ALIGNED-GRID VALVES

Distribution of Current Density
By D. C. Rogers, AM.LE.E.

(Standard Telephones and Cables, L'd)

SUMMARY. — The] elcctron beam {rom the cathode of an amplifier valve is focused into well-
defined beams by the action of the electric field in the region of the control grid. In aligned-gnid valves,
use is made of this phenomenon by placing the screen-grid wires in positions where they will intercept

only a small fraction of the total cathode current.

Owing to the doubttul validity of the existing theoretical treatment of the subject, an experimental
study of the current-density distribution in these electron beams was undertaken for the purpose of

determining the best position of the screen wires.

It is often assumed that the grid-to-screen distance should be such that the focus of the electron
beam lies in the plane of the screen. The measurements described here show that this is not necessarily
true and that a%lower screen curren* will usually be obtained with a smaller grid-to-screen distance.

LIST OF SYMBOLS

a = Grid pitch, mecasured between centres of grid
wires.

d = Grid-wire diameter,

!, = Cathode-grid distance.

/ Cathodc-anode distance in a triode, or cathode-
screen distance in a tetrode.

l,-1, = Grid-anode distance in a triode, or grid-screen

distance in a tetrode.

I, Grid potential with respect to cathode (e.s.u.)
Anode potential ol a triode or screen voltage of
a tetrode with respect to cathode. te.s.u.)

I, = Potential in the grid plane. (e.s.u.)

e — Electron charge (e.s.u.)

m = Llectron mass.

a

I - Current flowing between two grid wires, per
unit length of gnd wire. (e.s.u.)

J — Cathode-current density (e.s.u.)

v = Distance co-ordinate measured perallel to the
cathode surface and perpendicular to the grid

wires.
z -~ Distance co-ordinate
to the cathode surface.
1', - The anode potential of an equivalent diode (e.s.u.)
(See Appendix I.)
s == The cathode-anode distance of an
diode. (See Appendix I).
v = Electron velocity (cm/sec)
t — Time in seconds.
& = Llectrostatic field (e.s.iu.)
u = Amplification lactor.

measured perpendicular

equivalent

1. Introduection

N pentode or beam tetrode valves, it is

often  found that the power-handling

capacity is limited by the maximum per-
missible screen-grid dissipation and, accordingly,
much attention has been devoted to the position-
ing of the screen wires in the shadow of those
of the control grid, in order to intercept a
minimum fraction of the cathode current. In
receiving-tvpe amplifying valves, too, the reduc-
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tion of screen current is of considerable importance
since the noise current generated by such valves
is largely dependent on the amount of current
talling on the screen.

It has long been known that in the useful
operating range of most valves the electrostatic
field in the region of the control-grid causes the
electrons to be deflected towards a plane midway
between the grid wires. Some tvpical electron
paths in the cathode-grid and grid-screen regions
arc shown in Fig. 1. Bull! has shown that the
apertures between the grid wires form cylindrical
electron lenses and B
has shown how their
focal lengths can be {
determined, using the |
method of Davisson |
and Calbick?23. |

In practice it is @
found that the screen |
current is not reduced |
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tron beams came to
perfect foci ; this fact
attributed
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Fig. 1. Typical electron

paths 1 an aligied-
grid valve.
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to one or more of the following causes:

(a) The lenses formed by the grid apertures
possess large aberrations.

(bY The mutual repulsion between electrons,
due to their charge, causes a tendency for
the beam to diverge in the grid-screen
region.

(c) The electrons are emitted from the cathode
with finite velocities, distributed according
to the Maxwell law.
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(d) The clectrostatic held configuration in the
vicinity of the screen grid is such as to
deflect the electrons towards ths screen
wires.

In Appendix I it is shown that the space-charge
effect mentioned in (b) above is insufficient to
account for observed screen currents, and it
can readily be demonstrated (for example, by
observing the variation in the proportion of
cathode current intercepted by the screen as the
cathcde temperature is varied) that electron
cmission velocity is also not a major cause of
the spread of the Leams. It must therefore be
concluded that the screen currents obtained in
practice result from the existence of large aberra-
tions in the lenses, [rom the effect of the electro-
static field in the screen region, or from both
these causes.

Now the method emploved
by Bull to determine the focal
length is, as he points out,
valid only for electrons travel-
ling close to the central plane
AB (Fig. 1). It is clear, how-
cver, that the screen current
does not arise from these elec-
trons, but from thosc passing
verv near to the control-grid
wires and we are, thercfore,
justified in asking whether the
focal plane is, in fact, the
optimum position for the screen.
In view of the ditficulty of oh-
taining an analytical solution
for the trajectories of clectrons
passing ncar the control-grid
wires, involving as it would

Tig. 2. Simphified skeich of ex-

perimental valeve.

consideration of the ctfect of space charge on the
field in the grid region, it was decided that an
oxperimental approach  would  be profitable.
The investigation to be described here was
accordingly undertaken ; viz., an investigation
of the distribution of current density in the planc
of the screen.

This current density distribution depends on
the trajectories of individual electrons in their
flight fromn the cathode to the screen plane,
and hence on the field configuration in the grid
region. It does not depend appreciably on the
geometry of the screen, except in the immediate
proximity of a screen wire, since the field irregu-
laritiecs do not extend far into the grid-screen
space. In making these measurements, details
of which are given in a later section, the screen
was replaced by a solid metal plate provided
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with a narrow slot, the current passing through
the slot thus being a measure of the current

density falling on the plate. The mecasured
distribution is, therefore, that appertaining
to a particular cathode-grid geometry and

grid-screen distance, and does not include the
localized eftect around the screen wires. The
measurements were carried out for a range of
grid-screen distances and with various cathode-
grid geormetries.

It should be noticed that while this method
enables the optimum screen position to be
determined, it dees not cnable the screen current
at this position to be predicted. The screen
current will, in general, depend on the conditions
obtaining in the screen-anode region (e.g., the
potential and location of the anode and the
space-charge conditions in the intervening space)

as well as on the diameter and spacing of the
screen wires.

2. Experimental Procedure

The measurements were made on a con-
tinuously-evacuated demountable valve in which
the electrodes could be moved by manipulation
of external micrometer controls while the valve
was in operation. In the interests of simplicitv
attention has been confined to parallel plane
electrode structures.  However, little error
should arise in the application of the results to
practical valve designs, since the grid-support
rods cffectively divide the valve into two sections,
each of which approximates roughly to a parallel
plane structure.

A simplified sketch of the apparatus is shown
in [ig. 2. The grid consistad of straight molyb-

WIRELESS ENGINEEK, FEBRUARY 19350



denum  wives .\ welded to a rectangular
steel frame B. The cathode C was of the indirectly-
heated oxide-coated nickel tvpe, the coated area
being a flat face 13 mm < 10 mm. The cathode-
grid distance could be adjusted by means of the
micrometer screw D. The vacuum was maintained
by the flexible metal bellows E soldered to the
metal envelope 17 of the valve.

As mentioned in the introduction, the screen
was replaced by a flat metal plate, shown at
G in the figure. This plate was provided with a
slot H, o.1-mm wide, parallel to the grid wires,
Eehind which was located a collector electrode J,
operated at a positive potential of 150 volts with
respect to the anode G. The current flowing to
this collector electrode was a measure of the
current density falling on the anode plate. The
whole plate could be moved in a direction
parallel to the grid plane and perpendicular to
the grid wires by the micrometer screw K.
Thus by observing the variation of the collector
current as the slot in the anode was moved from
a position behind one grid wire to behind the
next, the variation in current density across
the electron beam could be determined.

The anode-grid spacing was also variable and
was controlled by micrometer L. In order to
avoid spurious effects at the ends of the slot,
the collector was divided into three sections as
shown, and measurements were made of the
current Lo the centre section only, the outer two
sections being maintained at the same potential
as the centre section. Since under some conditions
the current reaching the collector amountcd to
a few microamperes only out of o total cathode
curtent of 4 mA it was nccessary to prevent
elecctrons from reaching the collector by other
than the intended paths ; for instance, by second-
ary emission from various parts of the apparatus.
This was accomplished by suitably placed shields
at cathode potential ; these have been omitted
from Fig. 2 for the sake of clarity.

The experimental procedure was to scan the
beam emerging from the centre grid aperture
by moving the collector slot transversely and
mecasuring the collector current at intervals of
o.x mm. This process was repeated for various
anode-grid distances, the total anode current
being maintained constant at 4 mA Ly adjusting
the anode voltage. Because of the large number
of variables that would otherwise ke involved,
measurements have been made with the grid
at cathode potential only. A curve showing
the ratio of the collector current at cach point
in the beam scction to the average across the
beam was plotted for each anode-grid distance.
This ratio is equal to the ratio of the current
density at that point to the average current density.
A typical series of such curves is shown in Fig. 3.
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It is readily shown that, provided the effects
of initial cmission velocity are negligible, the
shapes of the electron trajectories are dependent
only on the shape of the electrodes and not on
the actual dimensions. Hence, any geometrical
scaling factor can be used without changing the
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relative disiribution of current density. It is,
therefore, convenient to maintain one dimension
constant and to relate the other dimensions to
this fixed dimension. In this case the grid pitch
a was kept constant ot 2 mm and other dimensions
were in terms of grid pitch. The experiments
were repeated for various values of the ratio
l,ja (cathode-grid distance/grid pitch) and d/fa
(grid-wire diameter/grid pitch) likely to be
ancountered in practice. (See also list of symbols).

The shape of the electron paths is dcpendent
also on the ratio only of the clectrode potentials
and not on their magnitude. However, since
the grid was maintained at cathode potential,
this amounts to saving that the relative dis-
tribution of current density is independent of
anode voltage.

3. Results and Their Significance

Referring again to Iig. 3, which shows a typical
scries of curves of current distribution in the
anode plane (or in what would be the screen
plane, were the valve a tetrode) it will be scen
that, as would be expected, the current density
rises from a minimum behind the grid wires to
a maximum value midway between them.

These cuives were obtained with dja = 0.145
and /,/a = 0.49. As the ratio grid-anode distance/
grid pitch, (¢, — 1,)/a is increased, the magnitude
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of the maximum between the grid wires rises
until it is itself 2 maximum and then falls again,
the maximum in this case occurring when
(fa — L;)/a = 0.65. This is made clearer by refer-
ence to Fig. 4, in which the dotted curve shows
the variation with (/, — /,)/a in cuirent density
in the mid-plane between the grid wires; ie.,
along the linc AB, Fig. 1.

Quite obviously the value of (I, — ,)/a = 0.05,
which gives a maximunm in this curve, corres-
ponds to the case when the focus ol the electron
beam is in the plane of the anode or, of course,
the screen, had the valve been a tetrode. It is
interesting to note that, with the electrode geo-
metry corresponding to this point, the position
of the focus as determined by Bull’s method
would have been at a distance 0.45a from the
grid plane.

Now let us examine the variation in current
density behind the grid wires, and in the plane
of the anode of the experimental triode (i.c.,
along the line CD, Fig. 1) as the anode-grid
distance is varied. This current is given by the
points X on the curves of Fig. 3, but is shown
more clearly by the solid curve of Fig. 4, which
has been plotted from Fig. 3. It will be seen
that there is no minimum corresponding to the
maximum occurring along AR, but rather that
the current density increases progressivelv as
the distance between grid and anode is increased.
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The implication of this is cleatly that for minimum
screen current, at least at zero grid voltage, the
screen should be located as nearly as possible
to the control grid, and not in the plane of the
focus, as is frequently assumed. Howcever,
before considering this point further, the elfect
of varying the other valve dimensions will be
described.
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Fig. 5 shows a family of curves similar to those
of Ifig. 4, plotted for various values of the grid-
wire diameter/grid pltch paramcrer dia. It will
be seen that the value of (/, —[,) a for which
the beam focuses in the anode plane decreases

as the grid-wire diameter is increased. This
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is also shown in IFig. 6, which shows the value of
(I, —1,))a for which the beam focuses in the
anode  plane versus the grid-wire diameter
paramcter dfa.

The cffect on the current density behind the
grid wires is, as shown in Fig. 5, that for small
values of ({, —/,)/« the current density decreases
with increasing wirc diameter, while for large
values of (I, — /,)/a the reverse is the case.

Fig. 7 shows another scries of curves, also
similar to Fig. 4, plotted for a constant grid-wire
diameter, corresponding to d/a — 0.048 and for
varying cathode-grid distances. It will be scen
that the value of (/, — /,)/a for focus in the anode
plane is substantially independent of cathode-
grid distance, but that the value of the current
density maximum increases as the cathode-grid
distance increases. 1t should be mentioned here
that these maxima of current density may be
quite appreciably in error, since the mecasuring
slot has finite width, and this width may be
greater than the width of the high-current-
density part of the beam in cases where the focus
is very sharp.

In Appendix II an expression is developed
for the focal length of the lens formed by the
grid apertures, using a similar method to that
used by Bull, but based on clectrostatic con-
siderations only. The simplicity of the expression
obtained in this way draws attention to the fact
that the dominant feature in determining the
focal length at zero grid voltage is the ratio of
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grid-wire diameter to grid pitch, a fact which is
strikingly confirmed by the measurements.
The expression obtained s

3 _5&}
f_zfo[x +_6117

wp o @ @
whemf,,—wlogmi » oo (T

In Fig. 6 the calculated value of [ is plottad as a
function of dja for /,/a = 0.75, the experimental
results being shown for comparison. For reasons
outlined in the appendix, the apparently good
agreement between the calculated and measured
values is probably due to a fortuitous cancellation
of errors.

The effect of change in cathode-grid distance
on the current density behind the grid wires is
also shown in IFig. 7. At small valuesof (/, — /,)/a
the current density decreases with increase of
l,fa, while with larger values of (I, — 1,)/a, it
increases with /,/a.
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An interesting series of curves is shown in Fig.
8. These are similar to Fig. 3, and show the
current-density distribution across the clectron-
beam section for thin grid wires. When the anode
1s very closec to the grid [ie., for ({,—1{,)/a
small] the distribution of current is seen to take
the shape of a double-humped curve. This provides
additional confirmation, if any is necessary,
that the lenscs formed by the grid apertures
have large aberrations, for it is clear that in this
casc the outer electrons of the beam are subject
to a stronger lens action than those in the centre,
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resulting in a “crowding ’ of electrons at the outer
cdges of the beam.

Let us now consider whether these results
can be applied to the design of a practical valve
with reduced screen current. The results apply
only to zero grid voltage, of course, whereas in
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use the valve will normally have an alternating
voltage applied to the grid, and it is the average
screen current over the grid-voltage cycle which
must be minimized. However, if we confine
our attention to amplifiers in which the grid is
not driven positive, the conditions for minimum
average screen dissipation and minimum dis-
sipation at the instantancous current maximum
would not be expected to be very different.

It is clear from Iligs. 3 and 4 that to intercept
the minimum cathode current, the screen-grid
wires should be as necar to the control grid as
possible.  Reducing the control-grid-to-screen
distance will also have the cffect of reducing
the grid-to-screen amplification factor of the
valve, and since, in general, it will be necessary
for the static characteristics of the valve to be
withinn specified limits it will be necessary to
correct this reduction in amplification factor
by increasing the diameter of the grid wires.
As shown in Fig. s, if the grid-screen distance
is less than the grid pitch, the effect of large
diameter grid wires will be to reduce the screen
cwrrent still further. [FFig. 7 shows that, with
large grid wires and small grid-screen distances,
the screen current will not vary rapidly with
cathode-grid distance, and hence this distance
need depend only on the static characteristic
requirements.

The limit to the reduction in control-grid-to-
screen distance is set by practical considerations.
Also, when the cathode-grid distance is small, a
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small grid-to-screen distance and large diameter
grid wire result in non-uniformity of the field
at the cathode and consequent increased curva-
ture of the grid-volts-anode-current character-
istics.

It will be appreciated that even if these findings
were applicable to positive grid voltages, they
would not be of much value. A grid of large
diameter wires operated at a positive voltage
would itself intercept an intolerably high pro-
portion of the cathode current.

v SU—

the current density flowing in the region in which
the screen wire is located, and by the shape of
the electrostatic field in the immediate vicinity
of the screen wire. Spangenberg4, in a theorctical
investigation of the positive-grid triode, has
shown that in the casc of equal grid and anode
voltages the positive grid may be considered to
intercept current over an area that normally
lies between 1.25 and 1.8 of the projected area
of the wire. It is possible that Spangenberg’s
method could be adapted to give an approximate
solution for the tetrode, by considering the
tetrode control-grid plane as the cathode of

Z
d g N ) ; ; X
q "o g Spangenberg’s triode, but since the method is
ey 98 o, based on clectrostatic considerations only, it
URVE( 1) —= =026 N
3 a could not be used when the space-charge in the
£ ey e screen-anode region is appreciable. It could
z|z R F o= . be applied, therefore, only to the case of small
5 : .
iz I e 3 screen-to-anode distance and high anode voltage,
g ° - T, and would not be valid in the more interesting
£l case of the tetrode in which spacc-charge in the
z / \ screen-anode region is used to suppress secondary
| cmission from the anode. Iurthermore, the
process of treating the control grid as the electron
source would be valid only for large grid-to-
screen distances, whercas it has been proposed
-t & above that the method of reducing screen current
DISPLACEMENT FROM BEAM CENTRE (mm) is to reduce this distance.
Fig. 8. Variation of current demsily across beam The other component of SCieesl current (viz.,
section for thin grid wires and small value of I,]a. that returned from the <creen-anode region)
B 2o kB
S 20 ; —
] 1 ————————— ] Vg-O—’  SCREEN CURRENT (SCALEA) ,,{——' Vo |
‘ —T7 — —— ANODE CURRENT (SCALEB)_. —— [
(o) | \ P ‘
7
| |
15150 i B 15150 \ ‘
. | AN \ T R o l
£ e e S = e
'é 1010 | == P Vg=0 = 10 100 S L i
g g ‘
., [~~~z ‘
-—20 |
. \_ B p————" . T~ --0 |
5 S — <] 50 — ) —— =
\ ~ ——— =-10
- b
—— SCREEN cumm(ss(cﬁsé) p— ® \_\ |
p —_——— ANODEICURRENT( Al ‘ ) L 'ﬁ
0 0 50 100 150 200 250 [ 50 100 S0 200 N 2%
ANODE VOLTAGE ANODE VOLTAGE

¥ig. 9. Screen and anode curvents of (a) valve similar to the Type 807 at 250-V screen-giid potential ;

(b} wvalve with thicker grid wires and decveased grid-to-scveen distance ;

Next let us consider whether the results of
these c¢xperiments can be used to predict the
screen current when the valve geometry is
known. It is convenient to regard the screen
current as consisting of two components, a forward
component arriving from the cathode-grid region,
and a reverse component consisting of electrons
returned from the screen-anode region. The
first-mentioned component will be determined by
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scveen-grid potential— 200 V.

will depend only on conditions existing becyond
the screen. In most beam tetrodes this component
will predominate only at very low anode voltages,
while the first-mentioned component will pre-
dominate at high anode voltages. Any improve-
ment effected by reducing the control-grid-to-
screen distance will, thercefore, be apparent
mainly at high anode voltages.

In order to verify the general conclusions
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reached, the following cexperiment was carried
out. A valve was made similar to the type
807 beam power tetrode, but in which the ratio
screen-grid distance/grid pitch was reduced
from I.49 to 0.58 and the grid-wire diameter
was increased such that d/a was 0.192 instead
of 0.096 for the normal valve. It was hoped
in this way to make a valve having similar
characteristics to the 807 in the negative-grid
region, but with reduced screen current. In the
modified valve, the screen current was 5.0 mA at
Ve=125V, V, =0, I,=200mA. (I, set
to 200 mA by adjusting the screen voltage),
compared with 1o mA for the normal valve.
Owing to the fact that the increase in grid-wire
diameter did not quite compensate for the de-
crease in grid-screen distance, the anode current
of 200 mA was obtained at a somewhat lower
screen voltage than normal ; viz., 200 V instead
of 250 V. This resulted in the space-charge
conditions in the screen-anode space being
altered with a consequent slight change in the
shape of the anode-volts—anode-current curve.
The characteristic curves of the modified and
the normal valve are shown in Figs. g(a) and
(b) respectively for comparison. In the modified
valve, some increasc in the curvature of the
grid-voltage—anode-current  characteristic  was
noticeable.

4, Coneclusion

These experiments have shown that some
reduction in the screen current in an aligned-
grid valve should be possible by the use of a
smaller grid-to-screen distance than is common
at present, provided this reduced spacing is not
incompatible with conditions set by other charac-
teristics of the valve. This conclusion is in accord
with physical reasoning, for it is clear that there
must be regions of very low current density
immediately behind the control-grid wires, since
the only electrons able to reach these regions—
apart, of course, from those returned from the
screen-anode space at low anode voltages—are
those suffering deflections of nearly go® at the
control gnd.
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APPENDIX I
Space-charge defocusing.
This appendix is intended to show that defocusing

of the electron beams, due to space charge, does not
cause appreciable spreading of the beam. It is con-
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venient to consider the case of an aberration-free lens
of such focal length that the beam would form a line
focus in the plane of the screen in the absence of space-
charge. The presence of space-charge will cause the
beam to have finite thickness in the screen plane, and
it is our aim to find this beam thickness.

An electron will emerge from the grid plane with a

velocity v, given by
2l
v, = S - ” s s (2)
m

where V, is the etfective potential in the grid plane in
clectrostatic units.

The electron then travels under the influence of an

accelerating field towards the anode. This field will
be assumed uniform and equal to
Vo —V ; ;
& = ,[nA/o electrostatic units .. .. (3)
« u

The distance travelled in time ¢ is

26V, e (Vo Vot
*/ o Tt 4 m- Iy —1,) omo . (4)

so that the time /, taken to reach the scrcen plane is

given by

2el € (I a Vo) c
(ta — 15) :A/ m b+ d m (, — 1) ©)
whence
290 \/ « V4 V —1,)
t, = A/ iV Tae v V ) ————— 5% r (6)

Now the ‘ half-width ’ y, of the beam at time ¢ is given
by Thompson and Headrich.? Expressed in the symbols
used here it is:

m (1, — lg)? ( (V g jl/‘,}gi)
AR s 7 LN ey AT

e 1)

( Va_ Vo)2 e 7)
where y, is the initial ' half-width ’ of the beam,

I is the current in the beam per cm of beam breadth ;
i.e., measured parallel to the cathode and to the grid
wires,

v, is the initial velocity of the outermost electrons
in a direction perpendicular to the grid wires and to the
cathode face.

If the focal length of the lens is such that, in the
absence of space-charge, a line focus would be formed in
the screen plane,

Ye= Yo

ya:vyto v s » s . n (é)

Now substituting in (7) for v,, {,, and v,
from (2), (6) and (8) and rearranging,
we get

Yo -

2111V

— V) N V,, 1,



Hence the ratio total beam width/grid pitch

= 2¥la
S
4"]/ o \/ Vo (lu _‘ly)g /| 7
AU 77 TR T
Vo TR WL VY,

where [ is the average current density over the cathode
surface ;

re, J - - {11)

It is well known that
VT [ v )
o N S .. .. o o (12)

where F'p is the etlective anode potential of the so-called
equivalent diode and S is the effective cathode-anode
distance of this diode.

The values of Vp and S have been the subject ol much

discussion. It will be sufficiently accurate here to take

Vo =V, + Valp - (13)
and

S=1l,+l/p (14)

Substituting for”/ from (12), (13) and (r4) and con-
sidering the case when ¥V, 0, we obtain

29/ 8 Ve L2 It Ve
Ve A (= VAV, + I LB Z)

L[V;vl]
-7

|4 ;
Vv"can be obtained by Bull’s method 1 or, alternatively,
a

(15)

from electrostatic considerations only, from Appendix II,
equation (17).

For example, when 7, = 37,
@ =1,
dla = o.1
then 4 = 10.6
and V,/V, — 0.0735

so that 2y/a — o.042.

It is thus clear that the beam spread, due to space-
charge, is not sufficient to account for the values of
screen current observed in practice.

APPENDIX 11
Davisson & Calbick’s equation for the focal length of
a cylindrical electrostatic lens is
L&
1o 2V,
where V, is the potential in the aperture, and &y and

&, are the fields on the cntrance and exit sides of the
lens respectively.

(16)

406

The ctfective potential in the grid-plane of a parallel
plane triode at zero grid voltage is given by
l
R (A P 17
o I F R (17)
provided the interelectrode spacings are not small com-

pared with the grid pitch. The relevant values of & and
&, arc those at the cathode and anode, respectively.

.

o __ ['Va .
Hence &, = 7(; = L+ ;[’
V,— V, _ Va (
by — 1 1)

(18)
[ )
N - 1
lo+ p la ( 9)
From (16), (17), (18) and (19), we obtain atter simpli-
fication

and &,

,_[g

g a

/y 2 (fa — L) . (20)
I
For moderately thin grid wires,
poo2mle = b)) o (2)
a log
2 sin
24
whence f, = ¢ log - (22)
m™

. md
2 sin

In this expression f, is the focal length of the lens
formed by a grid aperture. Tlus focal length is not the
distance between the grid plane and the line focus of the
beam, however, since, after leaving the lens region, the
electrons travel along parabolic paths under the influence
of a uniform accelerating ficld.

The distance f from the lens to the point where the
beam focuses i¢ shown by Bull to be

=t [r+dEnly -1 feal
o1+ 4 gl (22— )] (24)

f]a has been plotted versus d/a for {,/a — o.75 in Tig. 6,
and it will be scen that there is reasonably good agree-
ment with the measured figures. A possible explanation
ol this unexpected agreement is as follows :—

In calculating f, V, was taken to be the average poten-
tial in the grid plane, whereas the potential mid-way
between the grid wires should have been used ; this, in
the absence of space-charge, would be greater than the
average potential. On the other hand, the cffect of
space-charge would be to reduce the potential between
the grid wires, and thus the errors arising from the two
sources are seen to be in opposite senses.
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