resistor is given by

= QeAf(Is—f—]b—}—]d) + (4kTAf/Ry) 1z

where e=the electron charge=1.6X10"" cou-
lomb, Af=noise-current measurement bandwidth,
k=RBoltamann factor=1.38>X10"% joule per °K,
T=absolute temperature of the load resistor (°K},
R.=load resistance {ohms), and 1, = residual dark
noise current (from leakage, stray pickup, ete.).

Toincrease the absolute level of the noise voltage
generated by the noise current ¢, so that tube nvise
predominates over the noise voltage of the sub-
sequent amplifiers or indicating circuits, and to
suppress load-resistor noise relative to tube noise,
large values of the load resistor (of the order of
107~-10° ohms) are commonly used.

For a plane-parallel vacuum photodiode, the
space-charge-limited cutput current Juppaxy in am-
peres for a given applied cathode-to-anode po-
tential difference ¥ in volts is given by

Totmany=2.33X107% 4 yar/g

where A=uniformly emitting emmission area
(meters?), and d=anode—cathode spacing (meters).
In praetice, linear output currents up to approxi-
mately half of this maximum limit can be obtained.
TFor a plane-parallel vacuum phototube, the
output anode eurrent 74 as & function of time ¢ for
an ultra-short exciting light pulse is given by

La= (2QRC/ T (t/RC)+exp(—{/RC)—1]
for 0<(<T

14= (2QRC/T?)[(T/RC)+exp(—1/RC)—1]

Xexp[— (t—T)/RCT  fort>T

and
T=d(2m/eV) 2= (3.37X107%) d/ (V)" seconds

where T= transit time of the charge from cathode
to anode (seconds), V= rvathode-to-anode poten-
tial (volts), U=total capacitance including ex-
ternal circuit eapacitance, B=load resistance, and
&= total charge.

Gas Photodiodes

In diode phototubes not containing a high
vaculim, ionization by collision of electrons with
neutral molecules may oceur so that more than
one electron reaches the anode for each originaily
emitted photoelectron. This “was amplification
factor” has a value of between 3 aned §; a higher
factor causes instabilities. Gas-tube operation is
restricted to {requencies below about 10000
herte.

Photomultipliers

The combination of a photocathode and a sec-
ondary-emission electron mulfiplier is called a
photomultiplier.* Emitted photoelectrons from
the photoeathode are directed under the influence
of a suitable electrode, often called the “focus
electrode,” to the surface of a sccondary-emitting
electrode, the “‘first dynode.” Subsequently emitted
secondary electrons, increased in number by the
effective secondary-emission ratio ¢y, are then di-
rected to the secondary-emitting surface of a subse-
quent dynode by an appropriate electric field for
further multiplication. Continuing this process for
n successive dynodes and collecting the multiplier
charge at an output electrode called the “anode”
or “‘collector,” leads to a charge or current amplifi-
cation ¢ given by

G:Un, for Gi=09=0g"*" =@

where gains as high as 10°%-10° are commonly
achieved in 10-stage to 18-stage multipliers.

Output Current: Disregarding all noise fluctua-
tions of the output current, and assuming operation
within the usual linear-response region, a photo-
multiplier acts as a constant-current source
generating an output current I, given by

=14+ 1s
=Gelrst+Gel ot Gelrat loa

where I,=anode signal current due to an incident
signal fiux to be detected, I, anede current due to
any backgrouud fux simultaneously present on
the photocathode, I;=ancde dark ecurrent, G=
current gain of the electron multipHer, e=eollec-
tion efficiency (ratio of current entering the elec-
tron multiplier to emitied photocathode current),
Its=photocathode signal current due to an ingident
signal flux to be detected, Iw=photoeathode
current generated by any background flux simul-

taneously present on the photocathode, Ing=
photoeathode dark current, and Jz4=component
of anode dark current Iy not originating from the
photocathode.

The output signal current I, follows the in-
stantaneous value of the input signal flux from
direct current up to an upper frequency limib
(typically 20-200 megaheriz)} established by the
response time or “transit-time spread” (typically
1-10 nanoseconds).

The ratio of the output signal current 7, in
aniperes o the triggering input flux L in Jumens is
ealled the anode luminous sensitivity A in am-
peres/lumen and is given by

A=T;/L=Gely/L=GeS

where S=photocathode luminous sensitivity in
amperes/lumen (Table 3).

The value of the input flux Lp in lumens giving
an output anode current just equal to the ancde
dark current 74 is called the “‘equivalent anode-
dark-current input” or, more precisely, the
luminous equivalent of the anocde dark eurrent
and is given by

Lpﬂ Id/A=Id/G€S.

Signal and Neise: Noise fluctuations of the
output current in photomultipliers can be divided
into two eclasses: dark noise, occurring in the
absence of input Aux; and noise-in-signal; inchading
“quantum’ noise resulting from the inherent
quantum nature of the input flux as well as un-
controlled fluctuations of that flux. The presence
of an appreciable, in fact often predominant,
noise-in-signal current component in photomulti-
pliers depending on the instantaneous signal
current magnitude requires caution in applying
noise econcepts to photomultipliers, and may
lead to erroneous conclusions regarding photo-
multiplier behavior, particularly for a modulated
flux input.

For a steady-state unmodulated flux input, the
total noise current i, flowing in the load resistance
R is given by

in?=2eGKAf(L ATyt Gelra)+ 37+ (1hTAf/R)

where K= photomultiplier noise factor, Af=noise
bandwidth of the noise-current measuring eireuits
(hertz), 7,=residual photomultiplier anode dark
noise current, excluding dark ecurrent emission
from the photocathode (amperes), (4kTAf/R) 2=
J_Ohnson—Nyquist noise current in the load re-
Sistance R {amperes), %= Doltzmann’s constant,
138X 10~ joule/°K, and T=absolute tempera-
ture of the load resistance (°K).

For photomultipliers with a constant gain per
stage ¢ in the first few stages of the electron

multiptier, the noise factor K may be estimated
from
K=q/{6—1).

The luminous equivalent of the anode dark
noise current is called the equivalent noise input,
abbreviated as ENT and defined as “the peak-to-
peak value of a square-wave-chopped flux input
which gives an rms value for the fundamental
component of the output current just equal to the
rms value of the dark noise current measured for
a I-hertz bandwidth.” The ENT in lumens is given
by

_ w2y Y (2eGK elrat1(1 herta)+4kT/R) 12
- GeS o

ENI
'! .

where the factor #(2)7¥2 converts peak-to-peak
flux magnitude to equivalent rms magnitude of
the fundamental eomponent, and the notation
7,2 (1 hertz) indicates that the residual dark noise
current - exeluding photocathoile dark noise cur-
rent is to be evaluated for & 1-hertz bandwidth,

Photomultipliers as Scintillation and
Single-Electron Counters

In combination with suitable scintillating ma-
terial, typically thallium-activated Nal erystals,
photomultipliers are extensively used to detect
the single flashes of light generated by the scintil-
lating material on bombardment by a single
triggering particle, typically a gamma ray from a
nuelear disintegration process. If the seintillating
material generates an average of N photons per
disintegration incident on the effective photo-
eathode of peak quantum efficiency YVmgx, the re-
sultant average charge pulse @, appearing in the
anode eireuit (disregarding all photons or electrons
producing no output charge) will be given by

Q= NTnuaGe

where o is a spectral matehing factor describing
the relative mateh between the scintillator spectral
output and the cathode sensitivity. (Refer to sec-
tion on photoemission. )

Because of the random statistical fluctuations
of cathode gquantum efficiency Viax &nd electron-
multiplier gain , as well as in the number of
effective photons N generated by the scintillator,
the anode charge @ will vary in magnitude from
pulse to pulse, introducing ambiguity in the de-
termination of the average magnitude of N, which
in turn is used to determine the energy of the
triggering input particle, for example the gamma
ray. The ratio of the spread of the amplitude of
individually observed values of the charge Qa
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Tig. 38—Energy resolution of photomultiplier.

at half maximum to the most probable value
Qatmexy is called the “energy resolution” of the
photomultiplier-plus-seintillator combination and
is commonly 7-10% minimum. (See Fig. 38.)

If the input Aux has no time-coherent groups of
photons, as it does in scintillation detection, photo-
electrons are emitted singly at random emission
times from the photocathode and also generate an
average output charge Qa given by

Qu=0e

where all photons or electrons generating no cutput
pulse are disregarded in measuring ¢ and comput-
ing Q4. Assuming sufficiently large gain @ and
sufficiently low generation of dark pulses of similar
charge amplitude, the individual anode pulses of
charge amplitude Ge can be detected and counted
individually, the photomultiplier then acting as a
single-electron counter.

Jmage Dissectors

Principle of Operation: The image dissector™ is &
specialized electronically deflectable photomulti-
plier. Inside its evacuated envelope, 2 photoeathode
emits electrons in proportion to the illumination
from an optical image incident on it. These image
electrons are accelerated and foeused into a plane
vontaining a defining aperture. By means of de-
flection coils or plates, the resulting electron
image is moved across this plane and a sampling

of electrong passes through the aperture. These
electrons impinge on the secondary-emitting sur-
face of & dynode where, on the average, they give
rise to 3 to 5 secondary electrons. These secondary
electrons pass, in turn, to the next in a series of
dynodes where their number is further multiplied.
Depending on the number of the dynodes of the
electron multiplier chain, their quality, and their
applied potentials, a single electron passing through
the defining aperture typically produces 10° to 107
electrons at the multiplier output anode. An exam-
ple of & modern image dissector is shown schemat-
ically in Fig. 39.

To a first approximation, the resolution proper-
ties of an image dissector are determined solely by
the geometric size and shape of the dissecting
aperture. The predicted falloff in peak-to-peak
signal modulation m for a dissector with various
sperture sizes and shapes scanning a bar pattern
input of increasing spatial density R in line pairs
per meter is shown in Fig. 40.

A lower limit on the effective aperture size of
an image dissector oceurs because of the finite
emission energy of photoelectrans. The gombina-~
tion of a finite average lateral emission energy
component. V,, in volts with a finite average axial
emission energy component V,, leads to an elec-
tron image on the dissector aperture plate (for a
point optical input image} which is blurred ac-
cording to an approximately Gaussian current
density distribution called the “point-spread fune-
tion” of the electron lens of the image dissector.
For a magnetically focused image dissector with a
uniform electric accelerating field over a distance
L in meters between the photocathode and an
electron-transmissive mesh followed by an eleetric-
field-free drift and deflection space (Fig, 3%) of
length Ly in meters prior to the aperture plate,
the full width &t half maximum W of the resulting
poing-spread function at the aperture plate in
meters is given by

. = 12
ro ¥ zp, 12 Lo—2L zo
We=1.23L, (—V—;L[HUAZ : 2&([) ]

L 1 Va

where V, is the beam energy in volts within the
drift and deflection space. To maintain this mini-
mum (focused} beam size at the aperture requires
a solenoidal magnetic field strength B in weber
meter~? given hy

B=mn{(2mV,)""*/L(e)'"*

where n=number of beam loaps Letween cathode
and aperture plate=1, 2, 3, -++, m=mass of the
electron=9.1X107%" kilogram, and e=electron
charge=1.610"" coulomts,

Given a dissector with the minimum useful
aperture size (approximately one beamwidth W in
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diameter), the resulting maximum value of the
spatial pattern density .. in line pairs per
meter which ean be detected at a modulation
ratio m~0.05 is given by

Ruax™=0.7/W,

Signal: For an input photocathode illuminance
Iy in lumen meter—, the output signal current

w¥

I, from an image dissector is given by
Fo=_8taCGIy,

where 8= photocathode luminous sensitivity in
ampere lumen™, {=mesh transmission including
colleetion efficiency losses between photocathode
and first dynode=ratio of the current transmitted
by the mesh to the current incident on the mesh,
a=-effective aperture area measured at the photo-
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cathode surface (and thus eompensating for pos-
sible electron optical magnification changes within
the dissector), and G=electron multiplier current
gain, The luminous sensitivity S pertains to the
particular spectral distribution characteristic of
the incident flux. If other units are used to measure
the incident illuminance, for example watt meter2
or photon second™ meter™?, the emitted photo-
cathode eurrent density SIj in the above rela-
tionship may be computed according to the
methods described in the gection on Photoemission.

Noise: At the usual input jiluminance levels
necessary for satis(actory sighal-to-noise-ratio per-
formance of dissectors, dark noise (unlike all
other conventional eamera tubes) is completely
negligible in magnitude. The total noise output
current 7, in amperes is caused exclusively by the
shot-noise fluctuations of the photecurrent emitted
by the photocathode of the dissector and entering
the dissector aperture, modified by statistically
fluctuating gain processes within the electron
multiplier. If the total output current is due to
the incident signal itluminance 71, the output noise
current is given by

1,2=2eKGI,Af
=2eKP8ial LAf

where K= the multiplier noise factorc~o/{a—1),
g=nverage gail per stage of the electron multi-
plier, e=electron charge= 1.6>10~" coulomb, and
Af=noise measurement bandwidth in hertz.

The signal-to-noise power ratio S/¥ under these
conditions is given by

S/N=1I,2/12=8tal 1 /2eKAf.

Dynasmic Range: The upper limit to input light
level is established either by maximum space-
charge-limited eurrent in the final stages of the
electron multiplier, by the maximum cathode-
current density consistent with desired cathode
lifetime, or by excessive eurrent in the multiplier

GRID 3 GRID 2 AND
DYNODE 1

bleeder resistors. The lower limit is set usually by
“shot, noise” in the signal.

Image Orthicons

The image orthicon®™ is the camera tube most
widely used for live commereial television. This
fact derives from its high sensitivity, its close
spectral-sensitivity match to the human eye, and
its relatively fast response. Good-quality com-
mereial television pictures can be generated by an
image orthicon wviewing a B5-to-20-footiambert
{==15-50 lumen steradian—! meter=?) scene through
an F/5.8 lens. The image orthicon is generally
available with either 8-10 or 5-20 spectral response
(see Tig, 5}, and is capable of 500 picture elements
per raster height (9.9 line pairs/millimeter) at
309%, video-amplitude response.

Principle of Operation: In the image section, &
light image ineident on the translucent photo-
cathode liberates photoelectrons into the adjacent
vacuum region in proportion to the light intensity
(gamma, is unity) on each element of the cathode.
These photoelectrons are accelerated toward and
magnetically focused onte the surface of a thin
semiconducting target (Fig. 41). Llectrons strike
this target with sufficient energy to liherate 8
larger number of secondary electrons {typically 5)
for each incident primary. The secondary electrons
are collected by a mesh closely spaced from the
target membrane. Hence, by depletion of electrons
from the thin membrane, ineremental areas be-
come positive in proportion to the number of photo-
electrons striking each clement. In cases of high-
light-level operation, parts of the target may
become charged to target (collector) mesh po-

tential, and saturation charge results. This phe-
nomenon accounts for the so-called “knee” in the
signal-vs-illumination transfer eurve (Fig, 42).

Because the target membrane is very thin, of the
order of microns, a charge distribution patiern
formed on the image-section surface appears nearly
simultaneously and identically on the seanniug-
section surface,

In the scanning section, an electyon gun gener-
ates a highly apertured electron Dbeam from a
fraction to fens of microamperes in intensity. A
solenoidal magnetic-focus coil and saddle-type de-
flection coils surronnding the sean section focus
this beam on the insulator target and move it
across the target. Sean-beam electrons impinge on
the target at very low velocity, giving rise fo
relatively few secondary electrons. The target acts
somewhat as a retarding field electrode and reflects
a large number of the beam electrons that have
less than average axial velocity. These two phe-
nomena, small but finite secondary emission and
reflection of slow beam electrons, limit scan-beam
modulation to 8 maximum of about 30%, at high
light levels, and to 2 orders less at threshold. As
will be shown later, the large unmodulated return
beam current is the primary source of noise in the
image orthicon.

Another problem created by the retarding-field
aspect of low-velocity target scanning appears
when the deflected beam does not strike the target
normally. Since the entire beam-velocity compo-
nent normal to the surface is now reduced by the
cosine of the angle of incidence, the effective beam
impedance is greatly increased. o overcome this
problem, the decelerating field between grids 4
and 5 is shaped such that the electron beam always
approaches normal to the plane of the target
at a low velocity. If the elemental area on the
target is positive, then electrons from the seanning
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Fig. 42— Basic light-transfer characteristic for type 5820
“Fd 6826 jmage orthicons. The curves are for small-area
lf‘ghlightsilIumim\tet.l by tungsten light, white fluorescent
light, or daylight.

beam deposit until the charge is neutralized. If
the elemental atea is at cathode potential {corre-
sponding to a dark picture area), no electrons are
deposited. In both cases the excess beam electrons
are turned back and focused into a H-stage electron
multiplier. The charges existing on either side of
the semiconductive target membrane will, by con-
ductivity, neutralize each other in less than one
frame time. Electrons turned back at the target
form & return beam that has been amplitude-
modulated in aceordance with the charge pattern
of the target.

The return beam is redirected by the deflection
and foeus fields toward the electron gun where it
originated. Atop the electron gun, and forming the
final aperture for that gun, is a flaf, secondary-
emitting surface comprising the first dynode of the
electron multiplier. The return beam strikes this
surface, generating secondary electrons in a ratio
of approximately 4:1.

Grid 3 facilitates a more complete collection by
dynode 2 of the secondary electrons emitted from
dynode 1. The gain of the multiplier is high enough
that in operation the limiting noise is the shot
noise of the returned electron beam rather than the
input noise of the video amplifier,

Signal and Noise: Typical signal output current
for tube types 5820 and 4826 are shown in Fig. 42,
The tubes should be operated so that the high-
lights on the photocathode bring the signal output
slightly over the knee of the signal-output curve.

The spectral response of the types 5820 and 5826
is shown in Fig. 43, Note that when a Wratten 6
filter is used with the tube, a spectral curve closely
approximating that of the human eye is obtained.

From the standpoint of noise, the total tele-
vision system can be represented as shown in Fig.
44, where I,=signal current, I,=total image-
orthicon noise current, I7,,=thermal noise in R,
Fn.=shot noise in the input amplifier tube, R;=
input load, Cy=total input shunt capacitance, and
R=shot-noise equivalent resistance of the input
amplifier=2.5/gn, for triode or cascode input=
[/ (BT ) {25/ gm)+ (201.2/gnD)] for pentode
input, with g,= transconductance of input tube
or cascode combination, Iy=amplifier direct plate
current, and J.,=amplifier direct screen-grid
current.

The noise added per stage is

An=[o/(e—1)]"

where oc=stage gain in the multiplier. For a total
multiplier noise figure to be directly usable, it
must be referred to the first-dynode current,
therefore, for 5 multiplier stages

AR | An? | Ant
__.4_+._W, -

o ob 8

_ Ant
AN=Antt—r4
a g



where AN=clectron-multiplier neise factor re-
ferred to multiplier input.
After combining all noise sources

8 I

N g . 1,R, wzCﬁR;) 12

{ [23110,,, —i—4kT(R1+ R 3
where 8/N=signal-to-noise ratio, F=bandwidth
in hertz, e=electron charge=1.61071 ¢oulomb,
I=image-orthicon beam current, kn= electron-
multiplier noise factor, referred to multiplier
output=mAN, k= Boltzmann’s constant=1.38X

102 joule/degree Kelvin, T'=absolute tempera-
ture in degrees Kelvin, and w=2xf in hertz.
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Fig. 44—Fquivalent circuit for moise in orthicon and
first amplifier stage.

The signal current is an alternating-current
signal superimposed on a larger direct beam cur-
rent. This can be thought of 23 8 modulation of the
beam ecurrent. Properly adjusted tubes obtain
as much as 30-percent modulation.

I =mMI
where m=multiplier gain and {=percentage
modulation. If 8/N is now rewritten
S_ 2
N 2eI,mAN® | 1 | Ry o®CPRN\ M
[‘”“T‘F( 4%TM "R RE' 3 )

In typical television operation, the thermal
noise of the load resistor and the shot noise of the
first amplifier can be neglected.

Focusing and Scanning Fields: The electron
optics of the scanning section of the tube are quite
complicated and space does not permit the in-
clusion of the complete equations. A simple re-
Iationship between the strength of the magnetic
focusing field and the magnetic deflection field is
given below. :

The image orthicon is usually operated with
multiple-node focus in the scanning section. Work-
ing at a multiple-node focus not only demands more
focus cwrrent but also more deflection current.
Note the deflection path in Fig, 45. Let H=hori-
zontal dimension- of scanned area or target, L=
effective length of horizontal deflection field, Ha=
horizontal deflection field (peak-to-peak value),
and Hy={ocusing field. Then

Hy=HH/L

for the image orthicon, H1.25 inches, and L~~4

" inches. Thus Hy75 gauss, and [a~23 gauss.

Vidicons

The vidicon* is a small television camera tube
that is used primarily for industrial television,
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Fig. 46—Vidicon construction.

space applications, and studie film pickup because
of its small size and simplicity.

As shown in Fig. 46, the tube consists of a signal
electrode composed of a transparent conducting
film on the inner surfacé of the faceplate; a thin
layer (a few microns) of photoconductive material
deposited on the signal electrode; a fine mesh
screen (grid 4) located adjacent to the photo-
conductive layer; a focusing electrode (grid 3)
connected to grid 4; and an electron gua.

Principle of Operation: Each elemental area of

the photoconductor can be likened to a leaky
capacitor with one plate clecirically connected fo
the signal electrode that is at some positive voltage
{usually about 20 velts) with respect to the
thermionic cathode of the electron gun and the
other plate floating except when commutated by
the electron beam, Initially, the gun side of the
photoconductive surface is charged to cathode po-
tential by the electron gun, thus leaving a charge
on each elemental capacitor. During the [rame
time, these capacitors discharge in accordance with
the value of their leakage resistance, which is
determined by the amount of light falling on that
elemental area. Hence, there appears on the gun
side of the photoconductive surface a positive-
potential pattern corresponding to the pattern of
light, from the scene imaged on the opposite surface
of the layer. Even those arcas that are dark dis-
charge slightly, since the dark resistivity of the
material is nof infinite.

The electron beam is focused at the surface of
the photoconductive layer by the combined action
of the uniform magnetic field and the electrostatie
field of grid 3. Grid 4 serves to provide a uniform
decelerating field between itself and the photo-
conductive layer such that the electron beam al-
ways approaches the surface normally and at a
low velocity. When the beam scans the surface, it
deposits electrons where the potential of the ele-
Toental area is more positive than that of the
electron-gun cathode. At this moment the electrical
tircuit is completed through the signal-electrode
Cireuit to ground. The amount of signal eurrent
Which flows depends on the amount of discharge
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in the elemental capacitor, which in turn depends
on the amount of light falling on this area.

Alignment of the beam is accomplished by a
traneverse magnetic field produced by external
coils located at the base end of the focusing coil.

Deflection of the beam is accomplished by the
iransverse magnetic fields produced by external
deflecting coils.

Sigral and Notse: Since the vidicon acts as a
constant-current generator as far as signal current
is concerned, the value of the load resistor is de-
termined by band-pass and neise considerations in
the input circuit of the video amplifier. Unlike the
image orthicon, vidicon signal current is removed
at the target, and only that portion of the scan
beam actually involved in the target discharge
contributes shot noise. Moreover, electron-beam
contributions to noise are minimal for low-light
portions of the scene. :

The primary noise associated with vidicon oper-
ation is seldom scan-beam shot noise. Where the
signal current is ess than 1 microampere and the
band pass is relatively wide, the principal noise in
the system is contributed by the input eircuit and
the first stage of the video amplifier. To minimize
the thermal noise of the load resistor, its resistance
is made mueh higher than flat-band-pass consider-
ations would indicate, since sighal voltage in-
creases directly and noise voltage increases as the
square root, To correct for attenuation of the signal
with increasing frequency, the amplitude response
of the video amplifier frequently employs high-
frequency boost of the following form, where i
and Ry refer to Fig. 47,

G= Go (1+ 41T2F2012R]_2) I/Z/Rl.

_O.
FROM VIDEO
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Fig. 47—TInput cireuit for first-stage amplifier in vidicon
cireuit.



A representative plot of amplitude response as
& function of the number of television lines (per
raster height) is shown in Fig. 48.

The vidicon has somewhat more lag or image
persistence than the image orthicon. This is the
result of two f{actors. To obtain high-sensitivity
surfaces, the photoconductive decay time is made
as long as tolerable, since quantum efficiency is
limited by the ratio of effective carrier lifetime to
carrier transit time across the photoconductor. A
second source of lag is simply the RC time constant
of the target recharging circuit; that is, the target
capacitance and the beam impedance.

The spectral response of most commercial vidi-
cons, desighated $-18, is more actinic than the
human eye. Figure 49 compares these responses
with the spectrum of a 2854°K tungsten source,
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Variations of the Vidicon

Interest in optical guidance and surveillance
from air and spacecraft has given rise to a wide
variety of vidicon camera tubes. To treat these
variations in detail becomes encyclopedie, but the
following gives some indication of the choices now
available to the user.

E fective Sensitivity: True photoconductive tubes
now offer sensitivities of 150-200 nanoamperes for
i-footeandle illumination with 20 nanoamperes
dark current. Improved methads of deposition of
photoconductors have made possible higher voltage
operation without objectionable dark shading. Spe-
cial devices using junction effects promise even
better sensitivity.

Spectral Response: Available photoconductors,
taken as a whole, provide sensitivity over the
entire visible range with usual (7056) glass win-
dows. Quartz window tubes offer useful sensitivity
to helow 2000 angstrom units. Numerous appli-
cations of direct excitation of photoconductors by
X-radiation have been reported. High-velocity elec-
tron excitation (bombardment-induced econdue-
tivity) is also in use,

Size and Deflection: Vidicons are available in
sizes ranging from £ inch to 2 inches in diameter.
Various combinations of deflection and focus are
available.

Storage: A number of manufacturers have pro-
duced vidicons with long storage characteristics.
Many are merely long-lag tubes; however, a few
rely on high-resistivity materials or barrier layers
to retain stored charge through minimal dark
current. One such device, once exposed properly to
a scene, regenerates the scene through readout
over a period of the order of half an hour,

LIGHT-EMITTING TUBES

Cathode-Ray Tubes

A cathode-ray tube® is a vacuum tube in which
an electron beam, deflected by applied electric
and/or magnetic fields, indicates by & trace on a
fluorescent screen the instantaneous value of the
actuating voltages and/or currents. A typical high-
intensity eathode-ray tube with post-deflection ac-
celeration is shown in Fig, 50,

Principle of Operation: The function of the.
cathode-ray tube is to convert an electrical signal

2iln Al

A

Fig. 50—Electrode arrangement of typical electrostatic
focus and deflection cathode-ray tube. A—heater,
B-—cathode, C—control electrode, D—screen grid or pre-
aceelerator, E—focusing electrode, F—accelerating elec-
trode, G—deflection-plate pair, H—deflection-plate pair,
J—conductive coating connected to accelerating elec-
trode, K--intensifier-clectrode terminal, I-—intensifier
electrode (conductive coating on glass), M—fluorescent
streen.

into a visual display, The tube contains an electron-
gun structure (to provide a narrow beam of elec-
trons) and a phosphor screen {refer to section on
Phosphor Sereens). The electron beam is directed
to the phosphor screen and strikes if, causing
light to be emitted in a small area or spot in
proportion to the intensity of the electron beam.
The beam intensity varies as a function of the
electrical signal which is applied to the control
element in the electron gun.

The electrical signal that controls the beam
intensity corresponds to the desired picture infor-
mation; therefore, in modulating the electron beam
the individual picture elements can be reproduced
on the phesphor sereen in the same degree of black
or white as in the original picture. Although one
element is not enough to reproduce a picture, the
same process is carried out for all pieture elements
in successive order, and each element is positioned

Fig. 51—Electroatatic defleetion.

correctly on the phosphor sereen to reproduce the
entire picture. Means are provided either internally
or externally of the tube for positioning or deflect-
ing the electron beam over the phosphor-screen
area in some systematic fashion to reproduce the
entire picture as s visual output,

Flectric-Field Deflection: Deflection is propor-
tional to the deflection voltage, inversely pro-
portional to the accelerating voltage, and in the
direction of the applied field (Fig. 51). For struc-
tures using straight and parallel deflection plates,
it is given by

D=E,Ll/2E.4

where D==deflection in centimeters, F,=acceler-
ating voltage, E;= deflection voltage, = length of
deflection plates or deflecting field in centimeters,
L=length from center of deflecting field to sereen
in centimeters, and A= separation of plates.



Magnetic-Field Deflection: Deflection Is propor-
tional to the flux or the current in the eoil, in-
versely ‘proportional to the square root of the
accelerating voltage, and at right angles to the
direction of the applied field (¥ig. 52). Deflection
Is given by

D=03LIH/ (E)*"?

where H=flux density in gauss, and I=length of
deflecting field in centimeters.

Deflection Sensitivity: The deflection sensitivity
is linear up to the frequency where the phase of
the deflecting voltage begins to reverse before an
electron has reached the end of the deflecting field.

Fig. 52—Magnetic deflection.

Reyond this frequency, sensitivity drops off, reach-
ing zero and then passing through a series of
maxima and minima as n=1, 2, &, ++-. Each
succeeding maximum is of smaller magnitude.

DZBI‘D= nh (v/c)
D= (2n—1) (V/2) {v/¢)

where D=deflection in centimeters, v=-electron
velocity in centimeters/second, c=velocity of
light=3X 10° centimeters/second, and A=free-
space wavelength in centimeters.

Magnetic Focusing: There is more than ene value
of current that will focus, and best focus is at the
minimum value. For an average coil IN=
920 ( Vod/f) 2= ampere-turns, Vo= accelerating
voltage in kilovolts, d=mean diameter of coil,
f=1focal length, and d and f are in the same units.

744[4— dy
- ‘f

v &
e J—
SOFT—f

IRON

Fig. 53-—Magnetic focusing.

A well-designed shielded coil will require fewer
ampere-turns.

Figure 53 is an example of good shield design,
where

r= d1/20.

Storage Cathode-Ray Tubes

The storage cathode-ray tube® produces a visual
display of controllable duration, The tube has two
electron guns, a phosphor viewing screen, and two
fine-mesh metal screens. One of the electron guns is
referred to as the writing gun and the other as the
flooding gun. The web of one screen is coated on
the gun side with a thin dielectric material to form
& surface on which the electron beam stores infor«
mation, and the other screen serves as an electron
collector. A typical storage cathode-ray tube is
shown in Fig. 54.

Principle of Operation; The writing gun emits a
pencil-like electron beam which is intensity modu-
lated by the information to be stored. The infor-
mation is in the form of an electrical input signal.
The storage surface is scanned by this high-reso-
lution beam which actually strikes this surface.
A positive-charge image, corresponding in value to
the input signal pattern, is imposed on the storage
surface where it remains until it decays or is
erased. The storage screen forms an array of ele-
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Fig. 54—Construction of storage cathode-ray tube.

mental electron guns, with each mesh hole con-
sidered as a control element of one of the guns.
After the desired information has been stored on
the storage mesh, the entire surface is flooded by
an electron beam from the flooding gun. The value
of positive charge deposited at each mesh aperture
controls the amount of fooding beam current that
can pass through the mesh aperture to the phosphor
viewing sereen. The current that passes through
the mesh strikes the phosphor viewing screen,
where g light output is observed in proportion to
the bombarding-current density and the energy
with which the electrons sirike the phosphor. In
other words, a grey scale is reproduced in the
stored image. After the stored information has
been ohserved or recorded, it is erased from the
storage surface by flooding the storage surface
with low-velocity electrons. Thus a net negative
charge is deposited on each elemental ares of the
storage surface until flooding cathode potential is
reached. The storage surface is then prepared for
storing a new image.

Barrier-Grid Storage Tube

The barrier-grid storage tube is a form of
cathode-ray tube in which information can be
stored as an electrostatic charge. There is no visual
display, since both the input and the output sig-
nals are electrical, The operation of this tube is
closely similar to that of the storage cathode-ray
tube. The tube (Fig. 55) consists of an electron
gun for writing in and reading out the information,
a curved target on which the information is stored,
a collector electrode, and an associated electron
optical system for focusing the signal electrons
onto the collector electrode.

‘Primiple of Operation; The target of the barrier-
grid storage tube consists essentially of an arvay

ey—
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DYNODE ELECTRON
GUN
[ ———
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|11 == &=
SHIELD

COLLECTOR
BARRIER GRID

Fig. 55—Construction of barrier-grid storage tube.

of elemental capacitors, which are charged or dis-
charged by the action of the electron beam from
the electron gun. During the write operation, an
electrical signal (such as a video signal) is applied
to & control electrode of the electron gun, which
electrode in turn modulates the electron beam
generated by the gun. This modulated beam is
geanned across the target, and the information is
stored on the target in the form of a pattern of
charged areas, During the read cycle an wnmodu-
lated electron beam is scanned across the target.
As this reading beam approaches each elemental
charged area on the target, electrons leave the
area and are attracted to the collector. This current
constitutes the output signal.

Scan Converter

The scan converter is a tube in which infor-
mation can be stored as an electrostatic charge.
It the scan converter there is no visual display; its
output as well as its input are electrical signals.
The tube (Fig. 56) consists of two electron guns
on opposite ends of the tube on the same axis, a

OLLECTOR
STORAGE SCREEN
ELEGCTRON

GUN
CENTER RING
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Fig. 56—Construction of sean converter.



collector mesh, and a storage screen comprised of
a fine-mesh metal screen coated with a dielectric
material serving as the storage surface. The holes
of the screen remain open. Each electron gun
directs a beam of electrons to the common storage
mesh, Fach beam is scanned over the storage
surface by its own deflection system. One beam
writes and the other reads, and it is possible for
both modes of eperation to occur simultaneously.

Principle of Operation: An electrical input signal,
corresponding to the information te be stored, is
applied to the writing gun. This signal controls the

intensity of the electron beam which deposits or
writes a pattern of electrostatic charge on the
storage surface. This written information is read
out in the form of an electrical output signal by
the reading gun. The value of charge that has
been deposited at each mesh aperture of the storage
sereen controls the amount of writing-beam current
that can pass through the screen to the collector.
The cutput signal thus varies as a function of the
charge stored at each point on the storage screen.
Either of the electron beams may be used to erase
a stored picture after it has been read out thousands
of times.

ELECTRON-TUBE CIRCUITS

APPLICATIONS OF ELECTRON TUBES

The advent of transistors is limiting the use of
vacuum ftubes to special applications. The voltage-
handling capabilities of elpetron tubes satisfy the
requirements for high-power oscillator, amplifier,
and certain pulse serviee applications. Tubes are
used in the high-power stages of radio and similar
transmitters, as modulators of high-power radio-
frequency amplifiers, and for specific conditions
ag pulse generators for radar and other pulse service
equipment. Transistors and other semiconductor
devices have largely replaced tubes in low-power
applications. ‘

CLASSIFICATION

It iz common practice to differentiate between
types of vacuum-tube circuits, particularly ampli-
flers, on the basis of the operating regime of the
tube,

Class-A: Grid biag and alternating grid voltages
such that plate current flows continuously through-
out electrical cycle (8,=360 degrees).

Class-AB: Grid bias and alternating grid voltages
such that plate curvent flows appreciably more
than half but less than entire electrical cycle
(360°>8,>180°).

Class-B: Grid bias close to eutoff such that
blate current flows only during approximately half
of electrical eycle (8,~7180°).

Class-C': Grid bias appreciably greater than cut-
off so that plate current flows for appreciably less
than half of electrical cyele (8,<180%),

A further classification between circuits in which
bositive grid current is conducted during some
bortion of the cycle, and those in which it is not,
Is denoted by subscripts 2 and 1, respectively.
Th_us a class-AB, amplifier operates with a positive
Swing of the alternating grid veltage such that
bositive electronic current is conducted and ac-
:O{)dingly in-phase power is required to drive the
ube,

GENERAL DESIGN

Tor quickly estimating the perforraance of a
tube from catalog data, or for predicting the char-
acteristics needed for a given application, the ratios
given below may be used.

Table 1 gives correlating data for typical oper-
ation of tubes in the various amplifier classifi-
cations. From the table, knowing the maximum
ratings of a tube, the maximum power output,
currents, voltages, and corresponding load impe-
dance may be estimated. Thus, taking for example
a type F-124-A water-cooled transmitting tube as
a class-C radio-frequency power amplifier and
oscillator—the constant-current characteristics of
which are shown in Fig. 1—published maximum
ratings are as follows.

DC plate voltage:

E,=20 000 volts
DC grid voltage:

F.=3000 volts
DC plate current:

Iy="7 amperes
RF grid current:

I,= 50 amperes
Plate input:

P;=135000 watts
Plate dissipation:

Pp=40 000 watts,

Maximum conditions may be estimated as fol-
lows. For 5= 75 percent

P;=135 000 watts
E,=20 000 volts.

Power output Pe=x;= 100 000 watts.
Average de plate current [y= P,/ K,= 8.7 amperes.



Fig. 1--Constant-current chape-
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From tabulated typieal ratio M4,/T=4, instan-
taneous peak plate current Mi,=47/,=27 amperes.*

The rms plate alternating-current component,
taking ratio 7,/7s=1.2

I=1.21=8 amperes.

The rms value of the plate alternating-voltage
component from the ratio E./Fp=06 is E,=
0.6F,=12 000 volis.

The approximate operating load resistance R; is
now found from

Ri= E,/1,=1500 ohms.

An estimate of the grid drive power required
may be obtained by reference to the constant-
current charascteristics of the tube and determi-
nation of the peak instantaneous positive grid
current Mz, and the corresponding instantaneous
total grid voltage Me,. Taking the value of grid
bias E, for the given operating condition, the peak
alternating grid drive voltage is

ME0= (MCC_Ec)
from which the peak instantaneous grid drive

*In this discussion, the superseript M indicates the use
of the maximum or peak value of the varying component,
f.e, Miy=maximumm or peak value of the alternating
component of the plate current.

PLATE KILOVOLTS ey

power is
Mp = MR, ¥4,

An approximation to the average grid drive
power P,, necessarily rough due to neglect of
negative grid current, is obtained from the typiceal
ratio

I./Mi,=02

of de to peak value of grid current, giving
Po=[.F,=0.2M,I7, watt.

Plate dissipation P, may be checked with pub-
lished values since

PP=P;‘_P.).

It should be borne in mind that combinatiors
of published maximum ratings as well as et
individual maximum rating must be abserved:
Thus, for example in this case, the maximum de
plate operating voltage of 20000 volts does not
permit operation at the maximum de plate outrent
of 7 amperes since this exceeds the maximum pi& d
input rating of 135 000 watts. .

Plate load resistance &; may be connected di*
rectly in the tube plate cireuit, as in the resistance®
coupled amplifier, through impedance-matehing
elements as in audio-frequency transformer cou-
pling, or effectively represented by a loaded par&™

Tasre 1—TFYPICAL AMPLIFIER OpErATING DaTa. Maxmyum Sienan Conorrrons—Per Tuss,

Class B Class B Class C
Funetion Class A af (p-p) f rf
Plate efficiency n (percent) 20-30 35-65 60-70 65-85
Peak instantaneous to de plate current 1.5-2 3.1 3.1 3.1-4.5
ratio Miz/ T,
RMS alternating to de plate current 0.5-0.7 1.1 1.1 1.1-1.2
ratio I,/ I,
RMS alternating to de plate voltage 0.3-0.5 0.5-0.6 0.5-0.6 0.5-0.6
ratio B,/ By
DC to peak instantaneous grid current 0.1-0.25 0.1-0.25 0.1-0.26

I/,

lel-resonant circuit as in most radio-frequency
amplifiers. In any case, caleulated values apply
only to effectively resistive loads, such as are
normally closely approximated in radio-frequency
amplifiers. With appreciably reactive loads, oper-
ating currents and voltages will in general be quite
different and their precise ealculation is quite
difficult.

The physical load resistance present in any given
setup may be measured by audio-frequency or
radio-frequency bridge methods. In many cases,
the proper value of B; is ascertained experimentally
as in radio-frequency amplifiers that are tuned to
j:he proper minimum de plate current. Conversely,
if the cireuit is to be matched to the tube, R; is
determined directly as in a resistance-coupled
amplifier or as

Ri=N?R,

n ?he case of a transformer-coupled stage, where
N is the primary-to-secondary voltage transfor-
Mmation ratic. In a parallel-resonant circuit in which
the output resistance R, is connected directly in
one of the reactance legs

Ri=X*/R,=L/Cr,= QX

Xhere X is the leg reactance at resonance {(ohms),
t and C' are leg inductance in henries and eapaci-
&nce in farads, respectively, and @=X/R,.

GRAPHIC DESIGN METHODS

m::-hen accurate operating data are required,
the Iel~pr§61se methods must be used, Because of
methoghnear rature of tube charaeteristics, graphic
ods usually are most convenient and rapid,
xanples of such methods are given below,

A comparison of the operating regimes of class A,
Eur;-en{ and C amplifiers is given in the constant-
corr cht}ractensucs .graph of Fig. 1. The lines
esponding to the different classes of operation

are each the locus of instantaneous grid e, and
plate e, voltages, corresponding to their respective
load impedances.

For radio-frequency amplifiers and oscillators
having tuned circuits giving an effectively resistive
load, plate and grid tube and load alternating
voltages are sinusoidal and in phase (disregarding
transit time), and the loci become straight lines.

For amplifiers having nonresonant resistive loads,
the loci are in general nonlinear except in the
distortionless case of linear tube characteristics
(constant r,), for which they are again straight
lines.

Thus, for determination of radio-frequency per-
formance, the constant-current chart is conven-
ient. For solution of audio-frequency problems,
however, it is more convenient to ugse the (H—e,)
transfer characteristics of Fig. 2 on which a dy-
namic load line may be constructed.

Methods for calculation of the most important
cases are given below.

Class-C Radio-Frequency Amplifier or
Oscillator

Draw straight line from A to B (Fig. 1} corre-
sponding to chosen de operating plate and grid
voltages, and to desired peak alternating plate and
grid voltage excursions. The projection of AB on
the horizontal axis thus corresponds to ¥E,. Using
Chaffee’s 11-point method of harmonic analysis,
lay out on AB points

&' =ME,
ey = 0.866ME,
ey =0,5ME,

to each of which correspond instantaneous plate
currents &', i, and %" and instantaneous grid
currents 1., 4"/, and ¢, The operating currents
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are obtained from
Ii=Ti'4-206" 24" /12
I=[i 2" +2:/"]/12
M=+ 17357+ /6
Mf =[4/+1.73"+4""7]/6.

Substitution of the above in the following give
the desired operating data.

Power output  P,= (ME, M ,}/2

Power input  Pi=Epl,

Average grid excitation power P,= (MF, M/} /2
Peak gtid excitation power ¥P,=ME 3/

Plate load resistance Rj=ME,/MI,

Grid bias resistance R.=F,./1,

Plate efficiency #=P,/P;

Plate dissipation Py=P,— P,

The above procedure may also be applied to
plate-modulated class-C amplifiers. Taking the
above data as applying to carrier conditions, the
analysis is repeated for ™*%Ey=2F, and e, =4F,

keeping R; constant, After a cut-and-try method
has given a peak solution, it will often be found
that combination fixed and self grid biasing as well
as grid modulation are indicated to obtain linear
operation.

TaBLE 2—Crass-C RF AMpLIFIER 1DATA FOR
100-PERCENT PratE MODULATION,

Detailed
Preliminary

Symbol Carrier Carrier Crest
Ey (volts) 12 000 12 000 24 000
ME, (volts) 13 000 10 000 20 000
B, (volts) — —1 000 —700
ME, (volts) — 1740 1740
Iy {amp) 2.9 2.8 6.4
I, (amp) 4.9 5.1 10.2
I (amp) — 0.125 G.083
M1, (amp) — 0.255 0.183
P; (watts) 35000 33 600 154 000
P, (watts) 25 000 25 500 102 000
P, (watts) — 220 160
7 {percent) 75 76 66
R {ohms) 2 060 1960 1960
R, (ohms) — 7 100 7 100
E (valts) — —110 —110

To illustrate the preceding exposition, & typical
amplifier calculation is given below.

Operating requirements {carrier condition):
Ep=12 000 volts
P,=25 000 watts
=75 percent.
Preliminary calculation (refer to Tables 1 and 2):
Ep/Ey=0.6
Ep=0.6X12 000="7200 volts
Mpg,=1.41X7200=10 000 volts
1,-P/E,
F,=25 000/7200=15.48 amperes
MJ.=4.9 amperes
I/h=12
I,=23.48/1.2=2.9 amperes
P;=12 000X 2.9=135 C00 watts
M lh=4.5
M= 4.5X2.9=13.0 amperes
Ri=E,/T,=7200/3.48 = 2060 ohms.

Complete Calculation: Lay out carrier operating
line AB on constant-current graph, Fig. 1, using
values of Ej, ™Bp, and M, from preliminary calcu-
lated data. Operating carrier bias voltage E, is
chosen gomewhat greater than twice cutoff value
(1000 volts) to locate point A.

The following data are taken along AB.

%/'=13 amp
=10 amp
"=0.3 amp
i,/ =1.7 amp
S'=—0.1 amp
=0 amp

E.=—1000 volts
e/ =740 volts
ME,= 10 000 volts.

From the equations, complete carrier data as
follows are calculated.

M7,=[13+1.78%104+0.3]/6="5.1 amp
P,= (10 000X 5.1) /2= 25 500 watts
Ii=[134+2X1042X0.3]/12==2.8 amp
P =12 000X 2.8= 33 600 watts

7= (25 500/33 600) X 100="76 percent

Ri= (10 000/5.1) = 1960 ohms
I=[1742(~0.1)]/12=0.125 amp
M7, =[1.741.7(—0.1)]/6="0.255 amp
= (1740X0.255) /2= 220 watts.

Operating data at 100-percent positive modu-
lation crests are now caleulated knowing that here

Ey=24 000 volts  Ry=1980 ohms
and for undistorted operation
P,=4X25 500=102 000 watts
ME,=20 000 volts.

The crest operating line A’B’ is now located by
trial so as to satisfy the above conditions, using
the same equations and method as for the carrier
condition.

It is seen that to obtain full-crest power output,
in addition to doubling the alternating plate volt-
age, the peak plate current must be increased.
This is accomplished by reducing the crest bias
voltage with resultant increase of current con-
duction period but lower plate efficiency.

The effect of grid secondary emission fo lower
the crest grid current is taken advantage of to
obtain the reduced grid-resistance voliage drop
required. By use of combination fixed and grid
resistance bias, proper variation of the total bias
is obtained. The value of grid resistance required
is given by

R=— (Ec‘_" MtEc)/ (Ic— m‘IC)
and the value of fixed bias by
Ecc: Ec_ (IcRC) .

Caleulations at carrier and positive crest to-
gether with the condition of zero output at negative
crest give sufficiently complete data for most
purposes. If accurate caleulation of audio-frequency
harmonic distortion is necessary, the above method
may be applied to the additional points required.

Class-B Radio-Frequency Amplifiers

A rapid approximate method is to determine
by inspection from the tube characteristics (é—es)
the instantaneous current, 4" and voltage ;' corre-
sponding to peak alternating voltage swing from
operating voltage Ep.

AC plate current:
MT . =4'/2
DC plate current:
Li=t//n
AC plate voltage:
MR, =E—ea'



Power output:
Po=[(Eo—ed' )3 ]/4
Power input:
P=Eg/ /=
Plate efficiency:
= (r/[1— (&'/ )]

Thus n70.6 for the usual crest value of ME,~:0.85;.

The same method of analysis used for the class-C
amplifier may also be used in this case. The carrier
and crest condition calculations, however, are now
made from the same X, the carrier condition
corresponding to an alternating-voltage amplitude
of ME,/2 such as to give the desired carrier power
output.

For greater accuracy than the simple check of
carrier and erest conditions, the radio-frequency
plate currents M7, M[ )/ MJ " Mpo. __Mpur
—Mp Y and —M[) may be calculated for seven
corresponding selected points of the audio-fre-
quency modulation envelope -+MI,, -+0.7074E,,
+05ME, 0, —05ME, —0707ME, and —ME,,
where the negative signs denote values in the
negative half of the modulation cycle. Designating

§'= M1 (ML)
D =ML (= M)~ 24

the fundamental and harmonic components of the
output sudio-frequency current are obtained as

MIp= (&/74)-+[8"/2(2)%] (flundamental)
M7 = (5D'/24) 4 (D" /4)— (D/"'/3)

M= (8'/6)— (8"/3)

M7= (D'/8)— (D''/4)

M= (87/12)—[8"/2(2))+(8"/3)
M= (D/24)~ (D" /4)+(D"'/3).

This detailed method of caleulation of audio-
{requency harmonic distortion may, of course, also
be applied to calculation of the class-C modulated
amplifier, as well as to the class-A modulated
amplifier.

Class-A and AB Audio-Frequency Amplifiers
Approximate equations assuming linear tybe
characteristics:

Maximum undistorted power output

MPy= (MEP MIp) /2

when plate load resistance

I,
Rl‘T”[(MEp/p)“-EO 1]

and negative grid bias
Be= (ME/u)[ (Riro)/ (Rit-2rp) ]
giving maximum. plate efficiency
n=ME, ¥, /8 l,.
Maximum maxitmum undisterted pewer output

MMP — MPZ/16r,
when
Ri=2r, E=3ME,/u).

An exact analysis may be obtained by use of a
dynamic load line laid out on the transfer char-
acteristics of the tube. Such a line is CKF of
Fig. 2, which is constructed about operating point
K for a given load resistance r; from

Wi=[ (e —e:®) /Ry JH-3*

where R, B, etc., are successive conveniently spaced
construction points.

Using the seven-point method of harmonic analy-
sig, plot instantaneous plate currents %', %", %",
iy =", —3", and —d' correspending to +-ME,,
+0.707ME,, +0.54E,, 0, —0.5ME, —0.7071E,
and —YE, where 0 corresponds to the operating
point K. In addition to the equations given under
class-B radio-frequency amplifiers

Iy average=I,4-(D'/8)+ (D"/4)

from which complete data may be calculated.

Class-AB and B Audio-Frequency Ampilifiers

Approximate equations assuming linear tube
characteristics give (referring to Fig. 1, line CD)
for a class-B audio-frequency amplifier

Mlpz 1:5’
Py=Mpg, M. /2
Pi=(2/7)E, M,
1= (w/4) (M E,/ )
Rop=4(ME,/i)) =4R1.

Again an exact solution may be derived by use
of the dynamic load line JKL on the (i—e)
characteristic of Fig. 2. This line is caleulated
about the operating point K for the given Rt
{in the same way as for the class-A case) . However,
since two tubes operate in phase opposition in this

case, an identical dynamie load line MNQO repre-
sents the other half c¢yele, laid out about the oper-

TasLe 3—DesieN INFoRMATION FOR 3 CLASSES OF AMPLIFIERS,

Grounded-Cathode

Grounded-Grid

Grounded-Plate or
Cathode-Follower

Cireuit schematic

INPUT E;

OUTPUT £y
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Voltage gain A for output load impedance Z,; A=E/E;

A= —pZy/ (rpt+Zs)
= — gl s/ (ry+Z2)]
neglecting C,,,
(Z2 includes )

neglecting Cpp

A= w2/ (rotZn)

(Zs includes ;)

A= pZs/Trot (1-+p) 2o

neglecting Cy
(Z2 includes Cp)

Input admittance; ¥1=1I/E1

Y1=ju[Cut 1—A)C,,)]

Yi=jw{Ca+ (1—A)Cp]
(14w (1t Z2)]

Y= jo[Copt (1~ A)Ct)

Equivalent generator seen by load at output terminals

i

OUTPUT ouTPUT

~kE {14+4)E,

neglecting ¢, negleoting C.

negleeting Cpx

ating biag abscissa point but in the opposite di-
rection (see Fig. 2).

Algebraic addition of instantaneous ecurrent
values of the two tubes at each value of e gives
the composite dynamic characteristic OPL for the
tWo tubes. Inasmuch as this curve is symmetrical
about point P, it may be analyzed for harmonics

along a single half-curve PL by the Mouromtseff
5-point method. A straight line is drawn from
P to L and ordinate plate-current differences
a, b, ¢, d, f between this line and curve, corre-
sponding to &, ", ¢,1¥, ¢,¥, and ¢,¥1, are meas-
ured. Ordinate distances measured upward from
curve PL are taken positive.



Fig. 3

Fundamental and harmenic current amplitudes
and power are found from

M =t Ml g MT g M+ MT e— M
M]pa=0.4475{b+f) + (d/3) —0.578d— 31 5
M s=0.4(a—])
M7= 0.4475 (b} — M5 0.5M g
MY o= M] —2d
M on=0.707c— M/ 511 5.

Even harmonics are not present due to dynamie
characteristic symmetry. The direct-current and
power-input values are found by the 7-point analy-
sis from curve PL and doubled for two tubes.

CLASSIFICATION OF AMPLIFIER
CIRCUITS

The classification of amplifiers in classes A; B,
and C is based on the operating conditions of the
tube. Another classification can be used, hased on
the type of circuits associated with the tube.

A tube can be considered as a four-terminal
network with two input terminals and two output
terminals. One of the input terminals and one of
the output terminpals are usually common; this
common junction or point is usually called
“ground.”

When the common point is connected to the
filament or cathode of the tube, we can speak of a
grounded-cathode circuit: the most-conventional
type of vacuum-tube cireuit. When the commeon
point is the grid, we can speak of a grounded-grid
circuit, and when the common point is the plate
or anode, we can speak of the grounded-ancde
circuit,.

This last type of circuit is most commonly
known by the name of cathode-follower.

A fourth and most-general class of circuit is
obtained when the common point or ground is not
directly connected to any of the three electrodes
of the tube. This is the condition encountered ai

uhf where the series impedances of the internal
tube leads make it impossible to ground any of
them. It is also encountered in such special types
of circuits as the phase-splitier, in which the impe-
dance from plate to ground and the impedance
from cathode to ground are made equal to obtain
an output between plate and eathode balanced
with respect to ground.

Design information for the first three classifi~
cations is given in Table 3, where

Zz=load impedance to which output terminals
of amplifier are connected

E,= phasor input voltage to amplifier

E,= phasor output voltage across load impedance
Zy

A= voltage gain of amplifier=E»/E,

Y,=input admittance to input terminals of
amplifier

w=2rX (frequency of excitation voltage E;)
j= (=1

AMPLIFIER PAIRS

The basic amplifier classes are often used in
pairs or combination forms for special character-
istics. The availability of dual triodes makes these
combined forms especially useful,

Grounded-Cathede—Grounded-Plate

This pairing provides the gain and 180-degree
phase reversal of a grounded-cathode stage {Fig. 3)
with a low source impedance at the output termi-
nals. It is especially useful in feedback circuits or
for amphfiers driving a low or unknown load impe-
dance. In tuned amplifiers, the possihility of oscil-
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lation must be considered. Direct coupling is useful
for pulse work, permitting large positive input
and negative cutput excursions.

Grounded-Plate—Grounded-Grid
(Cathode-Coupled)

Direct coupling is usual, making a very simple
structure. Several modified forms are possible with
special characteristics. .

Cathode-Coupled Amplifier: As a simple amplifier,
Ry and input By (Fig. 4) are short-circuited.
Output E, iz in phase with input Ey. Gain (with
Ri$1/g,) is given by A~gnRy/2. Even-harmonic
distortion is reduced by symmetry, as in a push-pull
stage. Due to the in-phase input and output re-
lations, this circuit forms the basis for various
R-C oscillators and the class of cathode-coupled
multivibrators.

Symmetrical Clipper; With suitable bias adjust-
ment, symmetrical clipping or limiting occurs be-
tween V; cutoff and V. cutoff, without drawing
grid current.

Differential Amplifier: With input supplied to
By and Ey, the outpui E» responds (approxi-
mately) to the difference E;— Ey'. Balance is im-~
proved by constant-current supply to the cathode
such as a high value of Ry (preferably connected
from a highly negative supply) or a constant-
current pentode. The signal to E, should be
slightly attenuated for precise adjustment of hal-
ance,

Phase Inverter: With B; and R, both used, ap-
proximately balanced {(push-pull) outputs (E» and
Ey'} are obtained from either input By or F1. As a
phase inverter (paraphase), one input (Ey) is
used, the other being grounded, and R; is made
slightly less than R to provide exact balance.

Greunded-Cathode—Grounded-Grid
(Cascode)

This cireuit {Fig. 5) has characteristics some-
what resembling the pentode, with the advantage
that no sereen current ig reguired. Vs serves to
isolate Vi from the output load By, giving voltage
gain equation

A wky
rat[ (bR /(1) T
For Ri<pr,,
ARSgm Bl
For BoPpr,,
RIpupe.

As an rf amplifier, the grounded-grid stage V-
drastically reduces capacitive feedback from output
to input, without iniroducing partition noise (as
produced by the screen current of a pentode).
Shot noise contributed by V3 is negligible due to
the highly degenerative effect of 7y in serfes with
the cathode. The noise figure thus approaches the
theoretical noise of ¥y used as a triode, without
the undesirable effects of triode plate-grid ca-
pacitance.

Because of the 180° phase relation of input and
output, this circuit is also valuable in audio feed-
back circuits, replacing a single stage with con-
siderable increase in gain (for high values of Ey).

The grid of ¥, provides a second input con-
neetion Ey’ useful for feedback or for gating, The
voltage gain from Ey' to the output is considerably
reduced, being given by

A=Ru/{Ritury}.
For ReKpry,
Ay Ri/rp.
For Riury,
AR,

CATHODE-FOLLOWER DATA

General Characteristics

(A} High-impedance input, low-impedance out-
put.

(B) Input and output have one side grounded.

{C) Good wide-band frequency and phase re-
sponse.

(D) Output is in phase with input.

(E) Voliage gain or transfer is always less than
one.

(F} A power gain can be obtained.

(G) Input capacitance is reduced.
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General Case (Fig. 6)
Transfer= Kout/ Ein= gult/[gnRi+14 (Ri/15) ]

Roui= output resistance
=r,/ (p-+1) or approximately 1/gm

gn= transconductance in mhos
{1000 micromhos=0.001 mho)

Ri=total load resistance
Input capacitance= Coppt [ Co/ (14-gniy) ].

Specific Cases

(A) To match the characteristie impedance of
the transmission line, Rour must equal Zg (Fig. 7).

(B} If Rou is less than Z, add resistor B/ in
series (Fig. 8) so that B/ =Zy— Roue.

(C) If Rou is greater than Zy, add resistor
R, in parallel (Fig. 9) so that

R;ﬂ ZoRnut/ (Rout—' ZU) g

Note 1: Normal operating bias must be provided.
To couple a high impedance into a low-impedance
transmission line, for maximum transfer choose a

tube with a high gm.
Note 2: Oscillation may occur in a cathode-

follower if the source becomes inductive and lead
capacitive at high frequencies. The general expres-

8+ 8+

sion for voltage gain of a cathode-follower (in-
cluding Cy) is given by

1t Zoro/ Zan

A e T (it F Byl Bt

The input admittance (Table 3)
},!=jw[0011+ (1— A) Cak]

may contain negative-resistance terms eausing oscil-
lation at the frequency where an inductive grid
cireuit resonates the capacitive Y, component.

The use of & simple triode {or pentode) grounded-
cathode circuit with a load resistor equal to Z,
provides an equally good match with slightly higher
gain (gnR,), but will overload at 3 lower maximum
voltage. The anode-follower provides output ap-
proximating the cathode-follower without the risk
of oscillation.

NEGATIVE FEEDBACK

The following quantities are functions of fre-
quency with respect to magnitude and phase.

E, N, D=signal, noise, and distortion output volt-
age with feedback

¢, n, d=signal, noise, and distortion output volt-
age without feedback

A=voltage amplification magnitude of am-
plifier at a given frequency

A—amplification including phase angle
(complex quantity)

B=fraction of output voltage fed back
{complex quantity); for usual nega-
tive feedback, 8 is negative

¢=phase shift of amplifier and feedback
circuit at & given frequency.

Reduction in Goin Caused by Feedback
(Fig. 10)

The total output voltage with feedback is

d

o

n

N = g
E+4+N+D=et T-AB
It is assumed that the input signal to the ampli-

fier is increased when negative feedback is applied,
keeping E=e.
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Fig. 10—In negative-feedback amplifier considerations B, ex-
bressed as a percentage, has a negative value. A line across the g
&n'd A scales intersects the center scale to indicate change in
gain. It also indicates the amount, in decibels, the input must be

increased to maintain original output.

{1—AB) is a measure of the amount of feedback.
By definition, the amount of feedback expressed
in decibels is

20 logye | 1—AB |
voltage gain with feedback=A/ (1—AB)
change of gain=1/ (1—Ag).
If the amount of feedback is lavge, i.e.,, —A(D1,
voltage gain becomes —1/8

and so is independent of A.
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In the general case when ¢ is not restricted to
Oorw

voltage gain=A/ (14| A3 [?—2 [ A3 | cosd)'”?
change of gain= (14 | AR [*—2 | AB | cosgp) 2.

Hence if | A |31, the expression is substantially
independent of ¢.

On the polar diagram velating (A3) and ¢
(Nyquist diagram), the system is unstable if the
point {1, Q) is enclosed by the curve. Examples
of Nyquist diagrams for feedback amplifiers will
be found in the chapter on Feedback Control
Systems.

DISTORTICN

A rapid indication of the harmonic content of
an alternating source is given by the distortion
Factor, which is expressed as a percentage.

{Distortion factor}

__['sum of squares of amplitudes of harmonics 12
- square of amplitude of fundamental

> 100 percent.
If this factor is reasonably small, say less than
10 percent, the error involved in measuring it as

sum of squares of amplitudes of harmonics |'/*

sum of squares of amplitudes of fundamental
and harmonics

X100 perceﬁt

is also small. This latter is measured by the dis-
{ortion-factor meler.

RELAXATION OSCILLATORS

Relaxation oscillators are a class of oscillator
characterized by a large excess of positive feedback,
causing the cireuit to operate in abrupt transitions
between two blocked or overloaded end-states.
These end-states may be stable, the circuit re-
maining in such condition until externally dis-
turbed; or quasi-stable, recovering (after a period
determined by coupling-circult time constants and
bias) and switching back to the opposite state.
Relaxation oscillators are classified as bislable,
monostable, or astable according to the number of
stable end-states. Most circuits are adaptable to
all three forms. Multistate devices are also pos-
sible. A wide variety of circult arrangements is
possible, including multivibrators, blocking oscil-
lators, trigger circuits, counters, and eircuits of
the phantastron, sanotron, and sanophant class.
Relaxation oscillators are often used for counting
and frequency division, and to generate nonsinu-
soidal waveforms for timing, triggering, and similar
applications.

Mulrivibrators

A number of multivibrator circuits are
formed from three basic two-stage amplifiers
(grounded-cathode—grounded-cathode, grounded-
plate-grounded-grid, and grounded-cathode—
grounded-grid, or combinations of these types),
that readily provide the needed positive feedback
with simple resistance or resistance-capacitance
coupling. End-states may be any two of the four
“hlocked” conditions corresponding to cutoff or
saturation in either stage. In general, the duration
of a quasi-stable state will be determined by the
exponential decay of charge stored in a coupling-
circuit time constant, (the eircuit switching back
to the opposite state when the saturated or the
cutoff tube recovers gain), while stable states are
produced by direct coupling with bias sufficient 1o
hold one tube inoperative. The memory effect of
charge storage also operates in the case of stable
end-states to ensure completion of transfer across
the unstable region. The timing accuracy of an
astable or quasi-stable multivibrator is consider-
ahly improved by supplying the grid resistors from
a high positive voltage (B+). The recovery from
a cutoff condition thereby becomes an exponential
towards a voltage much higher than the operating
point, terminating in switchover when the cut off
tube conduets, Grid conduction serves to clamp
the eapacitor voltage during the conducting state,
erasing residual charge from the previous state.
The staréing condition for the next transition is
thus more precisely determined and the linearity
of the exponential recovery is improved by the
more nearly constant-current discharge (since the
range from cutoff to zero bias represents a smaller
fraction of total charge}. The grid-circuit time
constant must be appropriately increased to obtain
the same dwell time.

Fig. 11—Symmetrical bistable multivibrator (basic
binary counter),

Fig. 12—Binary counter B+
stage.
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Bistable Circuils

Bistable circuits are especially suited for binary
counters and frequency dividers and as trigger
eireuits to produce a step or pulse when an input
signal passes above or below a selected amplitude.

_ Symmeirical Bistoble Multivibrator: The cirouit
is shown in Fig, 11, Trigger signal may be applied
to both plates, both grids, or if pentodes are used,
to both suppressor grids.

Binary Counter Stage: An adaptation of the
symmetrical bistable multivibrator is shown in
Fig. 12. Alternative trigger inputs are shown with
corresponding outputs to drive a following stage.
The use of coupling diodes (Vi, Vi) reduces the
tendency of Ci, Ca in the aircuit of Fig. 11 to
cause misfiring by unbalanced stored charge. Tubes

Fig. 13—Basic Schmitt trigger.

Vs and Ve illustrate the application of clamping
diades, especially useful in high-speed cireuits, to
fix critical operating voltages. Pentodes with plate
and grid elamping are suitable for very high speeds.

Schmitt Trigger: The circuit of Fig. 13 has the
property that an output of constant peak value
(a flat-topped pulse) is obtained for the period
that the input waveform exceeds a specific voltage.

Monostable Circuits

Monostable multivibrators are useful for driven-
sweep, pulse, and timing-wave penerators. The
absence of time constants and residual charge
“memory” in the stable state reduces jitter when
they are driven with irregularly spaced timing
signals. Monostable versions may be derived from

|||-o B+ ©




Fig. 14—Regenerative clipper
(modified Schmitt trigger).

=

all of the foregoing bistable multivibrators by
elimination of the direct (de¢} coupling to one or
the other grid. The circuit of Fig. 14 with R
omitted is commonly used for pulse generation.

Most astable circuits can be made monostable
by sufficient inequality of bias. The cireuit of Fig.
17 is an éxample.

Sweep waveforms can be produced by integration
of pulse outputs. The phantastron class of Miller
sweep generators is also particularly useful for this
purpose,

Driven (One-Shot) Mullivibrator: The cireuit is
given in Fig. 15. Equations are
fmv:fs

Jmo=multivibrator frequency in hertz

f,=synchronizing frequency in hertz,
Conditions of operation are

f>fa o <7
where

fu=free-running frequency in hertz
7s=gynchronizing period in seconds

= free-running period in seconds.

Fig. 15—Driven (one-ghot)
multivibrator schematic and
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At the control resistor R,
Tae=RpC logd ( Bor— Emit+-Ee2) / (Eot-Ex) .
where
Ey=plate-supply voltage T
E,1=minimum ac voltage on plate of ¥y
E,=bias voltage of Vs
E,.=cutofl voltage corresponding to .

Regenerative Clipper: Bias on the first grid places
the circuit of Fig. 14 in the center of the unstable
region, giving regenerative clipping.

Phantastron: The phantastron eireuit is a form
of monostable multivibrator with similarities to the
Miller sweep circuit. It is useful for generating
very short pulses and linear sweeps. It uses a
characteristic of pentodes: that while cathode cur-
rent is determined mainly by control-grid potential,
the screen-grid, suppressor-grid, and plate poten-
tials determine the division of current between
plate and screen, In certain tubes, such as the
6AS6, the fransconductance from suppressor grid
to plate is sufficiently high so that the plate current

~

4 - O

Fig. 16—Cathode-coupled

phantastron.
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may be cut off completely with a small negative
bias on the suppressor.

A typical phantastron cireuit is shown in Fig. 16.
During operation it switches between two states
of interest,

{A) Stable: The contro! grid is slightly positive
and draws current. Cathode current is maximum
and the suppressor is biased negatively to plate-
current cuioff by the cathode current in R The
plate iz at a high potential determined by the
clamping diode, and the screen potential is low.

(B} Unstable: When a positive trigger is applied
to the suppressor grid {or a negative trigger to the
control grid, cathode, or plate) the plate conducts,
driving the control grid negative, reducing the
cathode current, and taking most of the screen
current. The plate potential then runs down Hnearly
a8 in the Miller circuit.

The end of this period comes when the control
grid goes positive again, resulting in increase of
cathode current, suppressor cutoff, and heavy
8creen current.

In the cireuit shown, the pulse width is adjust-
{lb'le from 0.3 to 0.6 microsecond. For longer pulses,
1t is possible to get a wide range of eontrol both by
varying R and € and by varying the plate-clamping
potential,

Decreasing By results in astable operation.

Fig. 17 —Schematic diagram of -=
Symmetrical multivibrator and
voltage waveforms on tube ele-

ments.
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Astable Circuits

The operating principles of the multivibrator
and the exponential recovery from quasi-stable
states are illustrated by the analysis of the free-
running multivibrator.

Free-Running Zero-Bias Symmetrical Multivi-
brator; Exact equation for semiperiod (Figs. 17
and 18)

= {Bpt[Rure/ (Rirtrp) ]} C1

Xlog[ (Ey—En) /Ez]
where

r=rtr=1/f, n=r, Rp=Rp C=C.
J=repetition frequeney in hertz
r=period in seconds
71=semiperiod in seconds
rp= plate resistance of tube in ohms
Ey= plate-supply voltage
E,=minimum alteinating voltage on plate

E.= cutoff voltage corresponding to By

(= capacitance in farads.




Approximate equation for semiperiod, where
B[ Rury/ (Rurtrp) ], s

1= RyC log[ (EBs—Exr)/E-].
Equation for buildup time is
ra=4{Ritrp)C
=08 percent of peak value.

Free-Running Zero-Bins Unsymmetrical Mulli-
vibrator: See symmetrical multivibrator (above)
for circuit and terminology; the waveforms are
given in Fig. 19.

FEquations for fractional periods are

= { Ru+ [Rury/ (RBet Tp) :I ’ €
Klog[ (Ese— Emz) /Bl
ro={ Byt Rury/ (Rurtry) 1 Ce

Xlogd (B— Em)/Ex)
r=T14r= 1/f

Free-Running Positive-Bias Multivibrator: Equa-
tions for {ractional period (Fig. 20) are

n= { Ral‘l{Rﬂ?'p/ (Riz+Tp) :” C:

Xloge (Bsy— Emet+Ea) / (EatEn) ]
1= { Rt [ Rury/ (Ruct-r5) 1} C

Wog[ (Bu— EmtEe) / (Bt Ex) ]

= o
g .
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Fig. 18—Multivibrator potentials on plate-characteristic
curve.
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Fig. 19—Unsymmetrical multivibrator waveforms.

where
r=ntn=1/f

E,= positive bias voltage.

Blocking Osciflators

The blocking oseillator (Figs. 21-23) is & single-
tube relaxation oscillator using a close-coupled
(current) transformer that imposes a fixed current
ratio between grid current and plate current, while
also providing the polarity reversal for positive
feedback. There are, therefore, two end-states that
satisfy the requirement i,/%,=turns ratio: one in
the positive-grid region, with large grid current,
and one at cutoff, with both currents zero. Astable
and monostable forms are illustrated in the follow-
ing discussion.

Astable Blocking Oscillator: Conditions for block-
ing are
EI/EQ< 1—¢lfes—¢
where

Ify=peak grid volts
E,=positive portion of grid swing in volts

j=frequency in hertz

Al
i
I3}

Fig. 20—Free-running positive-bias multivibrator.

B+

Fig. 21—Free-running blocking oscillator—schematic and
waveforms,

a=grid time constant in seconds
e=2.718=Dbase of natural logs
#=decrement of wave.
(A) Use strong feedback
== J7y is high.
(B) Use large grid time constant
=a is large.
(C) Use high decrement {high losses)
=§ is high.
Pulse width is

A2 (LO)W?
where

71=pulse width in seconds

L=magnetizing inductance of transformer in
henrieg

C'=interwinding capacitance of transformer in
farads.

L= M (m/ne)
where

M=mutua! inductance between windings
m/ne= turns ratio of transformer.
Repetition frequency

o1 /f R,y logd (Bot-Eo)/ (Bt Es) ]

Fig. 23--Blocking-oscillator pulse waveform.

where
2T
f=repetition frequency in hertz
Ey=plate-supply voltage
E,= maximum negative grid voltage
E.=grid cutoff in volts

=1t Te=1/f.

Astable  Positive-Bias  Wide-Frequency-Range
Blocking Oscillator: Typical cireuit values (Fig. 24)
are

R=10.5 to 5 megohms

(=50 picofarads to 0.1 microfarad

R.= 10 to 200 chms

Rp= 50 000 to 250 000 ohms

Af=100 hertz to 100 kilohertz.

Monostable Blocking Oscillaior: Operating con-
ditions (Fig. 25) are:

(A) Tube off unless positive voltage is applied
to grid.

(B) Signal input controls repetition frequeney.
(C) E.is a high negative bias.

O
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I

Fig, 24--Free-running positive-bias blocking oscillator.
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Fig. 26—Driven blocking oseillator.



Synchronized Astable Blocking Oscillator: Oper-

ating conditions (Fig. 26) are
fulfy or

Tno> Ts
where

fa=free-running frequency in hertz
f»= synchronizing frequency in hertz
ro=free-running period in seconds

7,2 synchronizing period in seconds.

Guas-Tube Oscillators

A simple relaxation oscillator is based on the
negative-resistance characteristic of a glow dis-
charge, the two end-states corresponding to ignition
and extinction potential of the discharge. Two
astable forms are discussed. The cireuit of Fig. 27
may also be used with a simple diode {neon lamp),
omitting the grid resistor and bias. The circuit of
Fig. 28 may be made monostable if the supply
voltage is less than the ignition voltage at the
selected bias.

Astable Gas-Tube Oscillator: This eircuit is often
used as a simple generator of the sawtooth wave-
form necessary for the horizongal deflection of a
cathode-ray-oscilloscope beam. Equation for period
(Fig. 27)

r=aRC(1+0/2)

SYNCHRONIZING
SIGNAL

. = =

Fig. 27—Free-running gas-tube oscillator.

where

7= period in hertz
o= (Ei—E,)/(E—Ex)
E=ignition voltage
E.= extinction voltage
E= plate-supply voltage.
Velocity error

= change in velocity of cathode-ray-tube spot/
trace period

Maximum percentage error== ax 100
if a1,
Position error

=deviation of cathode-ray-tube trace from
linearity.

Maximure percentage error== (a/8) X100
if L1

Synchronized Astable Gas-Tube QOscillaior: Con-
ditions for synchronization (Fig. 28) are

Jo=Nfa

where
f»=free-running frequeney in hertz
fo=synchronizing frequency in hertz
N =an integer.

For fo3£ Nfs, the maximum 8f, before slipping is
given by

(Bo/ Eo) (8fulfs) =1
where
afn=fn_fs
E,=freerunning ignition voltage

E,=synchronizing voltage referred to plate cir-
cuif.

SYNCHRON!ZING
VOLTAGE

Fig. 28—Synchronized gas-tube oscillator.



