Chapter 4

DIODES AND ELECTRON GUNS

The simplest vacuum tube is the two-electrode tube, or diode. In its
usual form, this tube consists of a thermionic cathode and an anode. When
the anode is at a positive potential with respect to the cathode, electrons
emitted from the cathode are drawn to the anode, and when the anode is
negative with respect to the cathode, virtually no electrons reach it. The
diode therefore serves as & one-way current device, and as such it finds its
chief application.

The diode geometry that lends itself most readily to analysis of the elec-
tron behavior is that in which the cathode and anode are planar, parallel,
and of linear dimensions large compared with the spacing between them.
We shall find that the significant laws that describe the operation of diodes
with this type of geometry apply also to diodes with more complicated
geometries.

If a small aperture is made in the anode of a planar diode, some of the
electrons emitted from the cathode pass through the aperture into the space
beyond. The device therefore acts as a crude sort of electron gun. Most
electron guns use at least one additional electrode which helps to shape the
field between the cathode and anode. With a suitable choice of geometry for
this electrode, and with a suitable shape of cathode and anode, it is possible
to cause essentially all the current drawn from the cathode to pass through
the anode aperture.

Electron guns are a basic element in many types of electron tubes. Many
microwave tubes make use of high-current-density, cylindrical beams of
electrons. To obtain these beams, electrode geometries must be devised
that accelerate the electrons to the required velocity and focus them to the
required beam diameter. The electron guns used in cathode-ray tubes and
storage tubes focus the beam to a “crossover,” and an electron lens beyond
the crossover forms an image of the crossover on the screen or storage
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114 PRINCIPLES OF ELECTRON TUBES

surface of the tube. Several designs of electron guns for microwave tubes,
cathode-ray tubes, and storage tubes are described in Section 4.5.

Because the electrons emitted from the cathode of an electron gun have a
finite component of velocity parallel to the cathode at the time of emission,
the electrons tend to drift across the beam while being accelerated away
from the cathode. If the electron beam is focused to a smaller diameter
than that of the cathode, the transverse velocities of the electrons in the
beam increase as the beam diameter is decreased. Ultimately, if the beam
is focused to a crossover, the maximum current density that can be obtained
at the crossover for a given cathode current density and beam voltage is
limited by the emission velocities at the cathode. These effects are discussed
in Section 4.4.

In this chapter and in subsequent chapters we shall use the subseript o to
designate dc electrode voltages and currents. Thus Ve, and I, are the de
anode voltage and current.

4.1 The Planar Diode

Here we consider a diode consisting of two planar, parallel electrodes of
linear dimensions large compared with the spacing between them. We as-
sume that the effects of fringing fields at the edges of the electrodes can be
neglected, and that the fields between the electrodes are everywhere normal
to the electrodes.

Figure 4.1-1 shows qualitatively the fields and potential distribution® in
the interelectrode space of such a tube for several conditions of applied
anode voltage and cathode emission current. When electrons are present in
the interelectrode space, electric field lines extend from induced positive
charges on the electrodes to the electrons, and the net positive charge on the
electrodes is equal to the total negalive charge in the inlerelectrode space. In
Figure 4.1-1(a), the anode is held at cathode or ground potential while ap-
preciable electron emission from the cathode takes place. (We assume that
both electrodes have the same work function, so that the effects of contact
potential difference can be neglected.) In this case, electric field lines extend
from induced positive charges on both electrodes to the electrons in the
interelectrode space, with the result that the potential in the space between
the electrodes is less than ground potential and reaches a minimum at some

INotice that in Figures 2.1-2 and 2.1-3 of Chapter 2 we have plotted the potential
that applies to a negative unit charge, whereas in Figure 4.1-1 we plot the potential of
a positive unit charge. In the field of atomic physics, convention calls for using the po-
tentials that apply to negative charges, whereas in electron-tube work the potentials
that apply to positive charges are more frequently used.
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Fie. 4.1-1 The field lines and potential distribution in the interelectrode space of
a planar diode for several conditions of applied anode voltage and cathode
emission current. :
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point between the electrodes. Since the electrons emitted from the cathode
have a range of velocities, the faster electrons are able to overcome the po-
tential minimum and pass on to the anode, whereas those emitted with
relatively small velocity travel only part way out to the potential minimum
before being returned to the cathode.

To the right of the potential minimum, all the electrons move from left to
right, whereas to the left of the potential minimum there are additional
electrons that travel part way out to the potential minimum and return to
the cathode. This means that the electron density to the left of the potential
minimurn is greater than the electron density at points of equal potential to
the right of the potential minimum. Consequently, the potential gradient
is greater to the left of the potential minimum, and the position of the po-
tential minimum is displaced to the left of the mid-point between the elec-
trodes. Later we shall find that the potential difference between the
cathode and the potential minimum is directly proportional to the average
electron emission energy in the direction normal to the cathode. (See
Equation (4.1-1).)

In Figure 4.1-1(b), a voltage V., is assumed to be applied to the anode,
but no cathode emission takes place. In this case, field lines extend from
positive charges on the anode to negative charges on the cathode, and the
potential varies linearly from the cathode to the anode. In Figure 4.1-1(¢),
a small cathode emission is also assumed to take place. In this case, the
emitted electrons experience a field which draws them toward the anode, so
that the entire cathode emission current reaches the anode. The current
drawn from the cathode is then said to be temperature-limited, since its
magnitude is determined by the cathode temperature and shows little varia-
tion with changes in positive anode potential. The density of field lines
leaving the anode in this case is greater than in Figure 4.1-1(b), whereas the
density of field lines arriving at the cathode is less than in Figure 4.1-1(b),
the same anode voltage being applied in each case. (The density of field
lines at a given point is, of course, proportional to the potential gradient
‘at that point.)

As the cathode temperature is raised so that more electrons are emitted,
more field lines originating on the anode terminate on electrons in the inter-
electrode space, and the electric field intensity at the cathode surface de-
creases correspondingly. At a sufficiently high cathode temperature, the
field lines extending from the anode to electrons in the interelectrode space
have sufficient density to account for the potential drop V.., and the electric
field intensity at the cathode is zero. This condition is illustrated in Figure
4.1-1(d). With still greater cathode emission (Figure 4.1-1(e)), a potential
minimum forms in front of the cathode, and some of the emitted electrons
are returned to the cathode.
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‘When a potential minimum is present in front of the cathode, changes in
cathode temperature serve only to raise or lower the potential at the mini-
mum and have very little effect on the net current drawn from the cathode.
The current drawn from the cathode in this case is said to be space-charge-
limited and is determined largely by the voltage applied to the anode.
Increasing the anode voltage requires a greater density of field lines at the
anode to account for the potential difference between the anode and the
potential minimum. This means that more field lines extend from the anode
to the electrons in the interelectrode space, and more of the emitted elec-
trons are drawn to the anode. Thus with increasing anode voltage, the
current drawn from the cathode increases, and the potential at the mini-
mum rises closer to cathode potential. At a sufficiently high anode potential,
the potential minimum disappears, and the current drawn from the cathode
becomes temperature-limited.
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Fia. 4.1-2 An idealized plot of anode current vs. anode voltage for a planar diode.
The cathode temperature is assumed to be fixed.

Figure 4.1-2 shows an idealized plot of anode current vs. anode voltage
for a planar diode. The regions in which the current drawn to the anode is
space-charge-limited and temperature-limited are shown in the figure. A
planar diode with a tungsten cathode would exhibit a current-voltage rela-
tionship that would closely approximate this curve. .

From the discussion of emission energies given in Section 2.4, it will be
recalled that the fraction F of the emitted electrons that can overcome a re-
tarding voltage of V volts is given by F = ¢~*V/*T, Thus, when the current
drawn from the cathode of a diode is space-charge-limited, the fraction F of
the total emission current that is drawn to the anode is given by F =
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<Vn/*T where — V., is the potential at the potential minimum measured
relative to cathode potential. Hence

kT

V= - InF = In F volts (4.1-1)

T

11,600
Tor F = 1/eand T = 1160°K, V,, = 0.1 volt. Under most operating con-
ditions, V. is of the order of a few tenths of a volt or less. It is noteworthy
that V. is directly proportional to k7T, the average emission energy in the
direction normal to the cathode. If the emission energy were zero, the po-
tential minimum would vanish.

The plane of the potential minimum is often called the virtual cathode,
since all the electrons that pass this plane ultimately reach the anode. Let
us now proceed to determine the current-voltage relationship for a space-
charge-limited planar diode. We shall assume that the electrons pass the
virtual eathode with zero velocity. The potential at the virtual cathode is
taken to be zero, and distance z is measured from the virtual cathode toward
the anode. If V(x) is the potential at a point = meters from the virtual
cathode, and u(z) is the electron velocity at that point, the boundary condi-
tionsatz = 0 are V = 0, u = 0, and dV/dz = 0. The equations relating
the parameters of interest are:

Poisson’s Equation

LA (4.1-2)

the energy equation

tmu? = eV (4.1-3)
and the current density relation

J=—pu (4.1-4)

where p is the volume charge density.

In these equations, p, u, and V are assumed to be functions of x, whereas
from the equation of continuity it follows that J is independent of xz. The
charge density p is negative, and u is positive. Eliminating p and u from the
above equations, we obtain

2
@v___ I (4.1-5)

a e\2(e/m)V

Next, both sides of this equation can be multiplied by dV/dz and integrated
with respect to x from = = 0 to z, giving

avip  4Jvie
A R A Ao 4.1-
dzx co\2(e/m) T o (4.1-6)
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Sinece V = dV/dx = 0atz = 0, the constant C, is zero. Taking the square
root of both sides and integrating once more, we obtain

(4/3) V3t = 24J [e,(m/2e) %z 4 C, 4.1-7)

Since V = 0 at z = 0, C: is also zero. Finally, this equation can be solved
for the current density J, giving

J = %so\/Z(e/m)%lf (4.1-8)

If the experimental values of e, m, and ¢, are substituted in this expression,
it becomes

3/2
J =233 X 10‘6%2— amps,/meter? (4.1-9)

Here V = V(z) is the potential at a point # meters from the virtual cathode.
If the applied anode voltage is V.., volts above that of the potential mini-
mum, and if the distance from the virtual cathode to the anode is d meters,
the current density is given by
3/2
J =233 X lO‘ﬁz“};—/ amps,/meter? (4.1-10)
If V.o >> Va, the voltage V., can be taken to be the anode-to-cathode
voltage. Similarly, the distance from the cathode to the potential minimum
is usually small compared with the distance from the potential minimum
to the anode, so that d can be taken to be the anode-to-cathode distance.
Hence, to a good approximation, the current drawn from the cathode under
space-charge-limited conditions varies as the 3/2 power of the anode volt-
age divided by the square of the anode-to-cathode distance. This result is
known as the Child-Langmuir Law. Langmuir? also developed more ac-
curate equations for the planar diode which take into account the dis-
tribution of electron emission velocities and which show the location of the
potential minimum. However, for most purposes, Equation (4.1-10)
gives a sufficiently accurate expression for the current density J, and the
potential minimum can be assumed to be very close to the cathode.

4.2 Diodes with Other Electrode Geometries
Two further conclusions concerning Equations (4.1-9) and (4.1-10) are
of interest:

1. If A is the cathode area of a planar diode, the current drawn to the
anode under space-charge-limited conditions is given by JA = 2.33 X 107®
V.24 /d2. Because of the factor A/d? in this expression, it is evident that,

?Reference 4.1.
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if the linear dimensions of a planar diode are increased by a factor k, the
same current flows to the anode for the same applied voltage.
2. Combining Equations (4.1-9) and (4 1-10), we obtain

Viz) = (4.2-1)

dus
Hence, despite the fact that increasing the anode voltage increases the cur-
rent drawn from the cathode, the potential at points between the electrodes
remains directly proportional to the applied anode voltage.

Equations describing the space-charge-limited flow of electrons between
concentric cylinders and concentric spheres have also been derived.?
In each of these cases, it is found that: (1) The current drawn to the anode
is proportional to the 3/2 power of the applied anode voltage; (2) if two
diodes differ by a factor k in their linear dimensions, the same current flows
to the anode when the same anode voltage is applied; and (3) the potential
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Fia. 4.2-1 A diode with a parabolic-shaped cathode and a planar anode.

at points between the electrodes is directly proportional to the applied
anode voltage when space-charge-limited conditions apply.

In the planar, cylindrieal, and spherical diodes, the field lines are straight,
and the electron trajectories are parallel to the field lines. However, in
diodes with other electrode geometries, this is not the case; when the field
lines are curved, the electron trajectories cross the field lines. This effect is

*Reference 4.1, p. 245, and References 4.2 and 4.3.
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illustrated in Figure 4.2-1 for a diode consisting of a parabolic-shaped
cathode and a planar anode. The trajectory of a single electron is shown
in the figure. Because the electron has inertia, the path it follows does not
bend as sharply as the field lines.

The question then arises as to whether in a space-charge-limited diode
with arbitrarily shaped electrodes the electron trajectories change their
shape when the anode voltage is varied. To answer this question, supposs
that V = Vi(z,y,2) and p = pi(x,y,2) are steady-state solutions for the
potential and charge in the interelectrode space of a particular diode. These
solutions meet the following boundary conditions: ¥V = V,, at the anode
surface, V = dV/dn = 0 at the potential minimum (which we shall
assume coincides with the cathode surface). Here d/dn is the derivative
in the direction normal to the cathode surface. From Poisson’s equation
it follows that, if the anode voltage is now changed to kV,, solutions
of the potential and charge distribution which meet the new boundary
conditions are given by V = kVi(z,y,2) and p = kpi(z,y,2). Furthermore,
it is shown in Appendix VII that only one steady-state solution of Poisson’s
Equation will meet the boundary conditions for a space-charge-limited
diode. It follows, therefore, that the potential in the interelectrode space
of a space-charge-limited diode with arbitrarily shaped electrodes is directly
proportional to the applied anode voltage. This being the case, we can
invoke the same arguments that were used in Section 1.1 to show that the
electron trajectories are not affected by changes in positive anode voltage.
This conclusion, in fact, is experimentally verified, apart from effects
arising from the finite emission velocity of the electrons.

Next let us consider how the current density J = —pu in the inter-
electrode space of a diode with arbitrarily shaped electrodes varies with the
applied anode voltage when space-charge-limited conditions prevail.
From the relationship,

smu? = eV(z,y,z2) (4.2-2)

we see that « = u(z,y,2) is proportional to the square root of V(z,y,2), and
hence it is proportional to the square root of the applied anode voltage.
The charge density p = p(x,y,2) is related to the potential V(z,y,2) by

ViV () = —2 (4.2-3)
Since V(z,y,2) is proportional to the applied anode voltage, and since the
Laplacian operator is linear, it follows that p is directly proportional to the
applied anode voltage. Consequently,J = —pu is proportional to the 3/2
power of the applied anode voltage. Thus the current drawn to the anode
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of a space-charge-limited diode having arbitrarily shaped electrodes is
proportional to the 3/2 power of the applied anode voltage.

By similar reasoning we can deduce that, if the dimensions of a diode
with arbitrarily shaped electrodes are scaled by a constant factor and if
the tube is operated under space-charge-limited conditions, the total
current drawn to the anode for a given applied anode voltage is unchanged.
Let us suppose that the linear dimensions of a diode are increased by the
factor k. The potential at corresponding points between the electrodes
remains the same for the same applied anode voltage, so that the electron
velocity u at corresponding points between the electrodes remains the same.
However, 8V /dx is changed by 1/k, and 82V /d2? is changed by 1/k%
Since p is proportional to V2V (z,y,2), it follows that p is changed by 1/k%
Consequently, the current density J = —pu is changed by 1/k?; and since
the electrode area is k? times its previous value, the current drawn to the
anode for the same applied anode voltage remains unchanged.

4.3 Two Examples of Diode Rectifiers
The 4124 ’

Figure 4.3-1 shows the construction of the Western Electric 412A full-
wave diode rectifier. The tube consists of two diodes with indirectly
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F16. 4.3-1 The construction of the Western Electric 412A full-wave diode rectifier.
The overall height of the tube is 6.7 cm.
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heated cathodes enclosed in a common envelope. A ceramic insulator sep-
arates the heater of each diode from the cathode. The cathodes are cy-
lindrical sleeves of nickel with a ‘“‘double-carbonate’” oxide coating on the
outer side. The cathode-anode spacing is 0.5 mm. The anodes are made of
nickel which is coated with fine carbon particles in order to increase the heat
radiation from the outer surface. This in turn enables the anodes to operate
at a lower temperature for a given power dissipation.

Figure 4.3-2 shows measurements of anode current vs. anode voltage for
the 412A for several heater voltages. The normal heater operating voltage
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Fi16. 4.3-2 Anode current vs. anode voltage for the 412A for several heater operat-
ing voltages V. The normal heater operating voltage is 6.3 volts.

is 6.3 volts. At V, = 6.3 volts, the anode current is space-charge-limited
over the range of anode voltages for which the data are plotted, and the
anode current increases very nearly as the 3/2 power of the anode voltage.
At the other filament voltages for which data are plotted in the figure, the
anode current is space-charge-limited at lower anode voltages and “tem-
perature-limited”” at higher anode voltages. In the region of “temperature-
limited’’ operation, the anode current actually increases with increasing
anode voltage rather than remaining constant, as it would in an ideally
temperature-limited diode. It is thought that this can be attributed to
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the rough and porous nature of the oxide-cathode emitting surface. At
the onset of temperature-limited operation only the current drawn from the
outermost parts of the cathode surface is temperature-limited, whereas the
current drawn from the re-entrant parts and the entrances to the pores is
still space-charge-limited. Thus, with increasing anode voltage, the current
drawn from regions that are still space-charge-limited continues to increase,
but the total area from which space-charge-limited current is drawn de-
creases. Operation of the tube for an extended time in the temperature-
limited region is found to be harmful to cathode life.

Fia. 4.3-3 The construction of the Western Electric 274B full-wave diode recti-
fier. The over-all height of the tube is 13.8 cm.

Maximum ratings for the 412A are given in Table 4.3-1. The use of a
ceramic insulator between the heater and cathode permits operation of the

diodes with as much as 450 volts potential difference between the heater and
cathode.
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TABLE 4.3-1
Mazximum Rating
Peak inverse voltage®, volts. . ............. .. ... .. .. 1250
Peak anode current per anode, ma. . .................. . ... 300
DC output current (when operated as a full-wave rectifier), ma. . . 100
DC heater-cathode potential, volts. . ........................ 450

*Maximum negative voltage applied to the anode with respect to cathode voltage.

The 274B

The construction of the Western Electric 274B full-wave diode rectifier
is illustrated in Figure 4.3-3. The tube consists of two diodes with fila-
mentary cathodes enclosed in a common envelope. The filaments are made
from a nickel alloy and have a ‘“double-carbonate” oxide coating. The
nickel alloy contains the following elements in addition to nickel:

Per Cent Per Cent
Element by Weight Element by Weight
Co.oovvive 0.5 to 0.75 C..oo 0.04 to 0.07
Cu.................. < 0.10 Sio.oe < 0.03
Fe......ooooiil. < 0.15 Mg................. 0.04 to 0.08
Mn........ooovvvn < 0.20 1 T < 0.03

These small amounts of impurities in the nickel increase its resistivity and
mechanical strength. The elements in the right-hand half of the table
250
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Fi6. 4.3-4 Anode current vs. anode voltage for the 274B for several filament operat-
ing voltages V;. The normal filament operating voltage is 5.0 volts.
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also serve as the reducing agents which maintain the activity of the oxide
coating. The filaments are connected in series within the envelope of the
tube. The anodes are made of carbonized nickel, as in the 412A.

Figure 4.3-4 shows measurements of the anode current vs. anode voltage
for the 274B. The normal filament operating voltage is 5.0 volts. The
shape of the curves in the “temperature-limited” region is further com-
plicated for this tube by the facts that the distance from the filament sur-
face to the anode varies over the filament surface and that there is a voltage
drop along the length of the filament. Consequently, the onset of tempera-
ture-limited operation occurs at different anode voltages for different parts
of the filament surface.

Maximum ratings for the tube are given in Table 4.3-2.

TABLE 4.3-2
Mazximum Rating
Peak inverse voltage, volts. ........... .. ... i 1500
Peak anode current per anode, ma. ... ............ i ann 675
DC output current (when operated as a full-wave rectifier), ma. .. 225

4.4 Some Effects of Thermal Emission Velocities

Appendix IV summarizes the relations pertaining to the velocity dis-
tribution, energy distribution, and angular distribution of the electrons
emitted from a thermionic cathode, as discussed in Section 2.4.

Because the electrons are emitted with a finite component of velocity
parallel to the cathode surface, they tend to drift across the beam while
being drawn away from the cathode by the applied field. In consequence
of this, the electron beams generated by electron guns are always larger
than they would be if the electron emission velocity were zero.

As a simple example to illustrate the sideways drift of electrons in an
accelerating field, let us consider the electron trajectories in the planar,
parallel diode shown in Figure 4.4-1. (In the illustrations used in this
section, it will be convenient to identify the trajectories of electrons emitted
from the cathode with zero kinetic energy with solid lines, and the tra-
jectories of electrons having finite kinetic energy at the time of emission
with broken lines. The former electrons will be called nonthermal electrons,
and the latter will be called thermal electrons.) Suppose the anode-to-
cathode spacing of the diode shown in Figure 4.4-1 is 1 em, and a voltage of
~+10 volts is applied to the anode. We shall assume that the cathode
emission is very small and temperature-limited and that the electric field
between the electrodes is uniform. Consider an electron which is emitted
from the cathode with 1/10 electron volt of kinetic energy parallel to the
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Fie. 4.4-1 Some electron trajectories in the interelectrode space of a planar diode.

cathode surface and no kinetic energy normal to the surface. At the time
the electron strikes the anode, the ratio of its transverse energy to its energy
in the direction of the accelerating field is 1/100. The corresponding
ratio of velocities is equal to the square root of this, or 1/10. Since the
final veloeity in the direction of the accelerating field is twice the average
velocity, the ratio of the transverse velocity of the electron to its average
velocity in the direction of the field is 2/10. Consequently, the electron
does not strike the anode at a point directly opposite its point of emission,
but 2 millimeters to one side.

If the cathode temperature in the above example were 1160°K, the
electron we have considered would have had average transverse energy,
since Wr = T/11,600 electron volts is the average transverse energy.
Other electrons would be emitted with appreciably greater transverse
energies. Furthermore, if the current drawn from the cathode were space-
charge-limited, the time taken by an electron to reach the anode would be
at least 3/2 as great (Problem 4.1), so that the electrons would drift even
farther to the side. Of course, by increasing the accelerating voltage, the
amount of sideways drift is reduced. If the anode voltage in the above
example were increased to 1000 volts, the electron would drift only 0.2 mm
to the side for the case of the uniform accelerating field.

Let us now consider the distribution of points of arrival on the anode of
electrons emitted from a single point on the cathode of a planar diode.
Suppose an electron emitted from a point on the cathode with transverse
velocity \kT/m drifts a distance o to the side in traveling from the cathode
to the anode. If the anode voltage is large compared with k7'/e, we can
neglect the effects of emission velocities normal to the cathode (to a first
approximation) and assume a constant time for electrons to travel from the
cathode to the anode. In this case, an electron emitted from the cathode
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with transverse velocity «; would drift a distance r to the side while travel-
ing from the cathode to the anode, where

r= VJT‘—“TJ . (4.4-1)

Rearranging this equation, we obtain
we = KT 7m (4.4-2)

Substituting for 4, in Equation (2) of Appendix IV from the above equation,
we find that the probability that an electron, which is incident upon the
anode, is displaced a distance in the range r.to r + dr from the point on the
anode directly opposite its point of emission is given by

AP(r) = 5ose iyt (4.4-3)

Equation (4.4-3) implies a Gaussian distribution in two dimensions, and
o can be identified as the standard deviation of the distribution. Thus
electrons emitted from a single point on the cathode will be incident upon
the anode at points whose density is given by a two-dimensional Gaussian
function with standard deviation o.

An electron emitted from the cathode of a planar diode with a component
of velocity parallel to the cathode follows a curved trajectory which bends
increasingly toward the normal to the electrodes. For this reason, the
current density of electrons arriving at the anode per unit solid angle in
the direction normal to the anode is far higher than the cathode emission
current density per unit solid angle in the direction normal to the cathode.
From Equation (7) of Appendix IV it follows that the latter quantity is
Jo/m, whereJ , is the total cathode emission current density. Let us proceed
now to obtain the current density of electrons arriving at the anode per
unit solid angle in the direction normal to the anode. We shall use this
‘quantity in later discussion.

We shall assume, as before, that fringing fields at the edge of the diode
can be neglected, and that an electron emitted from the cathode with a
component of velocity in the direction parallel to the cathode will maintain
this component of velocity throughout its travel from the cathode to the
anode. In this case, an electron which is emitted from the cathode in a
direction making an angle 8, with the normal to the cathode, and which has
kinetic energy eV joules at the time of emission, will be incident upon the
anode at an angle 6, with respect to the normal such that

'V11/2

Wsinﬁ (44-4)

sin02 =
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where V; is the cathode-anode potential difference. Differentiating both
sides of this gives

V2
Vi F Voo

From Equations (5) and (6) of Appendix IV, the current density of
electrons emitted from the cathode with kinetic energy between ¢V, and
e(V1 + dV1) joules and with emission velocities lying in the angular range
6: to 6; + db;, with respect to the normal is

.,ZV‘ —eVi/kT de;’ 19 siné; cosé; db (4.4-6)

where J, is the total cathode emission current density. This is also the
current density at the anode due to electrons which are emitted from the
cathode with kinetic energy in the range eVy to e(V; 4 dVy) joules, and
which arrive at the anode with angles of incidence in the range 6, to 8, +
df,, where 8, is related to 6, by Equation (4.4-4). Thus the current density
arriving at the anode per unit solid angle at an angle 6; with respect to the
normal, and which is composed of electrons emitted from the cathode with
kinetic energy in the range eV, to e(V, + dV)) joules, is

W (Vi8) _ Joe(Vs+ V3) _ 0 deVs
2T Slnaz d02 3 kT k

c0sls d02 = d01 (44.-5)

dJ(Vl,ol) =

cosfy (4.4-7)

where we have substituted from Equations (4.4-4) and (4.4-5) for sing,
and cosfy déy. By setting cosf, = 1 in the right-hand side of Equation
(4.4-7), we obtain the current density which arrives at the anode per unit
solid angle in the direction normal to the anode and which is composed of
electrons emitted from the cathode with kinetic energy in the range eV,
to e(V1 + dV1). Then, by integrating this quantity with respect to V;
from zero to infinity, the total current density incident upon the anode per
unit solid angle in the direction normal to the anode is found to be

Ja(bz = 0) = —(‘% + 1) (4.4-8)

This is the expression we set out to derive. It compares with a cathode
emission current density per unit solid angle in the direction normal to
the cathode of J,/x. In the discussion that follows we shall use Equation
(4.4-8) to obtain an approximate expression for the maximum current
density which can be obtained at a crossover.

Figure 4.4-2 shows a planar diode in which the anode has a small circular
aperture. Two additional electrodes located behind the anode combine
with the anode to form an einzel lens. (See Figures 3.1-1(c) and 3.1-1 (d).)
The beam of electrons passing through the lens is focused to a crossover L
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Fic. 4.4-2 A planar diode with a small circular aperture in the anode. Two aper-

tured electrodes behind the anode combine with the anode to form an einzel lens.

The electrons passing through the anode aperture are focused to a crossover at
the collector electrode.

units from the lens. A collector electrode at the crossover intercepts the
beam. Let us now estimate the current density at the center of the cross-
over. We shall assume that Equation (4.4-8) gives the current density
incident upon the anode aperture per unit solid angle in the direction normal
to the aperture. We shall further assume that electrons emitted from the
cathode with zero transverse velocity and incident upon the anode aperture
from the cathode side are deflected by the lens in the direction of the center
of the crossover. An element of area dA4 in the center of the crossover and
normal to the beam axis will subtend a solid angle d4 /L? at a point on the
aperture. Therefore, unit area of the aperture will transmit a current

Jo (e Ve + 1)5‘E to the element of area d4, and the current density incident

upon dA from unit area of the aperture will be']—<eV2 + 1) If the radius

of the aperture is R, the total current density at the center of the crossover

will be
(eV2 + 1) (4.4-9)

More accurately, it can be shown with the aid of statistical mechanics*
that the maximum current density obtainable at a crossover with any lens
system is given by

J 0(2—1;2 + l)sin"’ﬁ (4.4-10)

‘Reference 4.4. See also Reference 4.5.
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where g is the half angle subtended at the crossover by the aperture di-
ameter. Moreover, it can be shown that this limiting current density can
be approached only when the aperture of the lens system passes a small
part of the total current drawn from the cathode, and when the lens system
is essentially aberration-free. The limiting current density given by the
above expression applies both at a crossover and at an image of a crossover
formed by a subsequent lens system.

In a cathode-ray tube the half angle 8 of the cone of trajectories incident
upon the screen is often of the order of 1/100 radian or smaller, whereas
eVamay be 5 X 10* times k7. Thus the maximum current density obtain-
able at the screen of the tube is often of the same order of magnitude as the
cathode current density J,. However, because of aberrations, the actual
current density at the screen is usually less than J,.

Suppose that in the device shown in Figure 4.4-2 an electron emitted
from the cathode with transverse velocity k7T /m passes through the anode
aperture and strikes the collector at a point ¢ units from the center of the
crossover. If we assume that the transit time from the cathode to the col-
lector is the same for all electrons reaching the collector and that aberrations
in the einzel lens are small, an electron that leaves the cathode with trans-
verse velocity u. will be displaced a distance r = w,0/\kT/m from the
beam axis by the time it reaches the crossover. We then can use the same
arguments that were presented in connection with Equation (4.4-3) to
show that the current density incident upon the collector is proportional to

2
erizng
2462

where r is the distance measured along the surface of the collector from the
beam axis.

If the lens in Figure 4.4-2 is made stronger, L decreases and # increases.
However, ¢ decreases, since the transit time from the aperture to the cross-
over is smaller. Similarly, decreasing the strength of the lens reduces 8
and increases ¢. (Ultimately the beam will diverge at the lens.) Thus an
electron beam can be focused to a crossover of small diameter and large
angle of convergence B, or a large diameter and small angle of convergence,
but not simultaneously to a small diameter and small angle of convergence.

Next let us consider some effects of thermal emission velocities in con-
vergent beams such as are used in many microwave tubes. Figure 4.4-3
shows a diode with a cathode emitting surface and anode which are portions
of spheres, both concentric about the point P. Nonthermal electrons in
such a diode travel in radial lines from the cathode to the anode, since the
forces acting on them are directed toward the point P. The trajectory of
one thermal electron is shown in the figure. Suppose this electron is emitted
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Fig. 4.4-3 Trajectories of a thermal electron and several nonthermal electrons in a
spherical diode.

with velocity u.. parallel to the cathode surface. Since the forces acting on
it are directed toward the point P, angular momentum about the point P
is conserved. When the electron reaches radius 7 from the point P, its
component of velocity wu transverse to the radial direction is given by

MUuF = MgTe (4.4-11)
or
-C dc
Uy = %u,c = gl (4.4-12)

where 7, is the radius of the cathode emitting surface measured from the
point P to the cathode emitting surface, d. is the cathode diameter, and d
is the diameter of the beam at radius 7 from point P. Consequently, as
the thermal electron travels from the cathode toward the anode, its com-
ponent of velocity transverse to the nonthermal electron trajectories increases,
and at a given point it is inversely proportional to the beam diameter at
that point. This result applies when the current drawn from the cathode is
space-charge-limited as well as when it is temperature-limited.

The foregoing is a particular example of a quite general relationship which
applies to paraxial electron beams. This relationship states that, if the
diameter of an electron beam is reduced from d, to d: by the action of axially
symmetric fields and if the fields acting on the electrons are directly pro-
portional to the distance from the beam axis, the transverse velocities of
the thermal electrons measured relative to the trajectories of the non-
thermal electrons are increased by the ratio di/d.. The discussion pre-
sented below will develop this more general relationship.
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It will be convenient to introduce a radial coordinate u which varies
linearly from zero on the beam axis to unity at the beam edge. Let r.(z) be
the beam radius (corresponding to u = 1). We shall assume that the non-
thermal electrons travel in laminar paths, that is, paths that do not cross
one another, and that the radial forces within the beam are directly propor-
tional to distance from the axis. The path traveled by a nonthermal elec-
tron is therefore one of constant x. If there is appreciable space charge in
the beam, the assumption that the radial forces are proportional to distance
from the axis implies a uniform current density over the beam cross section.
(See Equation (3.4-9).)

Consider a thermal electron whose radial coordinate is given by

T = ure (4.4-13)

where both x and r. are functions of z. Differentiating this equation twice
with respect to time gives

o= jire + 2, + uite (4.4-14)
where
fo = 142 (4.4-15)
and
fo = 15" () + 12 (4.4-16)

Similar expressions hold for g and ji. (The notation used here is similar
to that of Chapter 3.) Since the radial forces acting on the thermal electron
are directly proportional to its distance from the axis, the radial acceler-
ation of the thermal electron is u times the radial acceleration of a non-
thermal electron at the edge of the beam, or

P = k. (4.4-17)
Comparing ‘this equation with Equation (4.4-14), we see that
jire + 2pf, = 0 (4.4-18)
or
i(nrﬁ) =0 (4.4-19)
di

Integrating this, we find that
arl = constant (4.4-20)

a relationship which applies over the whole length of the beam. Consider
two points on the electron’s trajectory such that ¢ = u; at one point and
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4 = ug at the second point. Let the beam radius be r.; at the first point and
e at the second point. Then, from Equation (4.4-20),

bl _ Ta (4.4-21)
HiTe1 Te2

Now the quantity aire is the transverse velocity of the thermal electron
measured relative to the trajectories of the nonthermal electrons at the
point where the beam radius is r.. We shall denote it by %.. Similarly we
shall set we = jore. Equation (4.4-21) therefore can be written as

Tel d

=, =2 -
U = rezun dz’un (4.4 22)

where di = 2ra, and d» = 2r,,. This is the relation we set out to obtain.

The case we have just considered applied to a thermal electron whose
initial transverse velocity is in the radial direction only. If the thermal
electron also has an initial component of velocity in the 6 direction, that is,
the direction both perpendicular to the beam axis and the radial direction,
we can use a Cartesian coordinate system in the transverse plane to de-
seribe the transverse motion of the electron. For an axially symmetric
electric field in which E, = ar, the z and y components of the radial field
can be expressed as E, = ar and E, = ay. Furthermore we can rewrite
the foregoing equations replacing r by z or y and p by u. or p,. In this way
it is easily shown that Equation (4.4-22) applies for any direction of the
initial transverse velocity ..

F1e. 4.4-4 A convergent electron gun which generates a beam of diameter d from
a cathode of diameter d..
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The foregoing results can be applied to an electron gun which generates
a beam of diameter d and has a cathode of diameter d.. Such a gun is
illustrated in Figure 4.4-4. The average transverse velocity of the electrons
in the region where the beam diameter is d will be d./d times the average
transverse velocity at the cathode surface, and from Equation (2) of Ap-
pendix IV the probability that an individual electron has transverse
velocity in the range u; to u; + du; at a point where the beam diameter is
d will be

d 2 2 2
dP(u)) = %(Ec) €I Ty, (4.4-23)
Highly convergent electron guns (guns with high d./d) therefore generate
electron beams with high transverse velocities.

4.5 Electron Guns

It will be convenient to consider separately the electron guns used in
microwave tubes and those used in cathode-ray tubes and storage tubes,
since the principles involved in the two cases are quite different.

a. Electron Guns Used in Microwave Tubes

Figure 4.5-1 shows three electron guns that are used in beam-type micro-
wave tubes. The first two have a relatively large cathode area in order to
draw the required total emission current, and electrodes in front of the
cathode focus the beam to a cross section much smaller than the cathode
area. In this way electron beams of current density far greater than the
cathode emission density can be obtained. The third electron gun is oper-
ated in a uniform axial magnetic field, so that the electron beam cross
section is just a little larger than the cathode area, and the electron motion

TaBLE 4.5-1
Gun a b ¢

Beam voltage, volts.................... 2600 500 570
Beam current, amp.................... 0.040 0.066 0.0005
Perveance, amp /volts®2. . .............. 030 X 10 59X10% 3.7 X107
Cathode current density, amp /em?....... 0.21 . 0.19 0.16
Average beam current density, amp /em?. . 5 7 ~ 0.1
Angle of convergence*, degrees.......... 25 145 —

*The angle subtended by a diameter of the cathode at the center of curvature of the
cathode emitting surface.
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F1a. 4.5-1 Three electron guns used in microwave tubes.

is similar to that deseribed in Section 3.4(b) under the heading of Confined
Flow. Table 4.5-1 lists several important characteristics of these guns.
The electron gun shown in Figure 4.5-1(a) consists of a cathode, a ‘“‘beam-
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forming electrode,” which is operated at cathode potential, and an anode.
The cathode emitting surface is concave and spherical in shape. The gun
is called a Pierce electron gun, after J. R. Pierce,® who first put the design
of convergent electron guns on a firm basis.

/,
74

N

() (b)

Fie. 4.5-2 The evolution of a Pierce electron gun from a spherical diode.

To understand the choice of shape for the electrodes, we might first
imagine a diode consisting of portions of two concentric spheres, such as
the one illustrated in Figure 4.5-2(a). The cathode and anode are assumed
to be defined by the intersection between the spherical surfaces and a
right-circular cone with apex at the common center of the spheres. With
such a device we can make a convergent beam of electrons. However, the
nonthermal edge electrons travel in radial lines only if they experience a
radial electric field and no transverse field. A little consideration shows
that this will be the case only if the potential just outside the beam varies
with radius 7 (measured from the common center of the spheres) in the
same way that it does inside the beam. The beam-forming electrode,
therefore, is designed to create a potential along the edge of the beam which
matches as nearly as possible that inside the beam. Finally, since we do
not want to intercept the electrons, a hole must be made in the anode so
that the convergent beam will pass on through. The resulting shape of the
electron gun is similar to that shown in Figure 4.5-2(b).

The beam-forming electrode has its principal effect close to the cathode,
where the electrons are moving more slowly and the transverse fields are

SReference 4.6.
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able to deflect the electron trajectories much more. Let us examine the
shape of the beam-forming electrode in this region more closely. Figure
4.5-3 shows a much expanded view of the edge of the beam close to the

BEAM-FORMING
ELECTRODE ™~

~~ CATHODE -EMITTING
SURFACE

F16. 4.5-3 An expanded view of the edge of the beam in the region of the cathode.

cathode emitting surface. If the dimensions of the portion of the cathode
shown in the figure are assumed to be small compared with the overall
cathode dimensions, we can further assume that the portion of the emitting
surface shown in the figure is planar and that the beam extends a consider-
able distance above and below the page. The potential problem then reduces
to a two-dimensional one and is thereby simplified. In the portion of the
beam we are considering, the potential will vary approximately as in
the planar diode and will be given by

V = At (4.5-1)
where 4 is a constant, and z is the distance measured from the emitting
surface.

Appendix VIII considers two-dimensional potentials which are symmetric
about an axis. It is shown there that, if the z axis of a Cartesian coordinate
system is the axis of symmetry and if V = f(z) is the potential on the z
axis, V = Re f(z + jy) = 3[f(x + jy) + f(z — jy)]is the potential through-
out the z-y plane. Furthermore, symmetry of potential about the z axis
implies that 8V /dy = 0 at y = 0, since the potential and its derivatives
are continuous in a charge-free region.

Suppose we were to establish in the region just above the beam in
Figure 4.5-3 a potential given by

V= ReA@+ i) = Al + )" + @ — ] (452)
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This potential has the property that for y = 0 it reduces to V = Ax*3,
and furthermore that 3V /dy = 0 at y = 0, so that there would be no
transverse force on the electrons at the edge of the beam.

To establish such a potential, the beam-forming electrode must be
shaped to conform to an equipotential defined by Equation (4.5-2) and
must be operated at that potential. A convenient potential is that of the
cathode, since no additional biasing supply is needed in this case. The
equipotential corresponding to cathode potential is obtained by setting
V = 0 in Equation (4.5-2) and is given by

y= Q142 (4.5-3)

This is the equation of a straight line making an angle of 67.5 degrees with
the z axis.

Thus, close to the electron beam, the beam-forming electrode makes an
angle of 67.5 degrees with the beam edge, since in this region the approxi-
mations of a two-dimensional potential and a planar cathode are reasonably
valid. The shape of the beam-forming electrode further from the beam and
the shape of the anode are so chosen that they produce a potential along the
edge of the beam which matches the potential that is characteristic of
electron flow between concentric spheres. Often an electrolytic tank® is
used to determine experimentally suitable electrode contours.

In the region of the anode aperture there is a component of electric field
directed toward the axis of the beam, and this acts as a diverging lens.
If the anode aperture is small compared with the anode-to-cathode distance,
the focal length of this lens is” 4V,,/V’, where V., is the anode voltage, and
V' is the potential gradient on the cathode side of the anode aperture.
(See Problem 3.1.) The lens causes the off-axis electrons to receive a small
deflection away from the axis. Beyond the anode aperture, the radial
electric field of the beam causes a further deflection of the off-axis electrons
away from the axis, with the result that the beam ultimately reaches a
minimum diameter and then diverges. If an axial magnetic field is used to
confine the beam, the beam would normally be launched into the field near
the point of its minimum diameter.

The discussion of Section 4.2 concerning the relationship between anode
current and anode voltage for a space-charge-limited diode applies equally
well to electron guns such as those illustrated in Figures 4.5-1(a) and
4.5-1(b). Over the range of cathode currents for which space-charge-
limited conditions prevail, the beam current varies as the 3/2 power of the

SReference 4a, p. 180.

"The effect of the finite size of the anode aperture in Pierce electron guns has been
considered by Danielson et al., Reference 4.7, who conclude that in a typical case the
focal length given by the above expression should be divided by about 1.1.
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anode voltage. Similarly, if the linear dimensions of an electron gun are
scaled by a constant factor, the same beam current is obtained for the same
applied anode voltage, and the beam dimensions scale with the other
linear dimensions of the gun, provided space-charge-limited conditions
prevail.

The ratio of beam current to (beam voltage)*? is a constant for any
particular electron gun design over the range of beam currents for which
space-charge-limited conditions prevail. The ratio is known as the per-
veance of the gun and is a measure of the amount of beam current the gun
can generate for a given applied voltage. If two guns have the same geome-
try, but differ in their linear dimensions by a constant factor, they both
have the same perveance.
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Fi6. 4.5-4 Beam current density vs. radial distance from the axis at the point of
minimum beam diameter for the electron gun illustrated in Figure 4.5-1(a).

The effects of thermal velocities in Pierce electron guns have been con-
sidered by Cutler and Hines,® and later by Danielson et al. The parameters
that apply to the beam at its point of minimum diameter have been sum-
marized in a family of curves by Herrmann.?® Data concerning the distribu-
tion of current density across the beam cross section, the size of the beam at
its point of minimum diameter, and the location of the point of minimum

8Reference 4.8.
‘Reference 4.7.
1Reference 4.9. See also Reference 4.10.
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diameter with respect to the anode aperture can be obtained by reference to
the papers by these authors. Figure 4.5-4 shows the calculated current
density vs. radial distance from the beam axis at the point of minimum
beam diameter for the electron gun illustrated in Figure 4.5-1(a). The
curves given by Herrmann also indicate that a nonthermal electron emitted
from the edge of the cathode of this electron gun would arrive at the plane
containing the minimum beam diameter at a radius of 0.045 ¢m from the
axis. Notice that Figure 4.5-4 indicates that some of the thermal electrons
are far beyond this radius when they reach the plane of minimum beam
diameter. The beam radius at the cathode is 0.24 em.

A measure of the distribution of transverse velocities in the beam at the
point of minimum diameter can be obtained by assuming that the radial
fields acting on the beam between the cathode and the point of minimum
diameter are directly proportional to distance from the beam axis.* We
then can use Equation (4.4-23) to express the probability that an electron
at the point of minimum diameter has transverse velocity in the range u, to
Us + dut as

mu, M

2
dP(u) = 5 = )e‘"‘“t’('min/'v)”"””du; (4.5-4)

where 7, is the beam radius at the cathode, and 7, is the beam radius at the
point of minimum diameter. This result is sometimes interpreted by saying
that the effective “‘temperature’” of the beam generated by the gun is
(re/rmin)?T. For the gun shown in Figure 4.5-1(a) and for a cathode temper-
ature of 1000°K, we can obtain a first-order estimate of the beam tempera-
ture at the point of minimum diameter by setting r. = 0.24 cm and ruin =
0.045 cm, or the minimum distance from the beam axis to the trajectory of a
nonthermal electron emitted from the edge of the cathode. The resulting
beam temperature is (0.24/0.045)? X 1000 = 28,000°K.

The high transverse velocities in a beam generated by a convergent elec-
tron gun increase the difficulty of focusing the beam by any of the several
methods described in Section 3.4. Higher focusing fields are required to
confine the beam to a given diameter than would be predicted by simple
theory which assumes laminar electron flow.

In most convergent electron guns, the total beam current determines the
cathode area. On the one hand, the cathode emitting surface is character-
ized by a maximum emission eurrent density consistent with long life of the

UThis assumption implies that the beam current density is uniform over the beam
cross section. However, from Figure 4.5-4 it is evident that, in fact, the beam current
density at the point of minimum diameter falls off rapidly from a radius about equal to
one third the beam radius. Consequently, the estimate of the beam temperature which
follows Equation (4.5-4) can only be considered as a first-order estimate.
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emitter, so that the total beam current determines the minimum cathode
area consistent with long cathode life. On the other hand, a larger cathode
area than necessary would be wasteful of heater power, and the transverse
velocities in the beam for a given minimum beam diameter would be un-
necessarily high.

Some reflex klystron oscillators require high-current, high-current-
density beams at relatively low voltages, often a few tens of milliamperes at
a few hundred volts. Electron guns which produce these beams are of much
higher perveance than the gun illustrated in Figure 4.5-1(a). One way to
increase the perveance of an electron gun is to reduce the anode-to-cathode
spacing. This, in turn, necessitates opening the anode aperture in order to
pass the beam. However, it is found that, if the diameter of the anode
aperture approaches half the anode-to-cathode spacing, the potential at the
center of the aperture falls sufficiently below anode potential that the spher-
ical diode is no longer approximated. In this case, the current density
drawn from the edge of the cathode is greater than that drawn from the
center of the cathode, and spherical aberration in'the accelerating field
introduces relatively high transverse velocities in the beam. Furthermore,
it can be shown that, if the ratio 7,/7, = (radius of cathode emitting surface
measured from the center of curvature of the emitting surface)/(distance
from anode aperture to the center of curvature of the cathode emitting
surface) is reduced below 1.4, the lens at the anode aperture becomes suffi-
ciently strong that the beam beyond the anode is divergent.

Higher perveance also can be obtained by maintaining a relatively large
Te/F. and by increasing the angle of convergence (i.e., the angle subtended
by a diameter of the cathode at the center of curvature of the cathode
emitting surface). This is the approach used in the electron gun shown in
Figure 4.5-1(b). The angle of convergence in this case is 145 degrees, or
nearly 6 times that of the gun shown in Figure 4.5-1(a). However, the
anode aperture is still relatively small, and, in fact, the anode is shaped to
follow the beam contour. Although an appreciably higher perveance is
obtained in this manner, spherical aberration in the accelerating field causes
many of the electrons emitted from the edge of the cathode to cross the axis
of the beam near the point of minimum diameter. As a consequence of this,
the electron flow is far from laminar, and the transverse velocities are large.
The beam is therefore difficult to confine with a magnetic field. The use of
even higher angles of convergence would lead to still greater transverse
velocities, and few applications could use such a gun.

Figure 4.5-5 shows a plot of beam current vs. anode voltage for the gun
shown in Figure 4.5-1(b). The plot is made on “two-thirds power” paper in
which the ordinate scale is proportional to the 3/2 power of linear distance
measured up the page from the origin, while the abscissa scale is linear. The
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Fig. 4.5-5 A plot of beam current vs. anode voltage for the gun shown in Figure
4.5-1(b).

straight-line relationship between I,, and V,,, when plotted on this paper,
implies that I,, is proportional to V,,*? as we would expect from our earlier
discussion.

Figure 4.5-1(c) illustrates an electron gun which is used in a low-noise
traveling-wave amplifier. The gun is operated in a uniform axial magnetic
field of 0.06 weber/meter?, and the electron motion is similar to that de-
scribed in Section 3.4(b) under the heading of Confined Flow. Several
apertured accelerating electrodes are provided. The potentials of these
electrodes are adjusted to minimize the amplitude of noise signals excited in
the electron beam by statistical fluctuations in the electron emission veloci-
ty and current at the cathode. (The reduction of noise in an electron beam
by this method is described in Chapter 13.) The uniform axial magnetic
field might be provided by the permanent magnet circuit illustrated in
Figure 1.5-6.

The cathode of the gun illustrated in Figure 4.5-1(c) is planar and of
diameter 0.63 mm. A beam current of 0.5 milliamp is drawn from the
cathode, and the cathode current density is 160 ma/cm? As the beam



144 PRINCIPLES OF ELECTRON TUBES

leaves the cathode, its diameter shows a slight increase because of transverse
emission velocities and radial fields in the accelerating region. However,
the axial magnetic field confines the beam diameter sufficiently that the
beam can pass through a helix-type slow wave circuit of inside diameter
1.3 mm and length 13 ¢m with less than 0.5 microamp interception.

b. Electron Guns for Cathode-Ray Tubes and Storage Tubes

These electron guns focus the beam to a crossover which is imaged onto
the screen or storage surface by a lens beyond the crossover. Often an
apertured electrode between the crossover and the lens passes only the
central portion of the beam, so that the effects of aberrations in the gun and
lens are small.

Generally the beam currents incident upon the screen or storage surface
are lower than those used in microwave tubes. Storage tubes that make use
of secondary emission from insulating materials often employ beams of a
few microamperes at one or two thousand volts; cathode-ray tubes fre-
quently employ beam currents of a few tens of microamperes at several
thousand volts, perhaps 2 to 6 thousand volts; whereas the beam incident
upon the screen of a television tube often amounts to a few hundred micro-
amperes at 15 to 20 kv.
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Fie. 4.5-6 A triode electron gun such as is used in a cathode-ray tube or storage
tube.
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The crossover is formed by a “triode” system consisting of a cathode, a
“grid,” and an anode, the grid and anode each having a single aperture.
Such a structure is illustrated in Figure 4.5-6. The grid is always biased
negatively with respect to the cathode, and consequently the current drawn
from the cathode comes from a small circular area opposite the grid aperture.
Equipotentials plotted in the figure show that electrons passing through the
grid aperture experience a field which is both accelerating and convergent.
The convergent field causes the nonthermal electrons to cross the axis
between the cathode and the anode, and in this way the crossover is formed.
Beyond the anode, the paths of the thermal electrons emitted from a single
point on the cathode cross one another, and an image of the cathode is
formed. The system is sometimes called an ¢mmersion lens, since the
cathode is “immersed” in the accelerating field.

In the region of the crossover, the beam diameter reaches a minimum.
The size of the minimum beam diameter is affected by three principal
factors: Thermal emission velocities at the cathode, the accelerating po-
tential, and aberrations in the convergent field which forms the crossover.
Space charge may also affect the beam diameter at the erossover if the beam
current is high and the beam voltage is low. If the convergent field were
aberration-free, and if space-charge effects were small, the nonthermal
electrons emitted from all parts of the cathode surface would cross the axis
at essentially the same point. In this case, we might further assume that a
thermal electron passing the crossover would be displaced from the axis by a
distance proportional to its initial transverse velocity and independent of its
point of emission on the cathode. Suppose that an electron emitted from
the cathode with transverse velocity equal to k7T/m were displaced a
distance o from the axis by the time it reached the crossover. Then, using
the arguments presented in connection with Equations (4.4-2) and (4.4-3),
it is easily shown that the current density in the region of the crossover
would be proportional to ¢7*/2", where r is the distance from the axis to the
point where the beam current density is determined. If the lens system
beyond the crossover is aberration-free, and if the beam is focused to a
second crossover at the screen, the current density incident upon the screen
is also of this form, but with a o increased by the magnification of the lens.

If the grid is made sufficiently negative, the beam current is cut off.
Clearly the cutoff condition will prevail when the off-cathode potential
gradient at a point on the cathode surface directly opposite the center of the
grid aperture is zero or negative. Figure 4.5-7(b) shows a plot of the grid
cutoff voltage vs. anode voltage for the triode shown in Figure 4.5-7(a).
The straight-line relationship can be explained by noting that the net off-
cathode potential gradient is a superposition of that caused by the grid and
that caused by the anode, so that doubling the anode voltage requires
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double the grid voltage in order to keep the off-cathode potential gradient at
the center of the cathode equal to zero. The slope of the line, of course, is
dependent upon the electrode dimensions and spacings.

The difference between the applied grid voltage and the cutoff voltage is
called the grid drive voltage. As the grid is made more positive than cutoff,
the area of the region of the cathode from which current is drawn increases,
and the current density drawn from regions of the cathode surface which are
already contributing to the beam current increases. Figure 4.5-7(c) shows
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Fic. 4.5-7 Plots of grid cutoff voltage vs. anode voltage and beam current vs.
grid drive for the triode gun structure shown in part (a) of the figure.



DIODES AND ELECTRON GUNS 147

a plot of beam current vs. grid drive voltage for the triode shown in Figure
4.5-7(a). The slope of the straight-line relationship indicates that the beam
current of this structure increases as about the 2.4 power of the grid drive
voltage over the range of values for which the data are plotted.

Many experimental data concerning relationships between design param-
eters and the electrical performance of electron guns for cathode-ray tubes
and storage tubes are presented in an informative paper by Hilary Moss.!?

PROBLEMS

4.1 For the conditions of applied anode voltage and cathode emission illustrated
in Figure 4.1-1(d), show that the time taken for an electron to travel from the
cathode to the anode of a planar diode is 3/2 as great as the time taken when no
space charge is present. Assume zero emission velocity and dV/dx = 0 at the
cathode.

4.2 The 3/2 power law of anode current vs. anode voltage does not apply to a
diode operating under temperature-limited conditions. Explain why the arguments
presented in Section 4.2 are not applicable in this case.

d ——m— TRAJECTORY OF
THERMAL ELECTRON

—— TRAJECTORY OF
NONTHERMAL ELECTRON

ol

X oy

Problem 4.3

4.3 The figure shows a beam of electrons which is convergent upon the point F.
The trajectories of several nonthermal electrons and one thermal electron are shown
in the figure. The beam current density is assumed to be small, and no external
fields are applied in the region of the beam. From geometrical considerations show
that the thermal electron crosses the nonthermal electron trajectories with a trans-
verse component of velocity which varies inversely as the beam diameter, and hence
that

F di

U = = Uy = 5 Ug
T2 ds

2Reference 4e.
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where uy and up are, respectively, the transverse velocity of the thermal electron
relative to the nonthermal electron trajectories at the points where the beam diam-
eter is d; and ds, respectively.
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