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ABSTRACT

The results are presented of an investigation of the production of ultra-short un-
damped electromagnetic waves by using the method of H. Barkhausen and K. Kurz.

Method of working diagrams. Normal waves and dwarf waves. A method is de-
veloped for the graphic representation of the work of generators of ultra-short waves.
This method is based on the construction of special “working diagrams.” These dia-
grams define the location of “regions of oscillations,” which show the values of the
natural periods of the oscillating circuits and the values of the grid potentials at which
oscillations are generated. Vacuum tubes can generate two kinds of ultra-short waves.
The first kind have a wave-length approximating that computed by Barkhausen’s for-
mula ME, =d,2105, Their period is nearly equal to the time required for the electrons to
move from the filament to the plate and back (normal waves). The second kind of
waves are considerably shorter (dwarf waves). Both kinds of waves satisfy the equa-
tion A2E, = const. for points on the working diagram where the plate current (the ampli-
tude of the oscillations) has its maximum value.

Complex working diagrams. Dwarf waves of higher orders. Vacuum tubes can
have complex working diagrams with a large number of regions of oscillations. In
such a case the tube generates different dwarf waves. Their length is two, three and
four times shorter than that of the normal waves. Dwarf waves are accordingly divided
into waves of the 1st, 2nd, 3rd  etc, orders. The shortest dwarf waves of the 4% order,
generated by tubes of the type RS, had a wave-length \=9.4 cm. The presence of
dwarf waves of higher orders shows that vacuum tubes can generate oscillations of a fre-
quency considerably greater than the frequency of the electronic oscillations. Both the
normal and dwarf waves belong to the same type of GM-oscillations. Limits were de-
termined within which Barkhausen’s formula is applicable. It is shown that the dif-
ference in the number of regions of oscillations on the working diagrams depends on
the difference in the time required for the electrons to pass in different directions
within the tube. The latter depends on the asymmetry in the arrangement of the elec-
trodes. .

The nature of dwarf waves. Dwarf waves are oscillations of the circuits within the
tube or coupled with the tube which are excited in such a manner that during the time
7 it takes for the electrons to pass from the filament to the plate and back, the circuits
perform two complete oscillations (dwarf waves of the 1st order), three complete
oscillations (dwarf waves of the 2% order) etc. Thus the wave-lengths are equal to:
No=cor (normal waves), \; =co7/2 (dwarf waves of the 1st order), Na=cor/3 (dwarf
waves of the 21 order), A3 =cor/4 (dwarf waves of the 3t order), etc. Dwarf waves
9.5—18.5 cm long originate in oscillating circuits, which are inside the tube. The ad-
vantages of dwarf waves of higher orders are shown, owing to the possibility of using
lower grid potentials, which leads to a greater steadiness in the operation of the tube.

* International Research Fellow.
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ULTRA-SHORT ELECTROMAGNETIC WAVES 639

§1. INTRODUCTION

HE present article gives some of the results of an investigation on the

production of ultra-short undamped electromagnetic waves. These waves
were obtained using the method of H. Barkhausen and K. Kurz by means of
a generator which has been described earlier.!

§2. Tae METHOD OF WORKING DIAGRAMS. NORMAL
WAVEs AND DWARF WAVES

There are two schemes of graphical representation of the work of vacuum
tubes generating ultra-short waves by the method of H. Barkhausen and K.
Kurz. Both schemes can be used regardless of what oscillating circuit the tube
is connected with or of what generator it makes a part. The first method is to
represent the work of a tube (or generator) by means of curves showing the
relation between the energy of oscillations (or the direct current I, in the
plate circuit of the tube) and the grid potential E,. The dimensions of the os-
cillating circuits connected with the tube, their natural periods and the heat-
ing current are kept constant. We have already used such curves (I, §8), and
called them the (I,, E,)-characteristics of the generator. The second scheme
consists in representing the energy of oscillations or the plate current as a
function of the dimensions or (what is the same thing) of the natural periods
of the oscillating circuits. The grid voltage and the heating current are kept
constant. We can call such curves the ([,, L)-characteristics, where L stands
for the dimensions or for the natural periods of the oscillating circuits.

As a matter of fact, the energy of the generated oscillations depends both

on the electrode potentials and on the natural periods of the oscillating cir-
cuits. Thus, neither of the characteristics gives a complete picture of the work
of the tube.
' This drawback can be obviated by systematically investigating the work
of a tube, varying simultaneously the potentials and the periods of the os-
cillating circuits. This is easily accomplished. The results can be conveniently
and clearly presented by means of special “working diagrams,” which we
shall presently discuss. This “method of working diagrams,” as it may be called,
has a number of advantages and permits us to give complete characteristics
of short wave generators. This method does not preclude the possibility of
using the (I,, E,)-and ([,, L)-characteristics. The latter are useful in repre-
senting separate details of the working diagrams.

§3.

We shall now investigate the work of the generator described above, us-
ing tubes of the type RS5. This is a tube commonly used in Russia for radio re-
ception. It shows considerable steadiness in operation, not only at normal
heating (I3 =0.68A; I,=5-7 mA) but even at considerable overheating (I,=
20-30 mA and higher).

Table I gives the results of measurements of the dependence of the plate

1 G. Potapenko, Phys. Rev. 39, 625 (1932); this article will be referred to as I.
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Tasre 1. E, (volt). R5 (No. 2+ No. %) In=1.364.
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ULTRA-SHORT ELECTROMAGNETIC WAVES 641

current I, on the grid voltage E, and on the lengths of the plate and the grid
circuits L=L,=L, (see I, Fig. 1). These measurements were made at the be-
ginning of our investigation with two tubes Nos. 2 and 4 working simultane-
ously.?

Eg (volt)

300

200 4

100 4

/0 20 30 7 50 60 70

L(cm)

Fig. 1. A working diagram for vacuum tubes of the type RS5. The regions of oscillation
show the length of the oscillating circuits and the grid potentials at which oscillations are gen-
erated.

In our previous paper it was shown (I, §6) that the presence of the plate
current indicates the presence of oscillations. The current is approximately
proportional to the amplitude of the oscillations. Table I shows that the plate
current and therefore the oscillations exist at definite values of E; and L, ly-

L

Fig. 2. A 3-dimensional working diagram for vacuum tubes of the type RS5.
The ridge M corresponds to dwarf waves.

ing within certain regions, which can be called “regions of oscillations.” By
plotting the locations of regions of oscillations, we obtain Fig. 1. Such dia-
grams will be called working diagrams.

To get an idea of the general appearance of the regions of oscillations, we
can construct a 3-dimensional working diagram shown in Fig. 2. It is seen from

2 The numbers are used merely to indicate the order in which the tubes were tested.
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the diagram that all regions of oscillations have the same general appearance
of continuous ridges. Their height corresponds to the value of the plate cur-
rent in a given region, or as we have shown, to the amplitude of the oscilla-
tions. As all the tubes investigated gave working diagrams of the same type,
there is no need to construct 3-dimensional working diagrams in each case.
A simple working diagram, similar to the one of Fig. 1 will be sufficient. It
should be mentioned that a simple working diagram gives also an approxi-
mate idea of the relative magnitude of the amplitude of the oscillations: the
size of the area of a region of oscillations usually corresponds to the magnitude
of the amplitude of the oscillations. A simple comparison of diagrams Figs. 1
and 2 shows the correctness of this statement. It is evident that a working
diagram will give a more complete idea of the work of a generator than sep-
arate (I,, E,)-or (I,, L)-characteristics, because it is a combination of all

Eg (voit)
300

o8 30 40 Fo 6o 70 L(em)

Fig. 3. Simplified working diagram for vacuum tubes of the type RS5. —lines of maxima
corresponding to the maximum values of the plate current, i.e., to the maximum values of the
amplitude of the oscillations. ---bends on the lines of maxima indicating a leak of energy through
the chokes.

such characteristics. It is seen that the (Z,, E,)-characteristic represents a
section of a 3-dimensional working diagram cut by a plane parallel to the E,
axis and the (I, L) characteristic is a section cut by a plane parallel to the L
axis.

The work of measuring and of plotting the diagrams is greatly simplified
if the position of only those points is determined at which the amplitude of
the oscillation has a maximum value. If such points are plotted on the dia-
gram and connected by smooth curves, a simple diagram is obtained which
we shall call a simplified working diagram. Such a diagram is shown on Fig.
3. Itis evident that the curves of such simplified diagrams or lines of maxima
as they may be called correspond to the peaks of the ridges of the 3-dimen-
sional diagrams. Unfortunately, the simplified diagrams do not give any idea
of the relative energy of the oscillations. When such figures are of particular
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interest they can be given directly on the simplified diagram or the simplified
diagram can be supplemented by one or two (I,, E,)-or (I,, L)-character-
istics.

The working diagrams have the following important property: from their
general appearance it is frequently possible to make an approximate deter-
mination of the wave-length of the generated oscillations. Consideer, for ex-
ample, the diagram of Fig. 3; we draw a line E, =180 volts, intersecting all
the three lines of maxima. The points of intersection 4, 4, and 4 ; will cor-
respond to circuit lengths L; =17 cm, Ly=44 cm, L3=71 cm. The distance
between two consecutive points will be 27 cm. If we determine the wave-
length of the oscillations at these three points, they will be found to be nearly
equal and to have an average value N =54 cm. Hence it follows that the dis-
tance (expressed in centimeters) between two corresponding neighboring
points on the diagram equals approximately half the wave-length of the os-
cillations at these points.® By corresponding points we mean points lying in
two similar regions of oscillation and corresponding to the same value of
E,.

§4.

What is the wave-length of oscillations in different regions on the dia-
gram?

We determine the wave-lengths in such points of the regions of oscilla-
tions where the plate current has a maximum value. These points will evi-
dently lie on the peaks of the ridges of the 3-dimensional working diagram or
on the lines of maxima of the simplified working diagram. Table II gives the

TaBLE II. R5 (No. 2+ No. 4). In=1.36A4.

E, I N NE, E, L N NE,
(Volt) (cm) (cm) (Volt)  (cm) (cm)
40 65 114.0 5.20 105 82 21 48.9 1.96 X105
50 5 109.0 5.04 ¢« 95 19 46.2 2.090 “
80 40 80.0 5.12 ¢ 100 17 44.9 2.01 ¢
100 71 74.4 5.53 ¢ 110 11 42.1 1.95 ¢
120 30 66.0 5.23 ¢ 120 9 40.9 2.01 ¢
120 62 68.8 5.68 ¢
140 53 61.5 5.29 ¢ (ME,) aver.=1.99 X 105
150 50 59.7 5.34 ¢
160 20 60.4 5.84 ¢«
160 74 56.9 5.18 ¢
180 41 54.2 5.29 ¢
200 65 52.5 5.51 ¢
210 11 51.6 5.59 ¢«
(N2E )aver. =5.44 X105

results of such measurements. It is seen from the table that there are two
groups of points. Within the limits of experimental error, Barkhausen’s equa-
tion

8 This rule is evidently analogous to the well known rule concerning the distance between

two regions of oscillation on the (Z,, L)—characteristics, which was first formulated by Zilitin-
kewitch, Drahtl. Tel. u. Tel. (russ) 18, 2-22 (1923); Arch. {. Electr. 15, 470-484 (1926).
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N\E, = Const. (1)

holds true for each of the groups. However, the absolute value of the product
NE, is several times greater for one group than for the other. We have seen
(I, §2) that in our case, when the plate of the tube isdirectly connected to the
filament, the following approximate expression can be derived from theoret-
ical considerations:

NE, = d,2108, (2)

The diameter d, of the internal surface of the plate of tube RS is equal to
0.87 cm. Substituting this value of d, in (2) we get N2E; = 7.6 X105 This com-
putation is not very accurate in view of the simplifying assumptions made in
deriving Eq. (2). Still, the calculated value of the product A2E, is not very far
from the value observed for the first group of points.* Waves corresponding
to this first group of points may be called normal Barkhausen’s waves or sim-
ply normal waves. The second group of waves having a considerably shorter
wave-length will be called dwarf waves.

Two types of Barkhausen’s oscillations are known at the present time:
(1) the BK-oscillations, when the length of the generated waves depends on
the electrode potentials only, and is independent of the lengths or of the nat-
ural periods of the oscillating circuits connected with the tube, and (2) the
GM-oscillations, when the length of the generated waves depends on the
length (or the natural period) of the oscillating circuits. Also, as it was first
shown by E. Gill and J. Morrell,® Eq. (1) is satisfied only at voltages corres-
ponding to a maximum of the energy of oscillation.t Thus, in the case of BK-
oscillations Eq. (1) is satisfied always,” i.e., for all grid voltages and for all
lengths of circuits. In the case of GM-oscillations Eq. (1) is satisfied only for
points corresponding to the maximum values of the plate current.

The observations presented in Table II refer to points where the plate
current was at a maximum and therefore give no information as to which of
the two types the observed observations belong. To obtain such information,
observations were made at points not corresponding to the maximum of the
plate current. The results are given in Table III. They cover two cases: the
lengths of the oscillating circuits were varied at constant grid voltgae and the
opposite case when the grid voltage was varied and the length of the oscilla-
ting circuits was kept constant. In both cases observations were made at
points which did not correspond to the maximum values of the plate current.

4 The difference between 7.6X105 and 5.4 X105 corresponds to a difference of about 18
percent in the wave-length, which is permissible in view of the approximate nature of our com-
putations. Later we shall attempt to explain the causes of the difference between the theoretical
and observed wave-lengths.

5 E. Gilland T. Morrell, Phil. Mag. 44, 161-178 (1922).

¢ For further details on different types of Barkhausen oscillations see H. E. Hollmann,
Proc. L.R.E. 17, 229-251 (1929); Zeits. {. Hochfr. 33, 66-74, 101-105 (1929); K. Kohl, Erg. d.
ex. Wiss. 9, ch. II, §4 (1930).

7 If one disregards the small variations in the wave-length produced by changes in the
heating current,
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TasLE III. R5 (No.2+No. 4). I =1.364.

&

L E, N L E, I z
(cm) (volt) (mA) (cm) ME, (cm) (volt) (mA) (cm) NE,

normal waves

45 150 1.3 57.6 4.98<10° 50 130 0.2 61.4 4.90x108
50 “ 3.9 59.7 5.34 ¢ “ 150 3.9 59.7 5.34 ¢
55 « 3.7 62.0 5.771 ¢ “ 165 3.5 59.2 5.77 ¢
60 “ 2.5 64.0 6.14 ¢ “ 185 2.3 58.8 6.39 ¢
65 “ 0.3 66.8 6.69 ¢ “ 205 0.6 57.6 6.80 ¢
dwarf waves
12 100 0.2 42.8 1.83 X108 17 90 0.1 45.6 1.87X10%
17 “ 1.6 44.9 2.01 “ « 100 1.6 44.9 2.01 «
19 “ 0.3 45.8 2.10 ¢ “ 110 0.2 44 .4 2.17 ¢

The data of Table I1I clearly show that in either case the product N2E, does
not remain constant. Both for normal waves and for dwarf waves N\2E, varies
in the same manner. The results this show unmistakably that both the nor-
mal waves and dwarf waves are GM-oscillations.

It must be mentioned, that for points which do not correspond to maxi-
mum values of the plate current the values of the products NE, differ from
the average values found previously, namely, 5.4410° for normal waves
and 1.99 X105 for dwarf waves. The difference, however, is not so great as
when we pass from normal to dwarf waves. This shows that there is a funda-
mental difference between normal and dwarf waves. Before considering the
causes of this difference, we shall discuss the results obtained with other
tubes.

§5.

With the data of Table IT and one of the working diagrams, it is easily
found that dwarf waves are observed only in a very small region of oscilla-
tions, denoted with an arrow on Fig. 2. All the other regions of oscillations
give normal waves. It is also seen from Fig. 2 and from the data of Table I
that the region where dwarf waves are observed is of secondary importance
as far as the place it occupies on the working diagrams and the energy of its
waves are concerned.

In taking separate (I., E;)-and (I,, L)-characteristics one could easily
fail to observe the dwarf waves. A complete picture of the work of a generator
can be obtained only by constructing and thoroughly investigating working
diagrams. The completeness of this method constitutes a very great advan-
tage over all the other methods. The working diagrams have an additional
advantage of being clear and convenient to use. The labor spent in construct-
ing these diagrams is amply paid for.

It is of interest to know why the dwarf waves are observed in one small
region only and not in several analogous regions as is the case for normal
waves. Let us consider the diagram, Fig. 1, and let us take some point in the
region of dwarf waves, point M, for example, which lies at L=11 cm and E,
=110 v. As seen from Table II, the waves generated at this point have a
length A~42 cm. According to what we said before (see §3), we should expect
dwarf waves in points M, M1 MV, lying at the same value of E, and at
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L=114X/2, L=114\, L=11+3/2\. It is seen from the diagram that all
these points lie in the regions of normal waves which are longer and therefore
more easily generated. If we take some other point in the region of dwarf
waves, point NI, for example, which lies at L=17 cm and E, =100 v and for
which A~45 cm, then similarly we might expect dwarf waves in points NI
and NI, These points are also situated in the regions of normal waves. Hence
it follows that if it were possible to inhibit the generation of normal waves in
points ML MMI MV, or NH, NI we could obtain dwarf waves at these
points. This is easily verified experimentally.

So far, our plate and grid circuits were of equal length L=L,=L, (see
I, Fig. 1), i.e., they were in resonance. We shall now destroy this resonance.
Let us take L,=32 cm and E, =110 v, corresponding to point M, and let us

Ia (mA) La_=32 cm.(Consf)
y
3 r
2.
1.
7o 20 30 40 50 €0 70 l‘g
' [} ] [ — (e
2 A b 3 B d

Fig. 4. (I,, L)-characteristics, the lengths of the plate circuit and the grid circuit not being
equal. The humps 4 and B correspond to normal waves, humps ¢, ¢ and d, to dwarf waves.

vary the length L, of the grid circuit, making simultaneous measurements of
the plate current. The results of these observations are presented in the curve
of Fig. 4. It is easily seen that the two main humps of this curve—A4 and B
correspond to the normal waves. This is because at L, =32 cm we should
have normal waves? (at this value of L, we have L,=L,) and also because the
distance between the peaks of these two humps is approximately 33 cm,
which is very nearly half the wave-length of the normal waves, which we
should have at E,=110 v (see Table II). It is easily shown that the three
smaller humps, «a, ¢, d, correspond to dwarf waves, since measurements show
that at this value of L, the average wave-length A =44.0 cm. This is very near
to the wave-length of dwarf waves, found previously at E, =110 v. The dis-
tance between the humps ¢ and d is 22 cm, i.e., is equal to a half wave-length.
The distance between humps a and ¢ is approximately 43 cm. It is easily
guessed that between humps e and ¢ there should be another hump &, which
is not seen merely because it is concealed under the hump 4.

8 The peak of the hump 4 lies at L,~29 cm, that is, at L, L,. This is due to the fact that
the point L,=L,=32 cm and E,=110 v does not correspond to the maximum of the plate
current.
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Hence, it becomes clear that it is possible to inhibit the generation of nor-
mal waves if we put out of tune the plate and grid circuits. If we take L,=32
cm and L,=53 c¢m, or L,=32 cm and L,=74 cm and keep E,=110 v, we
shall obtain dwarf waves, although, as we have seen, these dwarf waves are
not observable either for L,=L,=32 cm, or for L,=L,=53 cm, or for I,=
L,=74 cm.

§6.

‘The above described method of putting the circuits out of tune is very use-
ful when several kinds of waves are present at the same time and it is neces-
sary to separate them. For instance, if at a certain circuit length Ly=L,=L,

Ia(m/h
2 £
\ o
1 ,' \\ AN L=19cm.
/I Y / o, os
i 0-° LD N
2
lo\\
1 / \ L=20cm.
JooROA
/ Y oo ,\4/0\\&/0
2
o
/ =
i, N L=91em
/
4 \O _ -\
2
1 L=22cm,
N
// No.

0 = 120 Eg tert)

Fig. 5. (I,, E,)-characteristics showing the regions of dwarf waves at different circuit
lengths;—normal waves; ---dwarf waves.

several kinds of oscillations are simultaneously generated with wave-lengths
A1, Ag, etc., we can evidently separate the first kind of waves by putting the
circuits out of tune, making, for example, L,=Lyand L,=L,+n\/2. The
second kind of waves can be separated at L,=Lo and L,=Ly+n\y/2 etc.
Naturally, we can as well change the length of the plate circuit and keep the
length of the grid circuit constant.

-§7.

The regions of dwarf waves are not always of as simple an appearance as
those seen on the preceding diagrams. Very frequently these regions consist
of several parallel ridges merging gradually with a neighboring region of nor-
mal waves.

To discuss this case we shall consider several (I,, E,)-characteristics ob-
tained with two other tubes of the same type R5. They are shown on Fig. 5.



648 G. POTAPENKO

Within the limits L=19—22 c¢cm, E,=80—120 v, i.e., where previously we
had a region of dwarf waves, we see several regions of oscillations. As L in-
creases these regions are gradually absorbed by the region of normal waves.
The length of waves generated in different regions was determined at points
corresponding to a maximum value of the plate crurent. Table IV gives the
results of these observations for L =19 cm. It is seen from the table that for
all the three regions N2E, has approximately the same value, closely approach-
ing that which was formerly obtained for dwarf waves. Measurements made
at L =20, 21, and 22 cm gave for A\2E, values close to 2 X 10% Thus, there is no
doubt that all the three regions belong to the same dwarf waves.

TaBLE IV. RS (No. 34 No. 4). In=1.364.

E, L I A
(volt) (cm) (mA) (cm) N2E,

85 19 1.8 48.3 1.98 X105

95 “ 1.3 46.2 2.03 ¢
110 “ 0.4 42.2 1.96 “

The question as to why the region of dwarf waves is in the shape of a sin-
gle ridge in some cases and in the shape of several ridges in other cases de-
pending on the tube used, can be answered only after discussing the nature
of oscillating circuits where dwarf waves originate. We shall not consider this
problem now.

§8.

On the diagrams, shown above, all regions of oscillations appear very uni-
form and the lines of maxima (see Fig. 3) have neither gaps, nor sharp bends.
This is not always the case. Sometimes the lines of maxima are sharply bent
(see dotted lines on Fig. 3). In such a case typical depressions appear in the
corresponding places of the 3-dimensional diagram. This is an indication that
the oscillations generated at the corresponding values of E, and L have a
wave-length closely approaching one of the natural periods of the chokes and
that the chokes no longer stop them. The energy of the oscillations is evi-
dently dissipated in the connecting leads of the generator. The irregularities
disappear when the choke is replaced by another one, having a different nat-
ural period. Thus, a regularly shaped diagram and the absence of bends in
the lines of maxima is an indication that the generator is working correctly.

§9. ComPLEX WORKING DiaGgraMs. DwARF WAVEs oF HIGHER ORDERS.

We have seen before that in the case of simultaneous operation of two
tubes the secondary (with respect to the energy) regions of oscillations are
concealed by the neighboring regions of more powerful oscillations (I,§8). As
the preceding results show, the dwarf waves are generated exactly in these
secondary regions. Therefore, in all the subsequent experiments only one tube
was used for the production of waves. The other tube, “ballast” tube, was
used as a condenser and for each tube investigated a special ballast tube was
selected, as described earlier (I,§9).
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For some of the tubes investigated diagrams were obtained that were
considerably more complicated than those shown on Figs. 1-3. There appear
a larger number of regions of oscillations. Also, for relatively small over-
heating there appear regions of oscillations at considerably higher grid poten-
tials—potentials at which tubes heated normally do not generate any oscilla-
tions, as a rule.
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Fig. 6. Working diagram for vacuum tubes of the type RS,
generating dwarf waves of higher order.

Fig. 6 shows a working diagram particularly rich in regions of oscillations.
It was obtained with tube No. 20, type RS and ballast tube No. 18 of the
same type. The heating current was a little above normal so that the emission
current reached as a maximum about 19 mA (normal I,=5—7 mA).

A comparison of this diagram with the diagram Fig. 1 shows the abun-
dance of regions of oscillations. Still there is a similarity between the two
diagrams. In the lower part of the new diagram, between E;,~50 v and
E,~260 v we observe the same principal regions of oscillations as before and



650 G. POTAPENKO

which, as we know, belong to normal waves. These regions are considerably
narrower than before, which is as we should expect, as in this case only one
tube was working and not two as before. Between the regions of normal weves
we see a great number of smaller regions. Although the regions of normal
waves are narrower and their energy is smaller, as the second tube is no longer
working, still these regions reach to higher values of E, than before. This is
due both to the greater heating current (I, §2) and to the greater degree of
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Fig. 7. Simplified working diagram for vacuum tubes of the
type RS generating dwarf waves of higher orders.

correspondence between the internal capacities of the two tubes, as it is found
experimentally that the smaller the difference between the internal capacities
of the working and the ballast tubes, the greater will be the length of the
regions of normal oscillations. The lower parts of the regions of oscillations
converge into a common asymptote. As we shall see later, this asymptote
corresponds to the upper bend of the usual static characteristic of the tube.
We can also identify on Fig. 6 the region of dwarf waves. It lies in the left
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lower corner of the diagram between E,~100 v and E,~150 v. It is con-
siderably larger than formerly. Two other similar regions are seen within the
same limits of E,, the one between L=40—60 cm and the other between
L=65—72 cm. These two regions must also belong to dwarf waves, as previ-
ously we expected to find them near L=50 cm and L=70 cm (see points
M NI and MV Fig. 1).

The general properties of the regions of oscillations can easily be deter-
mined by means of the simplified diagram, shown on Fig. 7. Comparing it
with the diagram of Fig. 6 we see that with the exception of the three regions
of the dwarf waves, spoken of above, all the remaining regions have the same
simple structure as those on the 3-dimensional diagram of Fig. 2. Each region
has one ridge and a corresponding one line of maxima on the simplified dia-
gram Fig. 7. Only the regions of dwarf waves mentioned above differ in ap-
pearance on account of the presence of several ridges going approximately
in the same direction. The complex structure of the regions of dwarf waves
has already been spoken of; now we see that this structure is characteristic
just for these three regions.®

An inspection of the simplified diagram shows that the lines of maxima
have different slopes. Among other things, this indicates that a change in
the lengths of plate and grid circuits produces different effects on the oscilla-
tions of different regions. Of particular interest are the three regions of oscilla-
tions whose lines of maxima lie at E,~200 v, E,~305 v and E,~530 v. Un-
like all the others, these regions go parallel to the axis of abscissas from one
end of the diagram to the other. The width of the regions, and hence the am-
plitude of the corresponding waves, increases as E, increases.

The (1., E,)-characteristic of tube No. 20 with tube No. 18 as a ballast
and at the circuits length L =50 cm, was obtained previously (see I, Fig. 7).
It gives an idea of the amplitude of the oscillations in different regions up to

- E4~300 v. For other regions, lying at higher values of E, we can use the
values of the maximum plate current given in Table V.

The distance between the regions of oscillations on Figs. 6 and 7 indicates
that at about E,~200 v and E,~360 v tube No. 20 generates waves con-
siderably shorter than those we had previously. This is most clearly seen in
that part of the diagram near E;~360 v where the regions of oscillations are
disposed with particular regularity.

Table V gives the results of measurements of wave-lengths in different
regions of oscillations. As previously, these measurements were made at maxi-
mum values of the plate current.

It is seen from the table that there are five different kinds of regions of
oscillations. For one of them the product A2E, has an average value 5.78 X 105,
The corresponding waves can be called normal. The second group gives for
ME, an average of 1.97 X 10%, which is very near to the value previously ob-
tained for dwarf waves. The corresponding waves can be called dwarf waves
of the Ist order. Waves of the remaining regions, for which the product \2E,

® We shall see later that they are regions of the so-called dwarf waves of the 15t order.
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TaABLE V. R5 (No. 20). I,=0.70A.

E, L I A pYs N NE, E, L I, A N N NE,
(volt) (cm) (mA) (cm) (cm) A (volt) (cm) (mA) (cm) (cm) A
105 33 2.2 74.0 85.1 1.15 5.75X10% 247 69 0.15 18.4 55.5 3.02 0.836X10%
121 29 2.3 69.6 79.3 1.14 5.86 327 13 0.80 16.1 48.2  2.99 0.848
142 26 2.3 64.0 73.2 1.14 5.82 334 21 0.50 16.0 47.7 2.98 0.855
150 53 2.5 62.2 71.2 1.14 5.80 528 22 0.62 12.7 37.9 2.98 0.852
158 19 2.8 60.2 69.4 1.15 5.73 530 15 0.65 12.7 37.9 2.98 0.855
182 18 2.6 56.0 64.6 1.15 5.71 532 5 0.65 12.65 37.8 2.99 0.851
187 17 2.8 55.4  63.8 1.15 5.74 —_—
190 71 2.6 55.0 63.2 1.15 5.75 (ME ) aver.=0,846X10°
196 16 2.5 54.0 62.3 1.15 5.72
200 69 2.4 54.0 61.6 1.14 5.83
200 15 2.5 54.2  61.6 1.14 5.88 140 6 0.50 18.8 73.7  3.92 0.495X10°
—— 150 19 0.30 18.0 71.2  3.96 0.486
(\2E,) aver.=5.78 X105 160 9 0.30 17.35 68.9 3.97 0.481
160 61 0.30 17.5 68.9 3.94 0.490
104 15 0.84 43.7 85.5 1.96 1.99 X105 185 65 0.03 16.2 64.1 3.96 0.485
107 21 0.90 42.7 84.3 1.97 1.95 190 30 0.04 15.7 63.2 4.02 0.468
109 27 0.65 42.4  83.5 1.97 1.96 190 6 0.09 15.8 63.2 4.00 0.474
122 21 0.70 40.4 78.9 1.95 1.99 195 52 0.08 15.4 62.4 4.05 0.462
123 15 0.70 39.8 78.6 1.97 1.95 197 36 0.12 15.4 62.1 4.03 0.467
137 9 0.80 38.1 74.5 1.96 1.99 198 12 0.05 15.5 62.0 4.00 0.475
142 15 0.90 37.1  73.2 1.97 1.95 200 59 0.24 15.6 61.6 3.95 0.487
143 42 0.75 37.4 72.9 1.95 2.00 204 28 0.20 15.4 61.0 3.96 0.484
150 6 0.65 36.2  71.2 1.97 1.97 205 34 0.06 15.3 60.9 3.99 0.480
153 9 0.60 35.6 70.5 1.98 1.94 303 8 0.48 12.8 50.1  3.91 0.496
—_—— 303 21 0.45 12.65 50.1 3.96 0.485
(\2E,) aver.=1.97 X105 305 15 0.46 12.55 49.9 3.98 0.480
200 39 0.10 20.7  61.6 2.98  0.857X108 . (\E,) aver.=0.481X10%
212 8 0.60 19.8 59.9 3.02 0.831
237 72 0.53 18.8 56.6 3.01 0.838 200 33,55 0.20 12.4 61.8 4.97 0.308X10°
243 70 0.28 18.6 55.9 3.01 0.841 330 13 0.04 9.4 48.0 5.10 0.292

(\2E,) aver.=0.300X10%

has a still smaller value, can be called dwarf waves of the 2nd, 3rd and 4th
orders, depending on their length and the magnitude of the product A2E,.
Dwarf waves of the 4th order are then the shortest. As seen from Table V
some of them have a wave-length A=9.4 cm. These are the shortest waves
we observed with tubes of the type R5.1% No independent region of oscillations
could be found for these waves and therefore it is plotted neither on the work-
ing diagram Fig. 6, nor on the simplified diagram Fig. 7. As we shall see later,
these waves were always found on the boundaries of the regions of waves of
other orders. These waves were first discovered with tube No. 20. They were
found on the boundary of the dwarfs of the 2nd and the 3rd orders when
observations were being made on the dependence of the wave-length of the
dwarfs of the 3rd order on the grid voltage (see below). Subsequently these
waves were observed with other tubes.

It is seen that the average values of NE, for normal waves and for dwarf
waves of various orders differ widely. At the same time, for waves of the
same order the individual values of the product AE, are very close to the
average value. Thus, the determination of the order of a wave presents no
difficulties.

Comparing the data of Table V with those of Table II it is seen that in the
earlier experiments there is a greater difference between individual values of
the product AE, for normal waves; the same is also true for the dwarf waves

10 A, Wainberg, Journ. appl. Phys. (russ) 7, 97-104 (1930) in an investigation made at our
suggestion, was separating short waves by screening the tube by means of metallic shields.
Using a tube of the type R5 he succeeded in obtaining waves 8 cm long at E,~320 v., i.e.,
where we found waves A =9.4 cm.
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of the 1st order. This is due not so much to the lesser accuracy of the early
measurements as to the fact that the early measurements were made at differ-
ent times, frequently after considerable intervals of time and the tube was
not always sufficiently preheated before the beginning of measurements (cf.
I, §4). :

Together with the observed wave-lengths N Table V gives the wave-
lengths N\, which were calculated by means of Barkhausen’s formula (2). It
is seen that the length of the normal waves is close to the theoretical value.!!
The value of the ratio N\;/\ shows that the dwarf waves of the 1st order are
approximately twice as short as those given by formula (2); dwarf waves of
the 2nd order are approximately three times shorter than the computed
value; dwarfs of the 3rd order four times; and finally dwarfs of the 4th order
are approximately five times shorter than those given by formula (2). Hence
it follows that the wave-lengths of the dwarf waves are given by the following
simple relationships:

Ao
A= 7 (dwarf waves of the 1st order)

Ao

Ao = P ( « « « « 9nd «) (3)

A
Ay = 7;( « « €« & 3pd ¢ ) etc.,

where N\ is the length of the normal waves, corresponding to the grid poten-
tial at which dwarf waves are observed. The approximate value of A\, can be
computed from Eq. (2).

In the particular case it is evident that at the same grid voltage E, we
should observe a series of waves whose lengths correspond to series (3).
Whether all these waves are actually generated or only some of them depends
on the absolute value of A and on the presence of oscillating circuits, one
of the natural periods of which is equal or near to the members of series (3).
Without going into a detailed discussion we shall give two examples from the
data of Table V. At E,=150 v the tube generates the following waves,
No~62.2 cm (normal waves), A\ =36.2 (~N\o/2) and A\3=18.0 (~N\¢/4). At
E,;=200 v we have: A\g=54.1 (normal waves), N\2=20.7 (~N\¢/3), \3=15.6
(~\¢/4) and finally A, =12.5 (~X\¢/5). It is seen that the observed waves do
not exactly correspond to the series (3). We shall see later the causes of this
discrepancy. In all cases without exception, the observed wave-lengths ex-
ceed the values expected from series (3) by approximately 15 percent. Hence
it follows that the discrepancies between the calculated and the observed
wave-lengths are not accidental but are brought about by some as yet un-
known cause.

Formula (2) was derived on the assumption that the frequency of the

1t The observed waves are approximately 15 percent shorter than those given by formula

(2).
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observed oscillations is equal to the frequency of the electronic oscillations
within the tube. The existence of waves 2, 3, 4, etc., times shorter than those
computed on the basis of this formula leads to the following very important
conclusion: a vacuum tube can generate oscillations whose freguency exceeds
many times the frequency of electronic oscillations.

§10.

We investigated the oscillations generated by tubes Nos. 2 and 4 and
found that these oscillations can be considered as GM-oscillations, since the
wave-lengths of normal and dwarf waves!? depend on the grid voltage and on
the dimensions of the grid and plate circuits. Comparing the working dia-
grams Figs. 6 and 7 with the diagrams of Figs. 1 and 3 it is seen that nearly
all the regions of oscillations are of the same type. This indicates that the
oscillations of all these regions depend in the same manner on the grid voltage
and on the dimensions of the oscillating circuits and hence, that they must be
G M-oscillations.

There are, however, on the diagrams, Figs. 6 and 7, three regions differ-
ent from the rest. These are regions going parallel to the axis of abscissas and
having lines of maxima approximately at E, =200, 305 and 530 volts. From
the data of Table V it is seen that oscillations generated within these regions
have approximately the same wave-length, irrespective of the dimensions of
the oscillating circuits used. The latter circumstance is very important, for we
know that one of the characteristic features of the BK-oscillations is the
fact that their wave-length is independent of the length of the oscillating
circuits.

In order to decide whether or not the oscillations of these three regions are
BK-oscillations, we must determine how their wave-length depends on the
grid potential. If they are BK-oscillations, then a change in the grid potential
must produce a change in the wave-length according to the Eq. (1). Table VI

TABLE VI. R5 (No. 20). I,=0.704.

E, L I A NE, E, L I x NE,
(volt) (cm) (mA) (cm) (volt) (cm) (mA) (cm)

285 15 0.06 12.9 0. 4:74)(105 490 15 0.01 12.8 0. 803}(105

295 “ 0.28 12.7 0.476 500 “ 0.04 12.8 0.819

305 “ 0.46 12.55 0.480 ¢ 510 “ 0.20 12.75 0.829 «

315 « 0.32 12.4 0.484 ¢ 520 “ 0.35 12.75 0.846 ¢

325 “ 0.06 12.3  0.492 « 530 “ 0.65 12.7 0.855 ¢

330 “ 0.02 9.4 0.292 ¢ 540 « 0.40 12.7 0.871 «

335 “ 0.01 16.2 0.878 ¢ 550 “ 0.30 12.7 0.887 “
560 “ 0.20 12.65 0.896 ¢
570 “ 0.02 12.65 0.912 ¢

gives the results of measurements of wave-lengths at different grid potentials.
Measurements were made for two regions only. No data are given for the
third region because the narrowness of that region and its close proximity to
the regions of other waves introduces an uncertainty in the measurements.

12 They were dwarf waves of the 15t order.
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Table VI shows that the wave-length changes with the grid potential. The
nature of that change is quite analogous to that previously obtained for nor-
mal and dwarf waves of the 1st order. The product A2E, changes when the
grid potential is changed, which shows that these oscillations cannot be con-
sidered BK-oscillations. This conclusion can be extended to the oscillations
of the third region, lying at E,~200 v as there is no reason to consider it
different from the other two.

The results obtained permit us to assert that the observed normal waves
and all the dwarf waves of all orders belong to the same type of GM-oscillations.
It is of interest to know why the oscillations in these three regions are differ-
ent from all the others and why their wave-length does not appreciably de-
pend on the lengths of the plate and of the grid circuits. This can be readily
understood if we assume that a circuit with a natural wave-length close to
A=12.5 cm, in which these oscillations originate, lies somewhere within the
tube®® and that the plate and grid circuits are coupled with this circuit so
that their oscillations are forced oscillations. In such a case a change in the

Ia(»\A) Ea=303volt (Ccnst
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Fig. 8. (s, L)-characteristic showing the dependence of the amplitude of oscillations of
dwarf waves of the 3 order on the length of the grid and plate circuits.

wave-length of the oscillations in the primary circuit, which depends on the
change of grid potential, will produce a corresponding change in the wave-
length of the oscillations in the plate and grid circuits. As the oscillations in
the primary circuit are not affected by the forced oscillations, a change in
the length of the plate and grid circuits cannot produce a change in the wave-
length of the oscillations in the primary circuit. This is what we observe.

At present it is difficult to say what is the cause of the dependence of the
wave-length in the primary circuit on the grid potential and the problem re-
quires a special investigation. It is clear, however, that this dependence can-
not be entirely ascribed to a change in the time of passage of the electrons,
since Eq. (1) is not satisfied when E, changes.

If our assumption is correct, that there exists within the tube a circuit
with a natural wave-length A=12.5 cm and that the plate and grid circuits
are coupled with it, then a change in the length of these circuits must produce
a change in the amplitude of the oscillations. The curves of Fig. 8 shows that
this is verified by experiment. This curve represents the relation between the
plate current and the lengths of the plate and grid circuits. The grid voltage
was kept constant at a value corresponding to the line of maxima of the
second (i.e., the middle one) region of oscillations. The curve, as we see, is

13 As we shall see later, this assumption is supported by a number of other considerations.
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the usual curve of standing waves.!3* The wave-length found from this curve
is very near to the value found by direct measurements.

§11.

During the above described measurements we succeeded in discovering
waves A=9.4 cm, which are the shortest ones we found with tubes of the
type RS. As'shown in Table VI, with a change of grid voltage from E;, =325 v
to E, =330 v the wave-length decreased abruptly from A=12.3 cm to A=9.4
cm, with a simultaneous decrease in the plate current. Such an abrupt transi-
tion from one kind of waves to another is usually accompanied by transitions
from one region of oscillations into a neighboring one. At E, =330 v we did
not succeed in finding a special region of dwarf waves of the 4th order to
which waves A =9.4 cm belong. When E,; was increased by 3—35 v, the wave-
length increased abruptly to A=16.2 cm which corresponds to the boundary
of the region of dwarf waves of the second order which exists in this part of
the diagram. The waves A =9.4 cm disappeared when the length of the plate
and grid circuits was changed by 13 —2 cm. They reappeared at L=6—7 cm
and L=23—24 cm, that is, again in those points where the region of dwarf
waves of the 2nd order passes into the region of dwarfs of the 3rd order.

Subsequently, waves near to A=9.5 cm were obtained with other tubes.
For example, tube No. 5 gave waves A=9.4 cm. These observations shall be
presented later. Such waves were obtained at E, =330 v and at E,=335 v. In
both cases we had L=13.5—15 cm, i.e., in both cases the waves were found
on the boundary of the dwarfs of the 2nd and 3rd orders. Again, in the very
beginning of our investigation, tube No. 2 gave wavesA=9.6 cm at E,=90 v
and L =35—40 cm.** The working diagrams show that this point corresponds,
to the boundary of the region of normal waves.

All these observations show that waves approximately 9.5 cm long are
characteristic for tubes of the type RS. They also indicate that the appear-
ance of these waves is in some way connected with the unstable “regime”
existing in the tubes at the boundaries of regions of oscillations. This should
be mentioned because other types of tubes give sometimes very short waves
at unstable operating “regimes.”

§12.

The working diagrams show that tube No. 20 began generating oscilla-
tions at E,~355 v. The measurements given in Table V do not go below 105 v.
The discrepancy is not accidental. At the heating current at which tube No.
20 was operated, the upper bend of the usual static characteristic of that tube
was located between E,=50—80 v. Thus all the points of the diagram for
which E, <80 v went beyond the region of the saturation current. Since the
space charge must have a distorting influence in all points outside of the
region of saturation current, all these points were excluded from our observa-
tions.

s Cf, M. O. J. Strutt, Ann. d. Physik 4, 26 (1930).

1 In this case N2E,=0.083 X105, It is evident that we are dealing with dwarf waves of a
fairly high order (8t or 9th),
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Curve (a) Fig. 9 gives an idea of the results obtainable in the region
E,=50—80 v. The dotted line corresponds to the equation N?E,=15.78 X105
It is seen that all points within the region E,=105-200 v (former observa-
tions) fit the curve very well, while within the region E,=55—80 v the points
follow an entirely different curve. As a result the product A2E, for these points
differs considerably from the average value found previously, as is seen from
curve (b) Fig. 9 and also from the data given in Table VII.
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Fig. 9. Curves showing the dependance of the length of the normal waves, the value of the
product NE, and the emission current on the grid potential. The dotted line (a) corresponds
to Barkhausen’s Eq. (1).

It is seen that at grid voltages E, <100 v, the wave-length is below that
given by the Eq. N2E,=35.78 X10 and the value of the product A2E, falls off
rapidly. This phenomenon is due to the fact that space charges appear near
the filament. Analogous results were obtained by N. Kapzov and S. Gwos-
dower®® who worked with vacuum tubes of a different type. Our observations
shows that the product A2E, has a minimum value at E, =60 v and L=750 cm
when the line of maxima comes close to its asymptote which lies at E,=58 v
at the heating current used. In the region of this asymptote we have a very
interesting phenomenon—at constant E, the wave-length increases as the
length of the circuits is increased (see Table VII) and the corresponding
points of curves Fig. 9 lie above the dotted lines. As the grid voltage remains
practically unchanged, the case is evidently quite analogous to the one we

15 N. Kapzov u. S. Gwosdowér, Zeits. f. Physik 45, 114-134 (1927).
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TasLE VII, R5 (No. 20). I,=0.704.

E, L a NE,

(volt) (cm) (mA) (cm)

105 33 2.2 74 5.75X108
81 39 2.0 82 5.45 ¢
65 45 1.9 88 5.34 ¢
60 50 1.3 94 5.30 ¢
60 55 0.97 100 6.00 ¢
58 60 0.77 106 6.52 ¢
58 65 0.63 112 7.27 ¢
58 70 0.53 117 7.95 ¢

had previously, when the wave-length depended on the lengths of the grid
and plate circuits—see Table III. In the present case, however, an increase
in the circuit length produces a considerably greater increase in the wave-
length than before. This is apparently due to the fact that at E,~E, the
oscillations are considerably less stable than at E,>E, and all the external
factors exercise a greater influence.

§13.

Measurements made with other vacuum tubes of the same type R5 gave
results very similar to those described above.
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Fig. 10. The lengths of normal and dwarf waves at different grid voltages. The dotted lines
correspond to the equation ME,=Const. Curve (a)—A2E,=5.81X105 (normal waves); curve
(b)—A2E,=2.01 X105 (dwarf waves of the 1t ord.); curve (c) —A2E,=0.856X10% (dwarf waves
of the 2nd ord.); curve (d)—N\E,;=0.495X10% (dwarf waves of the 3% ord.); curve (e)—N\E,
=0.303 X 105 (dwarf waves of the 4t? ord.).

We shall give as an example the results obtained with tube No. 5 (type RS).
Tube No. 20 which has been investigated earlier, was used as a “ballast.” All
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measurements were made at a higher heating current than before, the emis-
sion current reaching as high as 41 mA. All the measurements were made
within a very brief period of time, as at this heating current the disintegration
of the filament proceeded rapidly.

We shall omit the tables of data and the working diagrams which are
very similar to those of Figs. 6 and 7. Fig. 10 gives the results of measure-
ments of wave-length in different points of the diagram, corresponding to the
maximum values of the plate current. It is seen that the observations fit well
the curves A2E, =const. The curves differ in the numerical value of the con-
stant. The numerical values are very close to those previously obtained with
tube No. 20. We are evidently dealing with five different kinds of waves:
normal waves and dwarf waves of the 1st, 2nd, 3rd and 4th orders, corre-
sponding to the numerical values of N2E,.

It could be easily shown that the waves generated by tube No. 5 almost
coincide with those generated by tube No. 20. They lie now at slightly higher
values of E, than before. In other words, a comparison of the working dia-
grams for these two tubes would show that the regions of oscillations of tube
No. 5 lie above those of tube No. 20. We shall see later that such a translation
of regions is a result of the increase in the heating current.

We shall mention the following details. Due to the increase in heating cur-
rent, the region of normal oscillations reaches now to higher values of E,
than before. On the curve of normal oscillations (Fig. 10) we see points up to
E;=242 v, the boundaries of the region reaching almost up to E,=300 v.
The region of dwarf waves of the second order, lying near E,~350 v, shows
an appreciable increase in size, reaching up to E, =400—410 v. All the other
regions remained practically unchanged. Observations with tubes Nos. 5 an
20 were made at a relatively high value of the heating current. We shall give
also the results obtained with tube No. 7 (type R5), when the heating cur-
rent was considerably lower, so that the emission current was about 12 mA.6
Exactly similar results were obtained, the average value of A2E, being:
5.85X10% for normal waves, 1.90X10% for dwarf waves of the 1st order,
0.800< 108 for dwarf waves of the 2nd order, 0.466 X105 for dwarf waves of
the 3rd order, and, finally, 0.300 X 105 for dwarf waves of the 4th order. These
values agree well with those found previously.

All our findings point to the following conclusion: as far as the generation
of ultra-short waves is concerned, tubes of the same type differ only with re-
spect to the number and the size of the regions of oscillations on the working
diagrams. Moreover, if a region exists it will be located in nearly the same
part on all the diagrams and the corresponding wave-lengths and values of
ME, will be nearly equal for all the tubes. It should be borne in mind that
observations should be made at a constant heating current and in those
points of the diagram for which E,>E, and which correspond to the maxi-
mum values of the amplitude of oscillation (maximum plate current).

16 The results of our earlier observations, see Zeits. f. techn. Physik 10, 542-548 (1929),
Table III, are not given here, because they are less accurate and because tubes of the older
series were used which had a slightly different diameter of the plate.
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There is one exception to this rule. It occurs in those infrequent cases
when two kinds of waves are generated at the same time and we have
simultaneously dwarf waves and weak normal waves. This is sometimes ob-
served in those regions of dwarf waves, which lie at E; <300 v, i.e., where
normal waves can generally be observed. In such a case the wave-length and
the value of AN2E, are higher than usual. An explanation of this fact can be
given, after an investigation is made of the dependance of the length of the
waves on the heating current and the amplitude of oscillation.

§14.

It is of importance to know, why some tubes have working diagrams rich
in regions of dwarf waves (Figs. 6 and 7) and generate such waves easily,
while other tubes of the same type have diagrams almost devoid of regions of
dwarf waves and these waves are generated with difficulty.

In the case of normal waves it is known that their production is facilitated
by a symmetry in the construction of the tube. This fact is supported by
direct observations on the generation of these waves by tubes with destroyed
symmetry!” and also by the well-known fact that normal waves are nearly
always generated by tubes with cylindrical electrodes, while tubes with plane
electrodes produce them only in exceptional cases. The effect of symmetry is
easily understood. If the symmetry of a tube with cylindrical electrodes is
destroyed, i.e., the filament does not coincide with the axis of the grid and
of the plate, then the time required for the electrons coming off the filament
to pass to the plate will be different for different electrons, depending on the
direction of their motion. If the difference in the time of passage is sufficiently
large in comparison with the period of the generated oscillations, the oscilla-
tions will be broken up. Hence it follows that the condition of symmetry is
essentially a condition of the equality of the times of passage of the electrons in
different directions within the tube. In the case of a tube with cylindrical
electrodes of the usual construction, i.e., with a filament inside of the grid,
the two conditions are equivalent. In the case of tubes of some other design
it is necessary and sufficient to satisfy the second condition only.

In a recent paper H. E. Hollmann'® has indicated the possibility of ob-
taining oscillations using asymmetric tubes, with the anode placed within the
cylindrical grid and the filament (one) located outside of the grid. This is
not in contradiction with our statement. In these tubes the majority of elec-
trons will follow approximately the direction of the straight line connecting
the filament and the plate. Thus the condition of the equality of times of
passage will be satisfied for the majority of electrons, in spite of the asym-
metry of the construction. Our statement is further supported by the well-
known fact that oscillations can be obtained with cylindrical tubes having
spiral shaped filaments.

The condition of the equality of the times of passage must also have an
influence on the generation of dwarf waves. Also, the higher the order of the

17 See, for example, G. Breit, J. Opt. Soc. Am. 9, 907-922 (1924).
18 H. E. Hollmann, Phys. Zeits. 31, 5663 (1930).
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dwarf waves, the more they are affected by an inequality in the times of pas-
sage, because the greater will be the relative difference between the period of
oscillation and the times of passage of the electrons in different directions.
Following our suggestion A. Wainberg!® has systematically investigated the
effect of the position of the filament in tubes of the type RS on the generation
of dwarf waves. These investigations?® show that shifting the filament by
0.5 mm from the axis of the plate produces a decrease in the amplitude of the
normal waves from 10 percent to 30 percent depending on their length and
completely prevents the generation of dwarf waves of the 1st and 2nd orders®
which normally are generated by the tube. ’

These results explain why working diagrams obtained with tubes of the
same type can differ so widely with respect to the number of regions of dwarf
waves.

For tubes of the type R5 we can calculate, using formula (2), that dis-
placing the filament by 0.5 mm relative to the plate will cause a maximum
difference of 20 percent in the times of passage of two electrons moving in
opposite directions along the same diameter. This difference amounts to 40
percent of the period of the dwarf waves of the 1st order and to 80 percent of
the period of the dwarf waves of the 2nd order. This explains why a small dis-
placement of the filament has such a great effect in preventing the generation
of dwarf waves.

In the commercially available tubes the electrodes are frequently dis-
placed from their normal position by more than 0.5 mm. Therefore, very few
of these tubes are capable of generating dwarf waves and especially dwarf
waves of higher orders.

§15. ON THE NATURE OF DWARF WAVES

Series (3) is very similar to the series of overtones of harmonic oscillators.
The resemblance is purely superficial, however, and dwarf waves cannot be
considered as overtones of the normal waves.

The main difference between dwarf waves and overtones, as they are usu-
ally understood, consists in the fact that dwarf waves are completely inde-
pendent of the normal waves. This is shown in Figs. 6 and 7. Dwarf waves are
observed, in fact, even at such grid potentials E, at which no normal waves
can be produced at all. For example, at grid voltages of 300 v and higher, at
which we have no traces of normal waves we can easily obtain dwarf waves
of the 2nd and 3rd orders.

This does not mean, of course, that the wave-length of the dwarfs may
not coincide with that of one of the overtones of the grid and plate circuits.
All the points of lines of maxima will always correspond to one of the natural

19 A, Wainberg, Journ. appl. Phys. (russ) 8, 97-104 (1930).

20 In tubes of the type RS the plate is so arranged that it can easily be shifted from its
normal position. Thus, the same tube could be used in all measurements. This guaranteed con-
stancy of vacuum, filament, etc.

2t A, Wainberg, reference 19, see Figs. 3 and 4, region IV (dwarf waves of the 1t order) and
region V (dwarf waves of the 224 order).
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periods of these circuits (fundamental or overtone) and this coincidence may
occur. But in this case the oscillations will not have the corresponding funda-
mental period, i.e., they will be forced.

§16.

According to Barkhausen’s theory, the period of the oscillations in the
circuits coupled with the tube must be equal to the period of the oscillations
of the electrons about the grid. In other words, it must be equal to the time
required for the electrons to pass from the filament to the plate and back.
The derivation of Eq. (2) is based on this assumption. Hence it follows that
the lengths of the normal and of the dwarf waves can be represented by the
following relationships, which are analogous to the relationships (3):

No = ¢or (normal waves)

,
AN o= 60—5 (dwarf waves of the 1st order)
Ao = 60“3— ( « « « « gnd “ ) (4)

Ay = COZ< « « R e )etc.,

where ¢, is the velocity of light and 7 the time required for an electron to pass
from the filament to the plate and back, corresponding to the value of the
grid potential at which waves are observed.

If the periods of the oscillations generated be denoted by T, (normal
waves), 11 (dwarf waves of the 1st order), T: (dwarf waves of the second
order) etc., series (4) gives

7=T=2T,=3Ty=4T3 = - - - . (5

This means that during 7, the time of electronic passage, the oscillating cir-
cuit can perform not one oscillation only, but two, three, four and so on.

This answers the question regarding the nature of dwarf waves. Since
dwarf waves are GM-oscillations and since oscillations of this type orginate
in the circuits coupled with the tube, it is clear that dwarf waves are oscilla-
tions of the circuits within the tube or coupled with the tube and which are excited
in such a maner that during the time of passage of electrons from the filament to
the plate and back, they perform two complete oscillations (dwarf waves of the
1st order) three complete oscillations (dwarf waves of the 2nd order) etc.

The difference between the normal and dwarf waves lies in the difference
in the excitation of the oscillating circuits. The question as to how the circuits
are brought into oscillations corresponding to dwarf waves is evidently analo-
gous to the question as to the mechanism of the excitation of normal waves.
The solution of this question involves an investigation of the mechanism of
the electronic oscillations in a vacuum tube. In a preliminary paper? we have
indicated one of the possible ways.

2 G. Potapenko, Zeits. {. techn. Physik 10, 542-548 (1929).
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There remain some small systematic discrepancies between the results
of observations and series (3) and therefore series (4) and (5). An investiga-
tion of the relation between the wave-length and heating current and the
amplitude of the oscillations will explain the cause of these discrepancies.

§17.

We shall now consider to what regions of the spectrum will belong the
normal and dwarf waves generated by tubes of the type R5. Fig. 11, which is
based on the data of Fig. 10 and of Table V, shows that the oscillations gener-
ated cover only certain regions of the spectrum. Between these regions there
are considerable gaps where no oscillations are generated at all. The normal
waves cover a region of the spectrum corresponding to a wave-length A~50
cm and longer. The dwarf waves of the 1st order cover a region between A~34
cm and A~44 cm. Dwarf waves of the 2nd, 3rd and 4th order lie within still
narrower limits around A=18.5 cm, A=15.5 cm, A=12.5 cm and A=9.5 cm.
It is of interest that waves close to A=18.5 cm and A =15.5 cm are generated

th
dw waves 4 “ord .

rd
dw.waves 3™ ord SR

dw. waves 2" %ord.

3
dw. waves*“ord

normal waves ———————

£ -X (em)

10 20 30 40 so 60

Fig. 11. Regions of the spectrum corresponding to the oscilla-
tions generated by vacuum tubes of the type RS.

both as dwarf waves of the 2nd order and as dwarf waves of the 3rd order.
Waves close to A=12.5 cm are generated as dwarf waves of either 2nd, 3rd
or 4th orders.

The fact that only certain waves whose length lies within definite limits
can be generated as dwarf waves of the 2nd, 3rd and 4th orders shows that
somewhere within the tube there exist oscillating circuits whose natural
periods (fundamental or overtones) are close to the periods of the observed
oscillations. These circuits exist somewhere within the bulb or the base of the
tube, because the length of the corresponding waves (waves near to A=12.5
cm) is little or not at all dependent on the length of the grid and plate circuits.
The question as to what these internal oscillating circuits really are is rather
complicated and must be treated separately. In connection with this question
we had constructed a special tube in which one of the internal circuits was
variable. The design of this tube was described in a previous paper.?

We have seen that waves of the same length can be generated as dwarf
waves of different orders. This is in complete agreement with our previous
considerations. It shows that the same circuit can be made to oscillate in
several different ways, so that during the passage of electrons from the fila-

% G. Potapenko, reference 22, see Figs. 7 and 8.
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ment to the plate and back to the filament it will make three, four or five
oscillations depending on whether we have dwarf waves of the 2nd, 3rd or
4th orders respectively.

From Eq. (1) it is easily seen that the values of the grid potentials at
which waves of the same length can be observed must satisfy the following
series

(Bo)o (Eo (o (6)

E
(Ea)o 4 9 16

where the first term corresponds to normal waves, the second to dwarf waves
of the 1st order, etc. The correctness of the above series can be seen from the
data of Table V.

Fig. 11 shows that waves corresponding to the oscillations of the internal
circuits of the tube can be observed as dwarf waves only and only as dwarf
waves of certain definite orders. For example, none of them appear as dwarf
waves of the 1st order. As dwarf waves of the 4th order we have waves near
toA=9.5cm and A=12.5 cm. We do not find here any waves of greater length
which, one would think, could be more easily obtained. An explanation of this
can be obtained from a consideration of Table VIII, which gives the grid
potentials at which we can expect the appearance of waves corresponding to
internal circuits in the form of dwarf waves of different orders. These poten-
tials are calculated using formula (1), the numerical values of the product
NE, being taken from Table V. Voltages at which waves were actually ob-
served are separated by a thick line from the other figures.

TasBLE VIII.
Order of the waves ME, A=9.5 A=12.5 A=15.5 A=18.5
Dwarf waves 1 ord. 1.97-105 2200 v 1300 v 820 v 580 v
“ “« 2 ¢ 0.846 “ 940 « 540 ¢ 450 “ 250 ¢
“ “« 3 ¢« 0.481 ¢ R 530 310 ¢ 200 140 “
“ “ 4 0« 0.300 “ | 330 ¢ 190 ¢ | 120 “ 90 “
“ “« 5 ¢« (0.21-10%) 230 ¢ 130 « 90 ¢ 60 «

From Table VIII it is seen that waves A=15.5 cm and A=18.5 cm could
be generated as dwarf waves of the 4th order at grid potentials E, =120 v and
E;=90 v. The working diagram Fig. 6 shows, however, that longer and more
powerful normal waves and dwarf waves of the first order are generated at
these voltages. Their presence precludes the appearance of the dwarf waves
of the 4th order which are shorter and hence generated with greater difficulty.
Waves A =9.5 cm could be obtained as dwarf waves of the 3rd order at a grid
potential E;=530 volts. This is hindered, however, by the longer waves
A=12.5 cm, which, as we have seen before, occupy the whole region of the
diagram which lies between E,~500—550 v. We cannot expect to obtain
waves A=9.5 cm as dwarf waves of the 2nd order, in view of the high poten-
tial required. For the same reason, evidently no dwarf waves of the first order
A=9.5—-18.5 cm were observed.
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At E;=190—200 v it is theoretically possible to obtain dwarf waves of
the 4th order A=12.5 cm and dwarf waves of the 3rd order A=15.5 cm. These
waves were actually observed. In this case their appearance was not pre-
vented by longer waves. This is explained by the fact that waves A=15.5 cm
are generated only at certain definite lengths of the plate and grid circuits,
while waves A=12.5 cm are independent of the length of the circuits. Thus
at certain circuit lengths the waves A =12.5 can appear as they are not hind-
ered by the longer waves. That is where they were observed.

From series (3) it is easy to calculate the probable value of A2E, and the
potentials at which dwarf waves of the 5th order could be generated. These
calculations are also given in Table VIII. Comparing them with the working
diagram Fig. 6 it would seem that waves A =9.5 and especially waves A=12.5
might be observed as dwarf waves of the 5th order. However so far all at-
tempts to find them were unsuccessful. Apparently, this is due to the fact
that a higher degree of symmetry in the arrangement of the electrodes is
required for the generation of dwarf waves of higher orders.

The production of dwarf waves of higher orders is of interest because it
enables us to obtain short waves at relatively very low voltages. The latter
ensures a steadiness in the operation of the tube and renders possible the
application of short waves for exact measurements. A few simple computa-
tions will show the advantages of dwarf waves as far as a decrease in grid
voltage is concerned. To obtain normal waves A=18.5 cm a grid voltage
E;~1900 v is required. To obtain normal waves A=9.5 cm, a grid voltage
E,~6400 v is necessary. These figures are so large that the production of
normal waves of this length is entirely out of the question. Besides, at such
values of the grid voltage the emission current would have to be increased
approximately 150 times (see I, §2). This is also quite impossible.

In conclusion the author wishes to express his gratitude to the Rockefeller
Foundation for the grant of a Fellowship and to Professor R. A. Millikan
for the facilities of the Norman Bridge Laboratory.
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Fig. 2. A 3-dimensional working diagram for vacuum tubes of the type RS5.
The ridge M corresponds to dwarf waves.



