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Summarz.

The prominent features in the design of the instrument are
discussed. Novel among these are the design of the metal dis-
charge tubg, Ienard window and associated apparatus, and the
time sweep and blocking circuits. Investigation of the metal
discharge tube showed that there was an optimum spacing between
cathodé and anode, that decreasing the diameter of the tube
Increased the ratio of beam current to cathode current, and that
raising the ecathode voltage increased the current density in the
beam. A 2% x 3% inch Lenard window using cellophane foil
supported by a metal grid is used, and has proved to be quite
satisfactory and durable. The sweep and blocking circuits are
integral, operating from a triple sphere gap, and are so arranged
that the beam sweeps clear across the window without any auxiliary
bilasing arrangement. Tripping is either automatic from an
incoming surge, or semi-manual from a second set of gaps set to
trip at convenient intervals. A number of sweep speeds are
available, controlled by & selector switch.

The various factors involved in ILenard photography are
tabulated and the majority are investigated. The radial current
density in the recording spot is measured, and the effects of
changes in discharge tube design in this regard are evaluated.
Several types of films were tested to find the most sensitive.

Eastman Process Nitrate film was finally adopted as sensitive

vi



as most and mechanically superior to the others. The best
development time to use for typical oscillograms in several
developers was determined. From & photometric investigation of
oscillograme taken with o wide range of velocities and cathode
voltages, the blackening of this film by cathode rays was
established as a function of incident charge density and

cathode voltage. An empirical formulas B = K+/q' is found
to express the blackening as a function of charge density for a
given cathode voltage. From these data the maximum recording
speed is computed to be 30,000 km./sec.

Operating experience with the tube is given. Typical
oscillograms illustrating automatic recording of surge phenomena,
etc., are shown. Various types of distortion encountered in
operation are illustrated, and methods for eliminating them

are given.

vii



DESIGN AND OPERATION OF A CATHODE-RAY OSCILLOGRAFH FOR

EXTERNAL PHOTOGRAPHY.

l; Historical Introduction.

The development of the cathode-ray oscillograph from a
delicate instrument used for electronic measurements to & rugged
piece of apparatus widely used in commercial tests has been rapid,
especially in the last decade. Experimenters have been quick to
see the advantages of a recorder having extremely low inertia, and
have raised the limiting speed of operation until it is now possible
to obtain records with a maximum writing speed of a quarter the

(32)

velocity of light o Continuous recording over several

(96)(95)(103) (102)
hundredths of a second of single or three-phase
transient phenomena has been achieved in which events occuring ten
microseconds apart may be distinguished clearly. The voliage
which may be applied directly to the deflection plates has been

(66)(70) (19)
raiged to 100 to 200 kilovolts. By the construction of
(102)
multiple-discharge chamber oscillographs, or single cathode
(22)(91)(97)

multi=beam instruments, it is no longer necessary to

record only one phenomenon at a time. The same result has been

been achieved by the use of ingenious switching arrangements on a

(32) For references, see bibliography.



(38)(40)(106)
single=beam instrument.

Corresponding to this advance in the instrument itself has
been the development of recording processes. Photographic record-
ing is almost exclusively used for any non=recurrent transient,

(84)(83)(85)
and for convenience in recurrent phenomena. Selenyi
has shown that for slow writing speeds, the utiligzation of the
electronic charge in the beam may be accomplished by tracing
oscillograms on insulated dielectric plates. The charges carried
by the electrons leak off the plate very slowly, so that by rapidly
dusting the plate with powdered sulfur and red lead as a charge
indicator, the trace of the beam can be made visible. As far as
is known, this process has been entirely abandoned in favor of
the several more convenient photographic processes.

Internal photography is the oldest and most popular method of
recording. The oscillogram is produced by direct impact of the
electron beam on a sensitized plate introduced into the oscillo-
graphe This method has the inherent advantages of highest possible
recording speed and sharpness of line. Against these advantages
lies the fact that the introduction of the plate into the vacuunm
takes considerable time and is inconvenient. Because of this,
three different methods of external photography have been developed
which do not have the disadvantage mentioned above, and which have
high recording speeds combined with reasonable line definition.

These three methods of external photography have been defined

(6)
by one investigator as Lenard photography, fluorescent photog-



raphy, and photography with camera and lens. ILenard photography
is the process of allowing the beam to fall on a thin electron-
penetrable foil which forms part of the oscillograph wall. ‘The
film or plate is pressed against this foil and is blackened by the
electrons penetrating the foil, Fluorescent sereen light-contact
photography is accomplished by using a transparent end on the tube,
coated on the inside with a fluorescent material. The light pro=
duced by passage of the beam affects a photographic film placed in
contact with the tube. If the light track is photographed with a
camera, the process is called photography with camera and lens.

All three methods have been developed to a high degree in the last
few years, chiefly by the German research workers at Aachen and
Berlin. The author knows of only one paper on the recording of
transient phenomena with fluorescent-screen contact-photography(67)
and one on photography with camera and lens vee published in
England, and Qf none on any of the three methods appearing in the
American technical presse. It should be mentioned, however, that

numerous articles have appeared in both countries on external

photography of recurrent phencmena with camera and lens.

Processes of External Photography and their Limitations.

*
1. Lenard Photographye.

After Lemard succeeded in demonstrating that cathode=-rays
(61)
could penetrate a foil into the air, a number of investigators

* Much of this information is from von Borries' thesis
(reference 6) to which excellent source of material investigators
of external photography are recommended.



(27)(28)
attempted to make use of this phenomensa in various ways. Coolidge,

using a nickel foil and later resistol with thickness of 0.0127 mm.
and an accelerating voltage of 900 kv., was able to obtain cathode
rays of considerable intensity in the air close to the foil, The
window used was three inches in diameter and had a honey comb supporte-
ing grating of sheet molybdenumn, so that 80 per cent of the foil
was exposed to the ray. Thaller‘gs)‘g4)used e supporting grating of
copper electro-plated in honey comb shape on a 0+010=0,015 mm. foil.
There was & 0.001 mm. plating of gold on the outside of the foil.
Knipp(48)used glags to form a Lenard window. Due to the poor
mechanical properties of this material when sufficiently thin, he
was able to use only a small window. Slack(87)avoided part of this
difficulty by using a hemispherical window of 0.010 mm. glass.
This of course made special plates a necessitye.

wOod(105)suggested the possibility of using & Lenard window in
conjunction with his oscillograph, while Leest)five years later,
regretted that ".....unfortunately there has yet been no way
successfully developed whereby the projected beam can be utilized
for measurement purposes." However, in the next year, 1929, Max
Kn011(49,of Berlin announced that he had successfully accomplished
this result using a Lenard window, and published the first crude
oscillograms. 0,011 mm. aluminum foil was used as the window,
supported by a steel plate three inches in diameter, perforated with
holes bored close enough that 30 per cent of the foil was exposed

to the beam. The maximum writing velocity was 20 meters per second.



Progress after this was rapid. A supporting grating of spring steel
strips placed endwise to the ray was developed, and windows of cello=
rhane, cellon, and aluminum were used. In a series of papers from
(63)(56)(57)(58)

the Berlin laboratory stronger and larger windows,
and higher and higher writing speeds were announced, until in 1952(6’
9 x 12 cm. windows were in use, and sharply defined traces at veloci=-
ties of 2550 km. per second had been obtained. In the last article the
maximun obtainable writing velocity was stated to be 4800 km. per
second.,

(37)

Freisewinkel conducted an interesting series of experiments
on the relative blackening of film using Lenard photography {(0.016
mm. zellon foil) and fluorescent photography (zns with a trace of Cu
used as the fluorescent), and found that for accelerating voltages
.less than 55 kv., fluorescent photography was most advantageouss
for voltages over 65 kv., Lenard photography was better for low beam
intensity, but that for high beam intensity there was little differ-
ence between the two. Using a beam current of approximately 2 micro-

amperes, he was unable to secure satisfactory Lenard photographs

at voltages less than 50 kv.

2. Fluorescent-Screen Contact Photography.

This type of photography was discussed by MacGregor-=Morris and
(62)
Mines, who were unable to make oscillograms in the proposed manner,
(90)
Steenbeck in 1929 was able to press sensitive paper on a rotatable

frame against the fluorescent screen of a Braun tube and obtain

reproducible tracings of the recurrent phenomena., Rogowski, Flegler,



(75) (63)(57)
and Rosenl8cher of the Aachen Institute and Knoll and von Borries

of Berlin were able to obtain true contact photographs at approxi=
(54)(71)
mately the same date, in fact there has been considerable discussion
(6)
as to the priority of the two schools in this matter. Von Borries

obtained approximately equal writing velocities using the two methods,

at an exciting voltage of 656 kv. (around 2000 km./sec.). Freisewinkel(ﬁs)
was also successful in obtaining velocities of 2000 km./sec.
Graupner‘44)showed that by use of an acceleration grid low voltage
oscillographs could be used for this purpose, the high velocity required
to excite the fluorescent material being furnished by the acceleration
grid. Stekolnikov and Slaschew (gl)used contact photography in their
double beam oscillograph, and obtained writing speeds in excess of
25,000 km./seo. This is the highest recording velocity obtained so

far,

3. Photography with Camera and Lens.

This has proved to be the most popular field for investigation
in cathode ray oscillography in the last few years. It is also the

oldest form of external photography to be successfully used. Ebert
(33)
and Hoffmann stated in 1898 that they photographed the Lissajou
{107)
figures obtained by Braun in 1897. Zenneck published such

figures in 1899, He also published oscillograms with linear time

(108)
axes in the same year. Better methods were developed by
(8) (86) (41) (77)(78)(79)
Angstrtm, Simon and Reich, Giesel and Zenneck , Roschansky,

(7)
and Alberti and Zickner. The last mentioned investigators studied

oscillations of 3 million cycles with a recurrent sweep. Photography



(42)
of Braun tubes has been studied by Glatzel, Fassbender and

(34) (23) (45) (46) (47)
Hupka, Brenzinger, Hull, Johnson, and Jones and Taskere.
More recent work on the small, hot cathode tubes is well summariged

{9)(10)
by Batcher,

The type of oscillogram made by deflecting the beam along one

axis only and moving the film perpendicular to this axis was

(100) (109)
initiated by Wehnelt and Donath, and was developed by Zenneck,
(59) {99) (82) (14)
Kock, Viehnelt, Samson, and Behnken. The highest writing

speed obtained was approximately 10 meters per second, due to the
(9)
mechanical difficulties involved in moving the film. Batcher

describes a high speed camera using motion picture film in which the
16 mm. film can attain a maximum velocity of 35 feet per second.

The first really high speed oscillograms with camera and lens
were made by Rogowski and GrGsser = in 1925, They used an exciting
voltage of 25 kv., 200 microamperes in the beam, and photographed
the back of the fluorescent screen with an £ 4.5 Zeis-Tessar lens,
obtaining & maximum writing velocity of 6 km./sec. This had been
increased to 300 km./sec. by Rogowski and Fleglertvz)in 1928,
Successively higher speeds were obtained by Rogowski and Szeghb,(74)
Flegler, Wolff, Rbhrich, and Klemperer,‘35)Beyerle,(l7) Buss and

(26) (6) (32)
Pernick, von Borries, and Dodds. The last investigator
obtained a maximum writing velocity of 60,000 km./sec. by use of
a so-called metal discharge tube of very efficient design operating
at 80 kv.

Contemporary with this later development was the construction

of tubes of special design. There was a fertile field of investiga-



tion in low excitation voltage tubes, and in sealed=-o0ff oscillograms
(nearly all of the above mentioned modern tubes are of the continuous-
-1y evacuated type). Boekels (20)determined that the exciting
voltage on the Aachen type instruments could be lowered to 15 kv,
successfully. Westermann and Malsch(ss)‘64)constructed an instru-
ment which would operate at 6 kv, with a maximum recording velocity
of some 100 km./sec. Later Westermann‘IOI)reviaed the discharge
tube, and using a metal discharge tube of very small size, succeeded
in obtaining writing velocities of 10,500 km./sec. at exciting
voltages of 13 kv. maximum. Becker(ll)(ls)also reported on a tube
of somewhat similar design for use at low exciting potentials.

In the advancement of high voltage sealed-off oscillographs
Szeghl ‘gz)reported on a tube in which a mercury diffusion pump was
included in the blown glass system, arranged to lower the pressure
in the deflection chamber and raise it in the discharge tube. At
a voltage of 14 kv. a beam current of 4 milliamperes was obtained.
No oscillograms were given. However, in a later report from
England, Smith, Szegh®, and Bradshawlse)published oscillograms made
by photographing the outside of a sealed tube instrument with an
£ 1.8 lens. The constructional details of this tube are quite
interesting. The various parts of the instrument are mounted on
supporting metal tubes quite similar to the usual metal type oscillo-
graph, and the whole is surrounded by a& glass envelope. Excellent
oscillograms ranging all the way from 50 cycle phenomena to speeds

of 300 km./sec. were obtained. The tube was gas filled at a pressure

of 5 x 10°° mm. and no auxiliary pump was provided.



Still a third type of modern cathode-ray oscillograph suitable
for either fluorescent-screen contact photography or photography
with camera and lens is the relatively low voltage hotecathode
instrument. Graupnerf45)working with an oscillograph of the George‘sg)
type which had been previously used by Rogowski, Sommerfeld, and
Wolman,‘ve’ obtained maximum velocities of 196 km./sec. using
contact photography, and 62 km./sec. using camera and lens. The
exciting voltage was only 2 kv., with a correspondingly high de=
flection sensitivity of 1.6 mm./volt.

The salient points of the research on modern tubes was well
summarized by MacGregor-Morris and Henley(z)in 1936, This is the

best work in English on the subject.



II. Design of Present Instrument.

In extending the research program of the High Voltage
Laboratory of the California Institute of Technology, it was
decided in 1932 to develop a modern high-speed cathode ray oscillo=-
graph. At that time the only oscillograph available was a General
Blectric instrument, Model HC-2, deséribed by Lee‘so)in 1928, This
oscillograph requires intermittent cathode operation because no
blocking system is used, the beam is gas concentrated, and records
are made ;n roll film using internal photography. The time con=-
suned during loading and re-evacuation is at least half an hour.
Because of these disadvantages, in considering the design of a
new oscillograph, external photography was tentatively chosen.
Accordingly, Dr. J. Gibson Pleasants designed and had constructed
an oscillograph embodying a constantly operating discharge chamber,
blocking system, and an arrangement for external photography using
the Lenard system. He was undoubtedly influenced in his choice of
external recording system by the work of Knoll and von Borries(S)(57)
who had at that time developed the Lenard system until it was as
fast or faster than either of the other two recording systems.
Dr. Pleasants also used the type of discharge tube developed in the
Berlin laboratorieszs?nd described by Matthias, Knoll and Knoblauch(65)

and by von Borries. This oscillograph was agsembled on a temporary

mounting and evacuated, but no further work was accomplished before

10



the departure of Dr. Pleasants. In the fall of 1933, the instrument
was turned over to the author and his associates for development

and completion.

é;_ Main Tube.

A cross section of the improved instrument is shown in Figure 1,
and views of the mounted oscillograph and accessories in Figures 2
and 3. In general the tube is a conventional vertically mounted
high voltage cold cathode magnetically focused type of instrument.
The overall length is 56 inches, the width is 10 inches, and as
mounted, the height of the cathode meter from the floor is 86 inches.
It is mounted in a heavy table which also carries the diffusion
pumps, vacuum gauge, time sweep circuits, 5000 volt power pack, panel,
and associated equipment. The table rests on heavy castors, so that
the os¢illograph may be moved about the laboratory. The floor space
taken by the table is 3 feet 6 inches by & feét 6 inches.

The discharge tube used in the present setup is entirely
different from that originally designed by Eleasants. It was the
result of a long series of experiments which will be taken up later
in this paper. It rests on a flat steel plate which forms the top
of tbe blocking chamber. The top of this plate is ground plane, and
forms a sliding greased joint with the discharge tube. This allows
alignment of the cathode‘beam with the openings in the blocking
diaphragms. The walls of the blocking chamber, like those of the
deflection chamber, are of 1/8 inch steel, which helps to eliminate

magnetic disturbances from affecting the beam. There are two sets

11
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of deflecting electrodes in the blocking chamber, each with a

grounded blocking diaphragm some three inches below it. This follows

(1) (24)
the work of Gébor and Burch and Whelpton, rather than that of
(6) (67)
von Borries and Miller and Robinson. In practice, it has been

found that one set of deflection plates is sufficient to give very
géod blocking. This will be discussed in connection with the time
sweep circuit later. 4n interesting deviation from the common prac-
tice is in the form of the blocking electrodes. One electrode of
each pair is a flat plate placed with the plane face vertical, but
the other is a rod electrode with rounded ends, placed at an angle

of 10° with the vertical. The field between the two electrodes is
non=uniform, being higher close to the rod. In practice, the
electrodes are charged so that the beam is deflected towards the

rod, thus being forced into a stronger field the closer it approache
es the rod. With the spacings used, the field (at the surface of

the rod) is approximately 1.3 times the field that would exist
between two plane electrodes with the same spacing, so that a greater
deflection is obtained with the same blocking voltage. This arrange=
ment is, the author believes, original with Pleasants.

Originally the electrodes were designed to be movable under
vacuum. This was to be accomplished by threading the electrode
supports into hard rubber cones (seeFigure 1). The supports were
kept from turning by being squared for the first section of their

length, this square part fitting into & hard rubber disc screwed

to the inside of the cone support. The hard rubber cones were

12



greased in place so that by revolving them the electrodes could

be drawn in or out without breaking the vacuum. Connection between
the end of the support rod and the metal tip on the outside of the

cone was made by using & small spiral spring under tension between

these two parts.

In practice this arrangement proved unsatisfactory. The hard
rubber cones could not be ground to form & good joint with the steel
cone support. The abrasives used saﬁk into the rubber surface without
grinding'it. For this reason, it was found impossible to keep these
Jjoints vacuum tight for any considerable length of time. After
repeated failures, the arrangement was finally abandoned, and the
cones were waxed in place with picein. It is probable that if another
material had been used, this arrangement would have proved success=
ful. One further disadvantage with this type of joint.is the necessi-
ty of using a coil spring as part of the connection. This introduces
an inductive element into the circuits which, while small, is quite
unnecessary and is of importance in high frequency transients. A
nunber of other methods for accomplishing the same result are found
in the literature, generally making use of a metal bellows or

(65)(65)(103)
sylphon. A simple arrangement designed for this ingtru=
ment by the author is shown in Figure 4. It has no greased joints
whatever.

The blocking and deflection chambers are joined by a constriction
around which the focusing coil is mounted. A rubber gasket is
inserted between these two parts which are held together by a large

nut. This joint proved unsucessful, as did all the original gasket

15



@
b

N

Y

R )

Inner 7dbe

\* ]IU]I]]I]!I]!]]EE ‘.

f ,\;'T

AL S

S Biwerss Full Scale
16,
LDESIGN OF FLATE MOUNTING
; 7 TS A ST ey
’ i / o i
. / o
Crating - Gouze\LF o/ \LA TS AP AV

R G aa

!

5 '\\\ j\ =5 £ »\\;- BN
\Q%K@\Q N

NV
A S %

|

T P K
> // A | |, ‘j
. i - Base Prarer ! ’
\ Groting~ Screern~ Foll~ AP ) }
=

LI 1 T

Va

%
%

]

F16 5

d

Soft Wax
Full Scale

LENARYD VViNoow's

NGuide Base




Joints. The joints themselves were identical with those of
(6)(65)(103)

European design 80 that the cause of the failure must

have been the hard gasket rubber available. The two joints at the

nut were eventually closed with glyptal. A cone joint of narrow

angle with the female half on the blocking chamber would have been

as strong mechanically and much superior from a vacuum standpoint.

The focusing coil is placed approximately equidistant from the
anode hole and the Lenard window. It is to be expected that the
dimension of the spot on the window would be equal to the size of
the hole in the anode.‘l) This was not found to hold true in
general, as will be seen in the beam analyses given later. The
coil is ironclad on the three outer faces, with & brass inner wall.
This increases the intensity of the field in the center while de-
creasing it nearly to zero elswhere. The coil is supported on
gymbals from a flat plate resting on a secondary member screwed to
the threoat. Thus it can be turned about any horizontal axis or be
moved parallel to itself in a horigontal plane.

The top member of the deflection chamber is constructed of
brass to offer no impedance to the flux of the focusing coil., It
is connected to the main body of the deflection tubse by a flat
rubber gasket joint. The two sets of mutually perpendicular
deflection plates are supported like the blocking electrodes with
hard rubber cone joints. The plates of either set are inclined so

that their planes intersect at a 10° angle, thus allowing greater

beam deflection without striking the electrodes. The upper set

14



are placed a mean distance of 17.25 inches from the window; the
lower set are 11,26 inches from it, so that the deflection sensi-
tivity of the upper plates is roughly 1.5 times that of the lower.
In practice the lower set was consistently used for the phenomena
to be studied while the upper were used for the time sweep. This
arrangement could be reversed if increased sensitivity were required,
although due to the oriemntation of the Lenard window, the time axis
would be shortened, A grounded plate with a slit through the
center is placed between the sets of electrodes to eliminate as far
ag possible mutusl coupling between them. This was very successful;
no oscillation was ever traceable to interior coupling between the
plates. Below the lower deflection plates is a porthole with an
interior mirror inclined so that the bottom of the oscillograph is
visible. On the opposite side of the tube an opening leads to the
vacuum gauge. Originally this was a simple discharge tube equipped
with a spark coil, ILater it was found more convenient, especially
when dealing with the window problem, to'have a more quantitative
vacuumn meter. After some experimentation a successful Pirani gauge
was installed, which gave direct readings of the vacuum from J.O“1
to 10"4 mn., This is described in detail in conjunction with the
other auxiliary circuits. A short 1Z inch diameter tube leads from
the lower part of the deflection chamber to the main diffusion
pumps .

The bottom of the chamber terminates in a square plate of

half-inch brass. The original plate of 4 inch material was replaced

15



due to warping when this plate was clamped to the window support.
Just above this plate are the supports for the fluorescent screen
shutter. The shutter consists of a plate slightly larger than the
Lenard window, attached by hinged rods to a shaft terminating in
a rotatable vacuum joint. The shutter can thus be swung up and
out of the way when taking a picture. Normally it covers the
Lenard window, and as the upper surface is covered with willimite
get in wax, furnishes a convenient means for visually checking the

focus of the beam.

E: Lenard Window,.

The original design of Lenard window is shown in Figure 5, A.
The window itself consists of a 2%'x 5% inch rectangnlar opening
in a heavy square brass plate. The foil is supported first by a
layer of fine wire gauze, then by a grating of 0.25 x 0,015 inch
steel rods cut and placed endwise one half inch apart to form a
lattice, The foil is clamped between the base plate and a cover
plate designed with a shallow tongue-and=-groove joint. Flat springs
are provided to hold the plates (or film in a suitable holder)
ageinst the foil. Experience showed this window design to be
unsatisfactory and & second type was evolved.

In the second design the upper ridge of the base plate was
machined off on an angle (see Figure 5, B). The gauze was carried
only a quarter of an inch over the edge of the window, and gauze

and foil laid over it were held in place by a thorough coating of

soft red wax.
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This design was so successful that an attempt was made to use
larger gauze. The original gauze used cut off approximately 60 psr
cent of the foil from the ray. Accordingly, larger and larger
screen was used. The final selection was ordinary copper window
screen with 16 wires to the inch each way. The sereen efficiency
is 70 per cent. This screen was soft soldered to the brass plate
around the edge of the window. All surface irregularities were
removed by careful polishing with rouge paper.

Two thicknesses of cellophane were used on this window, 0.020
mm, and 0,012 mm. These were obtained in 8 x 12 inch sheets from
the Longza Werke of the Analin Fabrikin, Frankfort, Germany, since
no domestic cellophane of this thickness was available. In prepar-
ing a window, a sheet of cellophane would be closely scrutinigzed in
front of a light for possible holes. From a piece passing this
test a 3% x 4% inch rectangle would be cut, and oiled on both sides
to prevent water pemetration through the sheet (see von Borries)fs)'
This sheet was then placed over the window, and hot red wax was
applied to the edge. This goating was carried up to the edge of
the window and down to the bottom of the inclined section of the
base plate. Finally a very small gas flame or preferably a hot
iron was passed over the wax, smoothing it into one homogeneous
layer. This window is shown in place on the oscillograph in
Figure 6.

Using this procedure, windows of the 0,020 mn. cellophanse

=4
have been made which hold vacuum tight under vacuums of 10 ~ mm,

of mercury over a period of several weeks; in fact the limiting
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time for such a window is unknown as other factors have always
caused its removal with the cellophane still intact. During one
such run, over 80 films were pressed against the foil, and approx-
imately 240 oscillograms were taken., No especial care was taken
to protect the window from rough handling; it was touched with the
fingers repeatedly, and occasionally the film would be projected
from the holder into contact with the foil with considerable force.
Windows of the 0,012 mm, cellophane did not stand up as well., The
longest life for such a window was one week. Little experimenta-
tion was done with the thimner foil, and longer periods of opera=
tion should be experienced using finer wire screen as a support.
There is little reason for using the thinner foil unless the
experimenter 1s working nearly to the limits of the oscillograph.
This will be discussed in more detail under the section on
photography.

It is important to minimize the sag of the screen and the sag
of the cellophane relative to the screen, because this results in
a thin film of air between foil and photographic film, causing
dispersion of the beam and consecuent loss of sharpness in the
writing trace. In this window the maximum screen sag was 0.004
inches and the maximum sag of cellophane to sereen was 0.010 inchese.
It will be shown later that pronounced loss of trace sharpness is

not experienced until the air space amounts to double this valus.

2; Filmholder.

In designing a filmholder for this window, several require-
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ments must be considered. The holder must be simple, compact,
light-tight, be arranged so that the film can be placed against
the foil, and be quickly loaded and installed. The final design
satisfies all these requirements. It is shown in Figure 7.
Essentially it consists of a shallow light=tight metal box with a
2% x 3% inch opening on one side, fitted with a dark-slide. The
film is carried on a velvet-=covered metal plate fitted inside the
box on springs and held from the bottom by an eccentric latch.

As the latch is revolved, the plate rises in the box and finally
projects 3/16 of an inch above the opening. The film is held on
each gide to the plate by a small metal trough which is not as
high as the plate, so that the film must be bowed to insert it in
the holder. This insures that no part of the holder itself touches
the cellophane, a very necessary precaution. Loading in the dark
room is a matter of some 15 seconds.

A guide plate is screwed to the base plate of the window, as
shown in Pigures 5 and 6. This has grooved guides by which the
filmholder slides into position directly below the window. The
dark slide is then removed and the latch rotated, raising the
film into intimate contact with the cellophane. A pressure of
one pound is exerted on the foil when the film is in contact.

D. Discharge Tubes.

The first discharge tube used on this oscillograph was designed
during the transition period between the use of glass and metal

discharge tubes. In this it followed very close to the model
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(65)
developed by Matthias, Knoll and Knoblauch. The constructional

details of this tube are shown in Figure 8, A,

Great difficulty was encountered in operating this tube. At
first it was impossible to secure the proper gas pressure in the
tube, because the relatively slow speed mercury diffusion pumps
could not keep the lower system evacuated when the needle valve was
Just cracked. High=speed Apiezon diffusion pumps were installed,
curing this difficulty. When the cathode was excited, a beam could
be obtéined, but intermittent sparking and glow discharge took
place from cathode to side walls (at a point indicated as electrode
#2 in Figure 8). This could not be eliminated regardless of the
vertical position of the Wehnelt electrode. A very narrow zone
here heated rapidly, causing one tube to crack. A film of metallic
deposit, undoubtedly aluminum cathode, sputtered on the glass wall,
built up over this region and seemed to decrease the discharge.
Grounding the Wehnelt cylinder, or using one long enough to touch
the anode, helped but did not cure the difficulty. Accordingly
a brass ring held to the glass wall by friction was installed at
this place. Discharge then took place from cathode to electrode
#2 to Wehnelt electrode, and again heating of the wall took place.
The tube worked better than before, but could only be operated for
ten minute periods. Burch and Whelpton(24,and Dicks‘SO)experienced
the same difficulty with this type of tube, and also used the
auxiliary electrode.

The operation of this tube was definitely unsatisfactory.
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Accordingly, tube B., Figure 8 was designed by the author. It is
of the type used by Burch and Whelptonfa4) The £ inch aluminum
rod cathode screwed into a brass top, is piceined into the top of
a long porcelain bushing, which is in turn waxed into the top of
the discharge tube proper. This is a heavy brass tube with 1%
inch bore, widened at the top to accommodate the bushing flange,
and water jacketed for cooling (actually unnecessary at currents
of less than 1 milliampere). It is arranged for continuous
evacuation through a 7/8 inch tube leading to a separate Apiezon
diffusion pump. The line is provided with a sylphon tube (see
Figures 1 and 3) so that the discharge tube can be moved on the
greasgsed joint for alignment with the blocking system. The anode
opening is a 0,03 inch diameter hole, relieved with & 1/8 inch
drill so that the length of the small opening is quite short. This
reduces the number of secondary electrons formed at the anode and
increases the sharpness of focus of the spot. Air was originally
édmitted directly from the needle valve to the tube, and a short
brass tube was placed on the anode block, with the side next the
line removed to give more equal air pressure in the tube. This
follows the work of Doddsfsz) Later this was changed, as it was
definitely demonstrated that the electron beam was not axial bub
inclined towards the needle valve opening. Several arrangements
were tried to give, as nearly as possible, equal radial distribu=
tion of pressure in the tube. Obviously this could only be

perfectly accomplished by admitting air along the axis and exhaust-

ing around the tube wall, or vice versa. The second possibility
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is not advisable, because at the pressures in the tube (1 to 6 x
2

10™° mm.) the discharge tends to follow the path of highest press-
ure, hence would disperse to the walls. The arrangement which
gave the nearest to true axial admission is shown in Figure 8.

The entrance to the needle valve hole was plugged and No.60 holes
were drilled in the base and anode block, so that the air is
actually admitted 0.1 inch from the anode hole. From there it
passes through a labyrinth block so that it flows from the funnel-
shaped orifice with nearly egunal radial distribution of essure.
The anode assembly is placed within a £ inch tube extending 2
inches from the anode block. This confines the air flow so the
highest pressure is between cathode and anode. This arrangement
was satésfactory. Previously, the entire surface of the anode
block would be blackened after a short period of operation, due

to metallic particles cathode-sputtered on the surface. Afiter
this installation, only the interior surface of the anode assembly
was thus blackened, indicating that the beam had been entirely
confined to this region.

Early in the testing of the discharge tube a definite effect
of the spacing between cathode and anode on the beam intensity was
noticed. A series of tests were made to determine the optimum
separation of cathode and anode, cathode shape, cathode diameter,
and diameter of discharge tube. These effects have not been
previously investigated. A highly insulated Faraday cage (described

in a later section) was fastened in the center of the bottom plate

of the oscillograph, and a lead brought to a deflection plate.
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Measurements of beam current were made by focusing the beam on
the center of the cage, and grounding the deflection plates through
a microammeter in series with a 45-volt battery. The battery was
comected so that the cage was positive with respect to ground to
prevent loss of current by secondary emission., This proved to be
negligible. A series of cathode tips were prepared from 5/8 inch
aluminum rod {cathodes 8 to 12, Figures 10 and 11). These gave
spacings of from 5,906 to 3.5 inches. They were made with a plane
face and slightly rounded edges. The beam current was measured
using each cathode at a cathode current of 1 milliampere and
cathode voltage of 60 kve There is a definite effect of previous
operating time on the emission from the cathode (see Rﬂhlemann)fBO)
To take this into account, each cathode was operated at 1 milli=-
ampere for 20 minutes before the measurements were taken. The
results of this experiment are plotted in Figure 9, curve A,
It is seen that there is a very definite optimum cathode-anocde
separation of 4.5 inches, An attempt to use a cathode longer
then No. 8 was & failure, as the cathode current would not remain
steady.

Next, two more cathodes of approximately the same length as
No. 10 (i.e., 1 inch) were made (cathodes 1 and 3). The first
was 0,75 inches in diameter; the second 0.25 inches. These were
tested in the same way as the others, and gave the same value of
current within 5 per cent. It was concluded that in this range,

the sathode tip diameter had no effect on the beam efficiency.
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(6)
Von Borries used an iron cathode in his photographic studies,

claiming that the discharge tube operated more steadily. To test
this with the present tube, an iron cathode (No. 2) was investie
gated, The beam current obtained is plotted in Figure 9. Over a
period of several hours no better performance was obtained with
this cathode than with the aluminum cathodes. Among aluminum
cathodes, the sharter tips gave greater steadiness throughout.

The effect of discharge tube diameter on the tube efficiency
was studied by inserting in the tube a brass bushing (see Figure 8,
B). This was made of tubing with an inside diameter of 0.75 inches
and a wall thickness of 0.125 inches. The lower end fitted snugly
over the anode assembly. The upper end was turned off on an angle,
and was fitted with three spacers to center it in the tube. The
air now had to flow from the anode assembly up and over the tube
bushing and down between the bushing and tube wall to the exhaust
system. Two cathodes of equal length, one of 0,375 inch and one
of 0,25 inch diameter were first tested and were found to give the
same beam current. Then a series of 0.25 inch cathodes (FNos. 3 to
7, Figares 10 and 11) were tested as before. The results are
plotted as curve B, Figure 9. It will be seen that there has been
e surprising increase in beam current using the tube bushingf The
tube efficiency is three times as great for a 5.5 inch eathode=-
anode separation, and four times as great for a separation of
5,906 inches. However, for separations under & inches the tube
is operating less efficiently than it was without the bushing.

There is no optimum cathode-anode spacing unless the value at
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5.9 inches separation indicates that the best spacing has been
exceeded.

Pressure measurements were made in the discharge chamber
simultaneously with the beam readings. A McLeod gauge was cone
nected to the 0.875 inch evacuating line some six inches from the
discharge tube., The arrangement can be seen in Figures 2 and 3.
Two readings were taken each time as a check against each other,
The results are plotted in Figure 12. From the plotted points,
it is evident that there was a wide variation in the readings, so
that only the general trend can be followed. The two curves form
an interesting application of the Law of Similitude (ef Slepian%?)
The dimensions of the discharge tube are decreased by the presence
of the bushing roughly in a 5:3 ratio. Thus, in the smaller tube
with a cathode spacing of 0.6 of any of the values used in the
larger tube, the pressure should be 5/5 as great, which is approx-
imetely borne out. Likewise, for either size of discharge tube,
the pressure required for a given current should increase with
decreased spacing between electrodes, which is also shown.

One more peint concerning the discharge tube should be mentioned.
Originally the porcelain bushing used was designed for & maximum
voltage of 70 kve. During some of the experiments it was operated
ag high as 85 kv. Operation at this voltage was very unsatis-
factory, as considerable corona was present and arcover was immi-
nent. Even at 70 kv. it was found advisable to put rings of 0.25

inch copper tubing around the top and bottom of the bushing where

porcelain joined metal. These are shown in Figure 28. This
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markedly decreased the unsteadiness dmne to corona. Undoubtedly
better operation could be secured with a large upper corona shisld
which would better equalize the field.

The highest efficiency obtained with this discharge tube is
of the order of 1.5 per cent. This is higher than than obtained
by von Borries(e)bux very much lower than Miller and Robinson‘67)
were able to get by the use of an auxiliary focusing electrode.
Neither of these tubes used a pre~foousing coil around the discharge
chamber, Dodd,(sa)using a tube with about double the cathode=
anode spacing, and a pre-focusing coil, gives efficiencies as high
as 42 per cent. Both water jacket conmections on this discharge
tube are brought out at the lower side, so that a pre-~focusing
coil can be slipped on over the top of the tube. However, the beam
currents that can be obtained with the present arrangement are
quite adequate for writing speeds of more than 1800 km. per second,
as demonstrated in the section on photography. In regard to
steadiness of operation while using the preferred long cathode=
anode spacings, it is possible to select and hold any desired
discharge current within the range of the cathode meter (5 milli-
amperes) for a period limited only by the heating of the water tube
resistor in series with the cathode. Currents up to 2 milliamperes
have been held over several hours with a variation of less than
0.2 milliamperes. This requires extreme care in setting the air
leak, as in general the discharge current tends to "creep"™ slowly

either up or down, and the tube attendant usually corrects this

tendency about once each minute. A leak which can be adjusted
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(89)
more delicately (such as the porcelain tube leak of Smythe )

might prove of considerable use here.

E, Time Sweep Circuits.

In an oscillograph using a Lenard window, extreme care must
be taken that the beam is never stationary on the foil. With a
beam power of 0.3 watt (60 kve. and 5 microamperes beam current)
to bé dissipated by the window, it is obvious that the foil would
be ruptured in a very short time. Thus, the blocking circuit must
be absolutely dependeable. This is a more stringent requirement
than is necessary with internal photography, as a loss of block=
ing can only fog the film.

A survey of the literature on cathode ray oscillography shows
that there is scarcely any point in instrument design more diversi-
fied than that of the blocking and time sweep circuit. These two
circuits are so closely associated that they cah hardly be considered
separately. Of course, instruments in which the exciting voltage
is applied to the cathode only during the operating interval
require no blocking circuit, but these instruments are in general
being replaced by continuously operated tubes which permit steadier
operation, better focusing, and less synchronization troubles.

The blocking of the beam is accomplished in one of two ways:
either the beam strikes a blccking diaphragm except during the
operating period when it is deflected through an opening, or the

beam is normally deflected against a stop and allowed to pass un-

deflected through the blocking chamber during operating. To the
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first typevbelong the instruments of Norinderfsg)Finch,(4)and
WhipplefIOO)to the second type nearly all the instruments developed
by the Aachen and Berlin schools, see especially Boekels,(?l) and
those of Burch and Whelptonfz4)Miller and Bobinson567)and Smith,
Szeghl, and Bradshawfss) The present instrument uses the second
type of blocking system for two reasons: increased simplicity of
construction, and less likelihood of beam distortion during un-
blocking, With electrostatic beam deflection, equal potential
must be applied to both blocking plates to permit unblocking. This
arrangement is inherently less subject to beam distortion than one
in which the beam must be deflected to be unblocked. The only dis-
advantage is that failure of the voltage supply to blocking plates
would allow unblocking and possible destruction of the foil, This
cannot happen with the deflection=type of unblocking system.
However, it was felt that this was more than outweighed by the
corresponding advantages given.

Electromaegnetic blocking and sweeping systems were not
attempted because of the greater difficulty of producing and vary-
ing large currents as compared with high voltages.

Because of the type of work enccuntered in this laboratory,
it was decided to construct a blocking and sweep circuit which
would operate as a result of surges produced in the test apparatus,
rather than initiating the surge from the oscillograph ( the so-
called "arbitrary operation™). The polarity of the initiating

surge could not predetermined. The circuits had to be arranged
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s0 that an incoming impulse of either polarity would first cause
unblocking of the beam, then a time sweep df controlled speed, and
finally reblocking before the return sweep of the beam.

The switching operations connected with these three steps must
be performed with such speed that mechanical arrangements, such as
rotating switches, etec., are used only for repeating phenomena.
Modern circuits use either vacuum tubes or spark gaps, or & combina=

tion of both. The vacuum tube is more consistent, since the time
7

(15)
seconds for non-prestressed gaps, and even longer for these.

~8 -
lag of small gaps is known to be of the order of 10 +to 10

However, the use of a delay cable has become so general that this
is no longer a major item. Vacuum tubes require more attention
as to circuit design and operation. Highly insulated filament
supplies are required. High voltage tubes (plate potentials of
several kilovolts) are expensive. For these reasons, a spark gap
circuit was finally used in this instrument. Several vacuum tube
circuits were tested during the investigation, but the results
only confirmed the points given above,

To show the evolution of this circuit it is advantageous to
mention briefly several others. Such a ceircuit, published by
Boekels - in 1931, is shown in Figure 13. The blocking elec-
trodes (Ap) and sweep plates (Ap) are connected across the full gap
voltage. Normally the sweep plates are grounded through resistors
R4. A surge applied to the deflection plates Ap is coupled by

condensers Cg to the gap whibh breaks down, causing the gap voltage

of 2 V to appear across Ape The time constant of the sweep cirouit
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(Cr/2 x 2(Rg + Ry) governs the sweep speed of the beam. The purpose
of the heating condenser GH is to dissipate enough energyacross the
gap to maintain the discharge as a low voltage arc, although it
also suppresses any oscillations in gap voltage due to the oscillae
tions in the applied surge. This latter duty is shared by Cge In
this circuit, as in all time sweep circuits, great pains are taken
to suppress spurious oscillationg. For this reason, the relative
siges of condensers and resistors are such that all discharges

are completely damped and non-oscillatory, and at all points where
traveling waves could suffer reflection, damping resistors equal

to the line surge impedance are inserted.

One disadvantage of this circuit is that a surge of polarity
opposite to that of the gap lowers the gap voltage and will not
trip the circuit. This presents no difficulty if the polarity
of the surge can be: predetermined, but is not permissible if the
circuit is to be responsive to all surges. For this reason, the
use of triple-sphere gaps has become common, In such circuits,
the voltage applied to the middle sphere is halfway between that
applied to the outer spheres, and the surge is coupled to the
center sphere. Thus, the surge must increase the potential across
one gap, and breakdown of this gap applies full voltage across
the second gap, breaking it down in turn.

Among the first to use this system were Burch and Whelpton(24)

whose circuit is shown in Figure 14. They grounded one sphere of

of the triple gap, and used the potential between the middle sphere
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and ground for the blocking voltage. The sweep plates are charged
up to half voltage before operation, but the discharge of time
condenser C through the two symmetric resistors R/2 applies across
these plates the difference of potential originally across the

0.005 microfarad condensers. The circuit is tripped either by
electrostatic pickup of the surge through an antenna, or by oscilla-
tions produced by discharging a two microfarad condenser charged to
6500 volts.

In both the circuits just described the beam is reblocked
before the back sweep by using a charging circuit for the blocking
electrodes with shorter time constant than that for the time sweep
electrodes, It is possible to use a circuit in which voltage is
applied to the blocking plates much more rapidly after the gaps
extinguish. Such a circuit is shown in Figure 15, due originally
to Boekels,A(zl) and modified by Mi. R. Howard Griest of this
laboratory. Here the outer spheres are symmetrically charged above
and below ground. Two one microfarad condensers are used. The
first is a heating condenser comnected directly across the outer
spheres. The second is connected to the gaps through a megohm on
each side, and controls the reblocking. Originally small condenser
C is uncharged, but when the triple gap breaks down it is charged
through 3 megohms, increasing the voltage across the blocking plates
in the process. At a certain time, governed by the time constant
of this circuit and the voltage necessary to reblock the beam,

the voltage across the blocking plates becomes high enough to

cause reblocking, regardless of the gap voltage. As soon as the
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arc goes out, a fraction (in this case, 5/8) of the voltage across
the microfarad condenser is applied to the blocking plates, due to
the resistance-divider arrangement shown. This insures positive
blocking. The sweep voltage is applied to the oscillograph elec-
trodes as shown in Figure 13,

In thess three circuits, indicative of modern practice, the
difference of potential applied to the sweep plates is zero either
at the beginning or end of the cycle. Some auxiliary means must
be used to bias the beam to one side. Otherwise, the spot would
either begin or end in the middle of the plate. Usually this
biasing arrangement is secured by the use of magnetic deflection
or a set of auxiliary deflection plates, although Miller and
Robinson . used an ingeneous electrostatic biasing circuit on
both time sweep and phenomena plates. All of these methods have
the disadvantage that there are two circuits involved in the
correct operation of the sweep, so that if either fails to opesrate,
the beam will remain stationary at the center of the plate for an
asppreciable length of time. As previously discussed, this cannot
be tolerated when using a Lenard window. Consequently in the
design of the time sweep circuit of this instrument, it was
decided to so arrange the circuit that both beginning and end of

the sweep would be off the window.

The final ecircuit and the physical arrangement of the parts
are shown in Figures 16 and 29 respectively. It consists of the

switching circuits proper and a 6 kv. power pack of conventional
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vol tage-doubler design. The pack is tapped for half voltage, which
is applied to the middle sphere of the triple gap. One of the sweep
plates is also connected to this center tap through 6 megohms resis-
tance. A 1,0 microfarad condenser is counected between this plate
and ground to insure keeping constant potential on this plate at

all times. The other plate is connected to the high side of the
pack through 5 megohms, and is also comnected through a 400-ohm surge
resistor to one side of the 0.025 microfarad sweep condenser. This
condenser is connected across the outer spheres of the triple gap
through the timing resistors. The discharge of the 0.025 microfarad
condenser through the timing resistors determines the sweep speed.
By means of the selector switch the series resistance can be quickly
changed to give a total of 11 different sweep speeds. At present
only five are in use, giving sweeping times of 1, 10, 22, 50, and
100 microseconds., The capacity of the timing condenser is low
enough that much faster sweep speeds can be used without danger of
oscillation. The fastest used in the experiments gave approximately
0.7 microseconds plate exposure, and was not oscillatory. The low
capacity of the timing condenser has disadvantages. There is little
energy stored in the condenser, so that when high series resistors
are used to give slow time sweeps, there is insufficient ensrgy
digsipated in the gap to form a low-voltage arc. Instead, a highe
voltage glow occurs, the voltage across the condenser does not drop
enough for the arc to go out, and the triple gaps are short circuited

until the power source is deenergized. This was cured by connecting
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a 0.1 microfarad heating condenser across the gaps X~2Z through two
400~-ohm resistors to prevent oscillation. This precaution is
necessary when the series resistor in the timing circuit exceeds
about 1500 ohms. The blocking plates are cross-connected through
surge registors and are placed directly across the middle gap to
ground.,

In operation, a surge arcing over the triple gap discharges
the blocking plates almost instantly, as their time constant is
under 10-8 seconds. At the instant the arc occurs there is a
difference of potential across the sweep plates of V/2, and the
beam is deflected off the window on one side. The discharge of
the timing condenser lowers the potential of the high voltage plate
until at the end of the discharge it is only a few volts above
ground, and the potential difference across the plates is again
nearly V/2, but in the opposite direction, so that the beam has
been swept off the window in the opposite direction. Thus, neither
at the beginning or end of the sweep is the beam on the window. As
soon as the arc goes out, both the blocking plates and the sweep
plate recharge, but fhe charging circuit time constant of the block-
ing plates is so small compared with that of the time sweep circuit
{0.0012 second against 0.125 second} that the beam reblocks long
before it reaches the window on the back sweep.

Two tripping circuits are used, depending upon whether fully
antomatic or semi-manual control is desired. For the former, the
middle gap is connected through a 400-ohm surge resistor and

coupling condenser consisting of an insulator string to the
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initiating triple gap of the laboratory million-volt Marx surge
generator. A single wire stretched near the generator will also
trip the circuit., For semi-manual control, the middle gap is
connected to a second set of sphere gaps comnected across a con-
denser and charged through a 20-megohm resistor by the full pack
voltage. The time constants of all circuits involved are such that
the circuits are tripped apmoximately once each second. This
arrangement is used for final adjustment of auxiliary circuits and
for focusing. No attempt was made to use this surge for initiating
the surge generator.

In operation, this cireuit proved to be adequate. The block=-
ing with both sets of plates was complete, and with either set was
sufficient so that no perceptible fogging of the film occurred
during a half-hour exposure. With the gaps properly adjusted, no
return sweeps were found on the oscillograms. Operation was con-
sistént, and such that although the average exposure time of the
film (i.e., the time during which the shutter was raised, exposing
the windéw) was around five minutes, no foil was ruined by burning
due to the beam. Operating experience with the circuit will be

treated later in this paper.
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III. Quantitative Tests on Lenard Photography.

Measuring instruments of this class can best be compared by
the excellence of the ultimate product ==« the film containing the
trace of the moving beam. Quantitative measurements on the factors
affecting the production of fheae oscillograms form the only real
basis for future design. For these reasons, it is necessary that
these factors be determined and their effects measured. This has
been carried out in the following analysis.

Little has been reported on quantitative measurements of
oscillograms taken through Ienard windows. The most complete
account of such tests was published by von Borries(s) in 1932,
Because of the small amount of data available, some of the previous
work has been checked and amplified.

The quantities affecting the production of an oscillogram on
film fall naturally in two categories: electrical and photographic.
They can be summarized ass-

Electrical:
Charge density in the focused spot.
Spot diameter,
Accelerating voltage applied to beam,
Velocity of spot across the film.

Type of recording (internal, Lenard, etc.)
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Photographic:
Type of £ilm used.
Development technique.
Later processes to increase contrast, etc.

Blackening due to beam of electrons.

For any given oscillograph, the accelerating voltage and spot
diameter will normally be fixed. The type of recording and the film
and photographic processes will then be chosen for convenience and
sensitivity. Under these conditions, the maximum velocity of the
spot which will produce a satisfactory trace across the film is
usually taken as the criterion of performance. Processes to in-

crease contrast are of too varied a nature to be treated here.

A. Beam Analysis.

It would be extremely difficult, if at all possible, to measure
the charge density in the beam as it sweeps across the film., For
this reason, the current density in the stationary beam is determined,
from which the charge density of the spot can be computed at any
beam velocity.

Several arrangements were tried in the search for a quick,
convenient method of measuring the current distribution in the
stationary spot. The final setup is shown in Figure 17, It consisted
of a highly insulated collecting cup ("Faraday cage®) placed in
the center of a square plate used to close the lower end of the
oscillograph, and a disc drilled with a series of graduated holes

whose centers were equidistant from the center of the disc. This
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disc was supported by a vertical post so that the lower surface
was not over 1/16 inch from the top of the cup. As the disc was
rotated, each hole could be centered axially with the cup. The
disc was rotated by two bevel gears, one of which was soldered to
the disc, and the other of which was fastehed on the shaft normally
used to rotate the fluorescent-screen shutter. As previously
noted, this shaft terminates in a rotatable vacuum joint so that
the disc could be turned when the oscillograph was evacuated =-—w
a very obvious necessity. The cup itself resembled a pill box
made of brass with a %-inch hole in the top, and was connected by
an insulated lead to one of the deflection plates.

There were two series of holes in the disc. The first con=-
sisted of a set with diameters ranging from 0.0l to 0.37 inches.
The intervals between hole sizes can be found on Figure 18. The
second set comprised five holes of 0.25 inch diameter, four of
which were covered with varying thicknesses of cellophane used for
measurements on the electronic penetration of cellophane, described
in detail in a later section. The disc was coated with a thin
layer of willimite and red wax which was carefully seraped away
from the edges of the holes.

The technique of measurement was simple. The main plate was
attached to the oscillograph, and the instrument evacuated, A
beam was then produced, focused to the finest spot possible on the
willimite-coated disc over the cup, and the disc rotated until the

largest hole was over the opening in the collector. The deflecting
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plate connected to this cup was connected in series with a 45=volt
battery and a microammeter to ground. The meter and battery were
carefully insulated on porcelain standoff insulators to reduce
leakage currents, which were found to be negligible. After meas-
uring the beam current with the largest diameter diaphragm, the
disc was rotated so that measurements could be made with each hole
in the set successively limiting the diameter of the part of the
beam reaching the cup.

One representative set of readings is reproduced in Figure 18.
These readings were taken with cathodes uniformly aged at 1 milli-
ampere cathode current for one-half hour before measurement. The
maximum value of collector current is, of course, the total beanm
current, and these values have been already shown in Figure 9, which
was derived from such measurements.

Once having obtained the collector current-diaphragm diameter
curves, the current density at any distance from the beam axis can

be computed from the formula,

1 di
" (1)
d = 0.5 D d D

which is derived in Appendix A. In applying this expression to
the curves, it is only necessary to determine graphically the slope
of the curves at the various diameters. The resultant current
density curves computed from Figure 18 are shown in Figure 19,

This experimental setup furnished a very convenient way to

obtain quantitatively the effect of changing the dimensions of the

discharge tube and the cathode-anode spacing. As a result of
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measurements made with two discharge tube diameters and four cathode-
anode spacings, Figures 19 and 20 have been made. Here it is seen
that decreasing the discharge tube diameter increased the efficiency
of the discharge, but did not have a‘fosucing effect, This is
demonstrated by the fact that the maximum current densities found
for equal cathode-anode spacings but varying tube diameters are in
direct ratio to the corresponding total beam current in each case.
Dicks(SI) has also noted an increase in discharge tube efficiency

as the effective diameter was decreased. However, in both figures,
there is a very definite focusing effect due to the cathode-anode
spacing. As the spacing increased, the current density in the core
of the beam increased rapidly, This is of especial interest in the
case of the 1.25 inch diameter discharge tube, in which the total
beam current decrsased at spacings greater than 4.5 inches.

This effect has not been previously investigated. It points
the interesting conclusion that in this type of discharge tube the
design trend should be toward tubes with smaller diameters and
increased cathode-anode spacing. There is undoubtedly an optimum
value, but it has not been reached in this investigation.

Beam analyses were also made over & range of cathode excita~-
tion from 30 to 67 kilovolts. The shape of the curves was quite
similar throughout this range, but the maximum current density
decreased rapidly as the cathode potential was lowered. The results
are plotted in Figure 21, From this figure it is evident that the
maximum beam density increases by some power of the voltage between

two and three. This is quite different from the results obtained
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(6)
by von Borries. Working with cathodes which had been used for

extended periods (cathode craters of 2 mm. diameter) he shows a
nearly linear relationship between maximum carrent density and
cathode voltage. The difference between the two sets of curves
must lie in the shape of the cathode surface. In the results given
here, the maximum crater diameter was usually less than 1 mm. This

would indicate that there is a focusing action of the cathode
voltage.

One possible explanation for this phenomenon is that with a
plane cathode the electrons are emitted directly toward the bottom
of the tube, and with high accelerating voltages there is insuffi-
cient time for the electrons to be deflected toward the side walls,
also at the anode potential. When the cathode is deeply pitted
from positive ion bombardment, electrons are emitted in a diverse
"spray" since they are given off normal to the pitted surface. In
this case the walls would receive & much greater proportional part
of the total current than before, decreasing the maximum current
density markedly. This theory would also explain the well known
results that the cur;;nt density is much more uniform in a beam
from a highly pitted cathode than from a plane one. In the former
case the electrons passing through the anode hole would be those
emitted parallel to the tube axis. This would consist of those
from the center of the pit and those from the edge. Since the field
at the center of the pit is much less than that at the edge, the
intensity in the outer part of the resultant beam should increase,

while that in the center should decrease. The combined action makes
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the beam intensity much more uniform than before.

This is well illustrated by the curves of Figure 22, In this
figure the beam analysis for a cathode aged 5 minutes at 1.0 ma,
and an analysis for the same cathode aged 45 minutes are shown.

The core intensity has decreased by a factor of three, while the
intensity at the outer edge of the main beam has inereased to twice
its former value. This results in a fairly uniform beam. The third
curve of this figure was taken at a higher voltage, and shows that
the relative shape of the curve is unchanged, and that the core
intensity has increased only slightly.

Up to this period in the investigation only cathodes with
plane ends cut normal to the tube axis had been used. Several other
shapes were now prepared and tested to find if there was a best
shape. Sharply pointed cathodes gave a slightly higher initial
beam density than the plane cathodes, but aged much more rapidly.
Beveling the cathode edge did not affect the discharge as long as
the beveling was not carried into the crater region. Finally an
especially interesting shape was tested. This was a tip in which
a thin edge projected roughly 0.10 inch beyond the plane face. The
shape of the field close to the emitting area would be expected to
concentrate the beam. This was not found to be true. There was
an apparent increase in discharge from the cathode edge, judging
by the blackening of this region. The cathode is number 6 in

Figures 10 and 1ll.
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B. Absorption of Cathode Rays by Lenard Window.

The penetration of various thin films by cathode rays has
been investigated so many times(z)‘S)that little further work was
thought necessary. The beam analysis apparatus was available for
a quick convenient check and so was used in the following way. As
previously mentioned, the rotating disc of the apparatus had a
series of five 0.25 inch holes, of which four were covered with
different thicknesses of cellophane. Foils of 0.012 and 0.020 mm,
cellophane were available. Accordingly the first hole was covered
with a single layer of 0.012 mm. thickness, followed in turn by a

~single layer of 0.020 mm, over the second hole, two layers of 0.012
mm. on the third, and a layer of 0.012 and one of 0,020 mm. on the
fourths The last was left open as a check. A sensitive d'Arsonval
wall type galvanometer was connected in place of the microammeter
to the collector cup. The hole in the anode was decreased, and an
old cathode was used, so that ondy very low beam intensities would
be obtained. The beam was focused on the collector cup with the
disc rotated so that the large open hole was over the cup. Beam
currents of the order of 0.25 microampere were.used, so that there
would be insufficient beam energy to burn the cellophane during
the measurement. The holes covered with varying thicknesses of
foil were then placed successively over the collector, and the
currents recorded. Finally the other open hole was reached and
the beambcurrent checked. The results are plotted in Figure 23,

(6)

The solid lines in that figure are curves reproduced from von Borries
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figure 11, and plotted in terms of thickness of cellophane rather
than aluminuwn. The experimental points check the curves within
the limit of accuracy with the exception of the values at 80 kv.,
which are uniformly high. It is quite possible that, even with the
precantions taken, the cellophane was slightly damaéed during the
short exposure period to the beam (around 15 seconds} and that in
consequence more current passed through than would normally be the
case. It is also possible that the cathode voltage may have been
higher than indicated by the sphere-gap readings.

It is evident from this figure that Lenard photography is not
well adapted for use at cathode voltages lower than 50 kv. unless
very thin cellophane can be used. Above this point the choice of
voltage depends upon the meximum writing speed necessary. In
general it does not appear necesséry to go above 70 kv., as the in-
crease from 70 to say 80 kv. means an increase of the order of 10
t0o 15 per cent penetration, while an increase from 60 to 70 kve.
represents an increase in penetration of the order of 20 to 30 per-
cent. As far as thickness of foil is concerned, the penetration is
inversely proportional to the thickness of the film, so that a change
from 0,020 mm. to 0.012 mm. cellophane gives nearly twice the pene=
tration. Of course, if internal recording is used, a gain of roughly
two to one over the results obtained with external photography

through a Lenard window is to be expected.

C. Spot Diasmeter.

The spot diameter is a function of the anode opening and position

44



(25)
of the focusing coil. Busch showed that when using a short

focusing coil, the size of the spot when perfectly focused was

given by,
b
where ds = diameter of spot
da = diameter of anode opening
b = distance from focusing coil to spot

a = distance from focusing coil to anode opening.

With the focusing coil midway between anode opening and film, as
in this oscillograph, it is to be expected that the minimum spot
diameter would be that of the anode opening (0.76 mm.). Figure 22
shows that this is true only for an old cathode. For a fresh
cathode the effective spot diameter is much legs than this, due to
the focusging in the discharge tube itself. This is probably what
von Borries(e)means when he states that the object focused by the
coil is the cathode spot when using fresh cathodes, and the aﬁode
opening when using old cathodes. MacGregor-Mbrris‘s)states that
the maximum spot diameter should be 2 per cent of the maximum de-
flection for satisfactory recording. This ratio is obtained at a
deflection of 3.8 cm. which is well within the scope of this
instrument.

It will be noted on a number of the oscillograms shown later

in this paper that the maximum spot diameter is seldom as little as

0,76 mm, This is due to dispersion of the beam through the cello-
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phane and air between cellophane and photographic film, and on
failing to secure the best possible focus. Ordinarily the focus
we.s checked visually, which was found to be insufficient for best

results.

De Velocity of Spot across the Film.

With a given strength of electron beam, the charge density on
any area covered by the moving spot will be inversely proportionzl
to the velocity of the spot. Other conditions being fixed, maximum
writing velocity of the spot is determined by the charge density
required to produce a usable trace on the film, After this point
has been reached, it is necessary to increase the beam voltage or
current in order to record higher velocities., This will be discussed
further at the conclusion of this section.,

The upper rimit on recording speed reached by modern investi-
gators is defined by the amount of distortion allowable. This is
determined by the finite speed of the beam past the deflection plates.
Vhen the transient voltage varies so rapidly that there is a change
in deflecting field during the time that an eleciron passes between
the plates, distortion results,

The lower limit to the velocity of the spot in Lenard photography
depends on the maximum safe time a beam can rest on the foil with-
out burning it. Several oscillograms were made with the present
instrument using sweep times of 0.001 second, with a minimum veloci-
ty of the order of 100 meters per second. It should be entirely

possible to use recording speeds of a tenth that value without
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injuring the foil, so that a single sycle of a 50-cycle wave can

be recorded,

E. Type of Film Used.

Little was done to find the most sensitive type of film to
use in this instrument. Four different kinds of film and one type
of sensitive paper were used. Ranged in order of sensitivity,

these are:

Eagtman Panchromatiec
" " Yerichrome
* " Process (Nitrate)
® o NG

News Bromide

There was little difference between the first three, so that
in choosing the film for later work the factor of convenience was
of more importance. Eastman Process filme were used because of
their decreased sengitivity to light, hence lower fogging, and their
excellent mechanical properties due to increased film thickness.

It was extremely difficult to use the Panchromatic film without
fogging it during exposure, while the Verichrome film was much less
convenient to handle. The bromide paper was used only for one test
record(reproduced in Figure 48) because of the trouble in making
copies of the resultant oscillograms. For ordinary laboratory work
when there is no need to secure more than one copy of the oscillo=

gram, this paper could be used to advantage. The upper limit as to
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speed of recording on bromide paper is not known.

F. Development Technigue.

The factors involved in choosing the best development technique
were too many to be considered in the scope of this investigation.
Hence the type of fixer, and time taken to wash, fix, and rinse were
fixed. The usual acid hypo fixer was used, with a fixing time of
20 minutes, This was preceded by a 30=second rinse and followed
by a washing period of 15 minutes.

Three developer solutionsg === D=ll, D=72, and D=1l9 --= were
investigated., These three were chosen as representative of the
types of developer most commonly usedf The solutions wers tested
ag follows. Stock solutions of each kind were prepared and brought
to a uwniform temperature of 65°F, Sets of three identical cathode-
ray oscillograms were then made with as linear time scale as possi=
ble, and with varying sweep speeds. In each case the sine wave
from a high voltage high frequency oscillator was used as the de-
flecting potential. One oscillogram from each set was developed
in each type of developer. The films were developed in steps, i.e.,
the film was lowered a half inch into the developer solution for,
say, three minutes, then lowered another half inch for two minutes,
and 80 on. Thus, each developed film consisted of a number of
zones which had been developed for different times, so that the
background fogging and contrast could be compared. A typical
oscillogram treated in this way is shown in Figure 24.

Quantitative measurements of the blackening of the film were
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made with a transmission densitometer. This consisted of a power=
ful light source and condensing lens system focused on the film,
a photoelectric eell so inclosed that part of the light transmitted
through the film could strike the eell, and a galvanometer con-
nected to the cell. The opening in the cell housing was small
enough that the effective area of film scanned was 0.02 x 0.04
inches. This was small enough so that the center part of the line
could be scanned without introducing error from the streaks on the
film caused by the presence of the Lenard window supporting grid.
The messurement of the density of the film is expressed in
terms of "blackeni?§; which is defined {ef Kholl,(sz’or Ma.cGregor=

Morris and Henley) as,

light intensity through unexposed film (3)
108, “Tight intensity through blackened £ilm

B

This ratio is equal to0 the ratio of the corresponding galvanometer
readings since the output of the photoelectric cell is directly pro-
portional to the intensity of the incident light over a much wider
range than that used in this work.

Figure 25 shows the relation between development time and
film blackening for D-=19 developer. The background density or
fogging, D,, is plotted in curve a, increasing as the development
time is extended. Curve b gives the relative blackening B of the
oscillograph trace with respect to the background for one value
of charge density., This curve definitely shows that the best
contrast between line and background is obtained at a development

time of approximately 12 minutes., Beyond this time the background
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fog increases faster than the blackness of the line, and the contrast
decreases.

The results obtained with D=72 and D=-11 were similar to those
of Figure 25, Using D=72, the optimum development time is about
13 minutes; for D=-11 it is 16 minutes., Neither developer will give
as good contrast as the speedier D=-19, although the difference is
not sufficient to be of importance on any but extremely fast oscillo-
grams. D=19 was used in developing all of the oscillograms described

in the following photometric investigations.

G. Blackening Due to Electron Beam.

On the basis of the previous work, it is now possible to
investigate the blackening produced by an electron beam sweeping
across a sensitized film as o function of the charge density in the
beam and the accelerating voltage applied to ite To do this, it is
necessary to produce a beam of electrons with known current density
and accelerating voltage, sweep the spot across the film at a known
velocity, and determine the resultant blackening. The current densi=-
ty in the beam and the spot velocity fix the charge density, so that
all perameters are known.

The experimental procedure was as follows. The beam analysis
apparatus was attached to the oscillograph, and an analysis made
of the current density in a beam from a cathode that had been used
for approximately 10 hours. Using the aged cathode insured reason-
able constanecy in the beam during the tests. Analyses were made

at 50, 60, and 70 kv., with corresponding cathode currents of 2, 1,



and 0.5 milliamperes. The beam analysis apparatus was then repdaced
by the Lenard window. As rapidly as possible a series of oscillo=
grams of the sine wave from the high frequency oscillator were taken
at the three cathode voltages given. Before and after each oscillo-
gram the beam was deflected into an auxiliary collector cup which
had been mounted close to the window, and the total beam current
was checked. A range of frequencies from 1000 to 20 kilocycles was
used at all available sweep speeds. The focusing was carefully
adjusted before each oscillogram, as was the cathode current. It
was found that the cathode voltage varied so exactly with the current
that it was unnecessary t0 measure the voltage before each oscillo-
gram. At the end of the series of oscillograms, the beam was again
analyzed. The results checked 80 closely that the mean of the two
sets of data was taken as the true beam density for each voltage.

The oscillograms were developed simultaneously in a large tray,
constantly agitated so that all had the same effective development
time of 9 minutes. They were then rinsed, fixed, and washed accord-
ing to the data already given, When the films were dry, the trans~
mission photometer was used to determine the blackenihg of the
center of the oscillograph trace with respect to the background for
the whole series of oscillograms. At each point scanned by the
photometer the spot velocity was then determined, from which the
charge density at that point could be found.

The average value of the charge density ?1 for a gpot of

radius r_, and average current density 3*, moving at a velocity

¥ is given by,
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M = T 14}

s
(derived in Appendix B).
In this case the diameter of the spot to be considered is equal to
the width of the line scanned by the photometer, namely, 0.02 inch.
e average current density in the beam out to 0.02 inch diameter is
determined from the beam anal ysis curve. The velocity of the spot
can be calculated from the known frequency of the oscillator for each
oscillogram, and the measured displacement of the spot. The method
of calculation is too well known to merit description.

Due to the fact that these oscillograms were taken through a
Lenard window, the charge density obtained from the formula given
above must be multiplied by the per cent penetration of the foil
before applying the result to the blackening data., The effect of
diffusion of the beam in the foil and in the film of air between
foil and negative should also be taken into account. Von Borries‘S)
has shown that for thin foils, diffusion is negligible. As will be
shown later, scattering dune to the air film is slight for small
separations of foil and negative. Both of these phenomena have been
disregarded in the computations.

| Figure 26 gives the results of the measurements. It can be
shown from this figure that over the major portion of the range of
charge density, the relative blackening of the film can be repre=

sented by a simple term of the form

B = KVN/T' (5)
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where Kv is a constant depending upon the exciting voltage, and

q is the charge density in the writing line. This relationship
holds within an error of 10 per cent over the range of densities
given in the curves, and gives a rough prediction of the densities
to be expected from an oscillogram, knowing the film and photo-
graphic process and the charge density. The values of K, used in

the equation are given in Table I.

Table I,
Cathode Voltage 50 60 70
K 0.39 0.61 1.01

v

The form of the curves are similar to those given previously
by Becker and KipphaanZ) von BorrieBES) and others. The magnitudes
can be compared only in general, because in all cases a different
film and different development techniques were used. The film used
in these experiments (Eastman Process Film) is apparently more
sensitive to electron blackening than the Agfe~Isocrom Film used by
von Borries, He obtained,for example, a blackening of 0.2 at a
charge density of 2 micromicrocoulombs and 70 kv. exciting potential.
Using Process film and the same execiting potential, the same charge
density gave a blackening of 1.6 --- an increase of nearly 7 times.
This naturally gives rise to increase in the maximum velocity

which can be recorded.

Another point of interest about these curves is the nearly
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constant increase in blackening obtained with an increase in
cathode voltage. Thus, thé blackening obtained with a 70 kv. beanm
is approximately 1.6 times that obtained with a 60 kv. beam at the
same beam intensity. The blackening of the 60 kv, beam is 1.56
times that of the 50 kv. beam. This checkg the results given by
Knoll and von Borries. This again emphasizes the advantage in
using high cathode voltages in this type of work.

It is obvious that the curves apply equally well to Lenard
photography and internal electron-blackening photography. The
writing speeds which can be achieved by the two recording methods
can in consequence be compared., For example, a beam of 70 kv.
electrons deflected at such a speed that the charge density in the
line is 1 micromicrocoulomb per cm.a will give a line blackening
of 1.0 using internal photography. If a 0,020 mm. cellophane Lenard
window is used, the penetration will be 42 per cent, so that the
charge density on the film will be 0.42 micromicrocoulombs per cm.z
This will give a line blackening of 0.61. The velocity of the
beam used with internal photography can be 1l.64 times as fast as
that used with Lenard photography to give the same blackness of
recorded line in this case.

The maximum speed possible to attain with an oscillograph
depends upon the requisite contrast between lihe and background.
the minimum relative blackening has been given by Knoll(se)as O.le

It is interesting to see the maximum velocity which could be

obtained using this figure. Unfortunately, relative blackenings of



such low magnitude were not encountered, so that the curves of
Figure 26 must be extrapolated. By using the constant given in
Table I for a 70 kv. beam, a charge density of 0.01 miecromicro-
coulombs would give a relative blackening of O.l. Dividing by the
per cent penetration through a 0.012 mm. cellophane, the beam charge
density must be 0,016 micromicerccoulombse. Fhe maximum current
density obtained with a 70 kv. beam was about 600 A amps./cm.2

This beam will give a 0.16/1/Lcoulomb charge density in the writing
line at a velocity of 30,000 km./sec. This is of the order of
magnitude obtained by Stekolnikov and Slaschew(gl) with fluorescent=
screen contact photography, and definitely indicates that the maxi-

mum velocity obtained in these tests {around 1800 km./sec.) is far

under the possible maximum.,
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IV. Operation of Instrument.

A. Normal Operation.

This chapter is unusually detailed so that it can serve in
part as a manual of operation for the oscillograph., The oscillo-
graph is usually evacuated in about 40 minutes, starting with cold
pumpe. DMost of this time is taken to heat the Apiezon o0il in the
main and cathode chamber pumps., When the closed tube manometer
between main and forepumps registers less than 1 mm., the Pirani
vacuum gauge is turned on. The cathode supply is energized when
the main chamber vacuum reaches 10-4 mm., The needle valve in the
cathode chamber is adjusted until the desired beam current is
obtained. The beam is then focused by adjusting the focusing coil
current, and the coil oriented so that the spot rests in the center
of the fluorescent screen shutter. For unipolar surges the rest
position can conveniently be moved to top or bottom of the screen
to allow for greater deflection. Obviously the shutter must always
be down before the beam is produced. A number of sweeps aré then
observed with the sweep circuit set for manual control. This gives
a check on the blocking circuit and on the fineness of the line,
and has proved very necessary. The instrument is then ready to
use.

Most of the operations given above are controlled from the

oscillograph switchboard. This is shown in Figures 2 and 3, and
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in closeup in Figure 27. In this figure, switches 1 to 6 control
respectively the forepump, the heater on the Apiezon pumps, the
Pirani gauge, the cathodes of the power pack rectifiers, the light
illuminating the inside of the oscillograph table, and the focusing
coil. The switch on the semi-manual sweep circuit control is
shown at 7. The auxiliary pair of sphere gaps, and the condensers
and resistors used in this circuit are inclosed in the metal shield
immediately above. The high voltage switch on the power pack is
shown at 8 with the switeh terminals above it. To the left of the
switch is the focusing rheostat 9. The two Pirani meters are shown
at 10 and 12. Rheostat 13 controls the amount of current flowing
to a Wheatstone bridge forming the gauge. Opposite arms of this
bridge consist of 7-inch lengths of 0.003 inch diameter platinum
wire placed in a container off the main chamber. The other two
armg are external resistors, one of which is variable, so that the
bridge can be balanced. The current across the middle of the bridge,
measured by the 0-2 milliammeter 10,is zero at 10'4 mm. of mercury.
The bridge current measured by the 0-100 milliammeter 12 is held
at 90 milliamperes. 1l is a shunt switch halving the sensitivity
of meter 10, The variable resistor used in balancing the bridge
is located behind the switchboard between the two meters. The ground
on the entire oscillograph system is brought out to a terminal 14
at the left end of the switchboard, directly above a 110=-volt
inlet plug.

Much of the remaining control apparatus is shown in Figure 28,

The current in discharge tube 2 is read on meter 1 and controlled
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Fig. 27

Osclllograph Switchboard

Fig. 28
Closeup of

Instrument




by needle valve 3. The blocking electrodes 4 and time sweep
electrodes 10 are connected to the time sweep circuit 6. The

5000 volt power Pack 8 is just below the sweep circuit. Switch

9 is in series with the primary of the high voltage cathode supply
transformer. The McLeod gauge 12 is not a permenent part of the
apparatus. Cooling water to the discharge chamber is circulated
through the two tubes 13. Ihé tripping lead to the sweep circuit
can be seen at ll.

The details of the time sweep e¢ircuit can be more plainly
seen in Figure 29, The triple gap, adjustable timing switch, etc.
are evident. Normally this is all inclosed in the shield can
shown at the left so that there is little coupling with stray
fields. This is a necessary precaution.

The technique used in taking surge oscillograms is simple.
The sweep circuit is comnected for auntomatic tripping from the
iniating sphere of the surge generator, as described in Part Il
of this paper. The operator then focuses the beam, energizes the
blocking circuit, and opens the shutter. He then keeps strict
attention of the cathode current, altering the needle valve if
there is any variation. The surge generator operator is at abso-
lute liberty to initiate the surge at any convenient time. After
the surge has occurred, the oscillograph operator closes the
shutter. Usually, a timing wave and a zero line are alsc put on

the film.

B. Typical Oscillograms.

In taking the surge oscillograms shown in this paper, a
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resistance voltage divider was used. This consisted of a number
of identical sections of micarta card wound non-inductively with
two copper wires, and cﬁnnected in series. Each four cards were
immersed in oil in micarta tubular cases, and were identical with
those described by Benedictfle) The total resistance is 10,000 ohms,.
The lower end of the potentiometer was connected to a 100 foot
length of delay cable leading to the oscillograph. To prevent re-~
flection, the cable was grounded at the oscillograph end through
its surge impedance. The proper value of resistance to be used

to suppress all oscillation was found by trial. The series of
oscillograms, Figures 30, 31, 32, and 33, show the effect of
various terminating resistors on the spurious oscillation on the
head of the wave. The cable impedance is obviously about 120
ohmg. These and the following oscillograms are not as clear as
the originals, due to inherent difficulties in reproduction.

All four of the oscillograms were taken with & 40 microsecond
sweep. Other sweeps are shown in Figures 34, 35, 36, and 37. The
first shows the usual 13-40 microsecond wave, taken with a 100
microsecond sweep. Figure 35 shows a 3=26 microsecond wave taken
with & 26 microsecond sweep. This surge was impressed 6n the
ungrounded sphere of the 100 cm. sphere gap, and shows & very
decided 1400 kilocycle oscillation on the wave front. This is a
customary phenomena(24)when working with sphere gaps, and is usually
suppressed by the insertion of damping resistors. In this case,

since the aim was to determine the ability of the oscillograph to

record such transient phenomena, no such suppression was attempted.
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Figure 36 was taken immediately after Figure 35 and with a faster
sweep ===~ 12 microseconds =-- t0 show the oscillations on the
front of the wave more clearly. 4s can be seen from this oscillo=
gram, oscillations on the wave front can now be easily analysed.
Figure 37 is an oscillogram of a one megacycle sine wave from
the oscillator, taken with the fastest sweep normally used on the
oscillograph === 1 microsecond. This oscillogram proves that there
is no oscillation in the sweep circuit, even with the lowest sweep

resistance employed.

Usually the exponential'time gsweep shown in these records is
decidedly advantageous, especially in studying surge phenomena.
Occasionally it is of importance to use a more linear time sweeps
There are numerous arrangements which will accomplish this purpose.
Probably the most popular arrangement is to use only the first
third or half of the discharge voltage of a condenser to drive the
beam, so that only the linear portion of the discharge is utilized.
In this particular case, such a setup would have required a voltage
source double that available. A possible alternative consisted of
connecting a suitable inductance in series with the discharge
condenser and resistor. By using an inductance which would just
render the circuit oscillatory, the condemser voltage is a highly
damped sinusoidal wave, hence after the first few microseconds
is linear for a considerable part of the discharge. Due to the
oscillatory nature of the discharge, the beam will oscillate about
the final deflected position at one side of the instrument. If

the discharge voltage is sufficiently high, this oscillation will
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take place off the film, just as the initial nonlinear section
will be off the film on the opposite side. This arrangement gives
a much greater linear section than can be obtained with a simple
condenser discharge circuit of the same voltage.

Such a circuit was constructed for the oscillograph. This
was a circult exactly similar to that shown in Figure 16 except
that an inductance was connected between points A-B. The capacity
of the surge condenser was 1 microfarad, and the inductance used
depended upon the discharge resistance. The inductance was chosen
to be just high enough to render the circuit oscillatory.

A single sweep of this circuit is shown in Figure 38, The
sine wave has a frequency of 500 ke¢. It is evident from the
oscillogram that both the first 6 and the last 10 microseconds of
the first sweep are useless. However, there is a usable region
between these limits of 24 microseconds in which the sweep is
linear within a (measured} limit of 10 per cemt error. By raising
the supply voltage 25 per cent, the linear sweep would have been
extended over the entire film. Incidentally, the sweep voltage
used in this picture was 2500 volts. Thus, with the full pack
voltage of 5000 volts, linear time sweeps can be easiiy made .

There are two disadvantages with this method. 1In the first
place, there is inherent distortion during the first and last
sections of the sweep, so that if the phenomena to be studied
reaches the oscillograph deflection plates before the initlal
period is over, it will appear distorted, or, if the sweep voltage

is high enough to eliminate the nonlinear portion of the sweep,
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will not be recorded at all. Usually this difficulty is not
important in eircumstances where such a sweep is necessary. The
second disadvantage is that there is an upper limit to the sweep~
ing speed. Vhen the discharge resistance is decreased, to permit
faster sweeps, there comes a point at which it is insufficient to
damp out the oscillations generated in the inductance by the self=-
capacity of the coil. When this point is reached, these oscilla=-
tions are generated and impressed on the sweep plates so that there
is a secondary, high frequency oscillation in the sweep. This
phenomena is well illustrated in Figure 39, The impressed sine
wave is a 900 kec. wave, thus the sweep time is of the order of 10
microseconds. There is a horigzontal oscillation, due to the high
frequency generated in the inductance. This is a recurrant, damped,
23 megacycle wave.

Obviously more discharge resistance would cure this difficulty.
If a smaller condenser is used, the discharge resistor will be
increased proportionately for the same time sweep. At the same
time the linearizing inductance is also decreased, so that the
amount of resistance needed to damp local oscillations is decreased.
Thus, use of & low capacitance time sweep circuit facilitates
ease in securing rapid, linear time sweeps. For this reason, the
final time sweep circuit used on the oscillograph (cf Figure 16)
was designed with a low sweep capacitance. Unfortunately, there
was no time to investigate the maximum sweep speed which could be
obtained with a linear sweeps.

A further point of interest about Figure 39 is that the
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spurious oscillations were recorded at the fastest writing velocity

actually obtained on an oscillogram. Thus, the 23 megacycle

oscillations shown in the center of the picture were recorded at

an average velocity of 460 km. per second, and a maximum velocity

of 900 km. per second. Those shown in the left of the picture

were of much greater amplitude. The highest computed velocity is

1800 km. per second. This is of the order of magnitude obtained
(6)(37)(3)

by previous investigators.

There is another way in which oscillations can occur on the
time sweep plates. This is due to coupling between the sweep
plates and oscillatory circuits adjacent the plates. This occurred
in Figure 40. The deflection plates were loosely coupled to a
resonant circuit (output circuit of the high frequency oscillator)
tuned to one megacycle. The major oscillation shown in this oscillo=-
gram wag produced by shock exciting the resonant circuit by dis=
charging the time sweep circuit. However, a much higher frequency
oscillation (around 32 megacycles) was present on the time sweep
plates. This may be due to coupling between the sweep plates and
some oscillating circuit, pogsibly the coupling coil of the high
frequency oscillator, which was oscillating at a frequency
determined by its inductance and self-capacity. An oscillation of
this frequency could not have been generated in the time sweep
circuit itself, due to insufficient inductance.

Under certain conditions oscillations in the blocking circuit

have been obtained. ‘this was the cause of the four vertical lines

spaced at odd intervals across the zero line in Figure 33. Probably
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the blocking voltage oscillated at a relatively low frequency,
so that these vertical lines are due to the beam unblocking for
very short periods on the return sweep in recording the timing
wave. Placing 200-ohm resistors in series with the blocking
plates effectively suppressed this oscillation.

For effective operation of the oscillograph, it must be very
carefully calibrated as to voltage deflection. It has been
shown(104)that if an origin-shifting magnetic field is used, or
if there is coupling between the mutually perpendicular sets of
deflecting plates, the deflection "constant" will vary with the
position of the origin and voltage applied to the plates not under
calibration. In this oscillograph the coupling between sets of
plates is extremely small, due to the grounded shield between
them, This is demonstrated in Figure 41, Two calibrating lines
were recorded on the film by applying known voltages (measured
with an electrostatic voltmeter) to the deflection plates. The
lines are parallel to the zero line throughout, showing that the
varying voltage applied to the sweep plates has not affected the
field of the deflection plates. A number of similar records
taken with the zero axis displaced varying amounts by the focusing
coil have shown that there is a very slight correction to be
applied if the axis is shifted more than half a centimeter. This
correction amounts to less than 6 per cent on any record.

The same figure shows another type of distortion which was

occasionally encountered. The first part of the surge recorded

on this oscillogram appears very indistinct, and the beam appears
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poorly focused. However, the last part of the wave, and the other
lines are well focused. The cause is distortion due to poor un-
blocking. The voltage on the blocking system did not drop suffi-
ciently for the beam to pass through the blocking diaphragms without
striking the side walls. This scatters the beam and produces
secondary electrons. Moving the triple gap spheres connected across
the blocking circuit closer together decreased the initial are

drop and cured the difficulty.

Figures 42, 43, and 44 are illustrations of surge flashover‘
on the laboratory 100-centimeter spheres. The first shows flashs
over on the head of the wave, followed by the customary oscillatory
discharge, in this case at 180 ke. frequency. The recorded voltage
did not drop off to gero at the instant of flashover. This dise
crepancy is probably due to the fact that the voltage divider was
not connected directly across the spheres, but was connected to
them through a 20=-foot length of No. 28 wire, so that line drop and
reflection distorted the correct picture. The second shows two
flashovers on the tail of the wave, and shows identity of repro-
duction which gives confidence in the ability of the instrument
to record correctly the phenomena impressed on the terminals. It
should be added that the zero was shifted between the two records.
Figure 44 shows the head of the same type of flashover taken with
a faster sweep, giving a much better picture of the rapid voltage
fluctuations.

Figure 45 shows the effect of the separation of the film

from the Lenard window. This oscillogram was made with the left
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edge of the negative pressed against the foil and with the right
separated about 0,067 inches from it. It is quite evident that
at separations greater than approximately 0.026 inches the line
sharpness is poor.

The delay time of the cable and Marx generator gaps was
determined by removing the termingting impedance on the cable,
tripping the generator as before, and tripping the oscillogréph
gimul taneously. Figure 46 shows the resulting oscillogram. Un-
fortunately, the megacycle timing wave was applied with the cable
gtill attached to the surge generator, and the coupling between
cable and oscillator was sufficient to distort the wave badly.
Two surges were recorded, with the zero shifted to the right

approximately half an inch between recordings. The delay time

is almost exactly one microsecond.
The effect of thickness of Lenard windows on the beam

penetration is shown graphically in Figure 47. Here a 500 kilo-
cycle wave has been taken through four thicknesses of cellophane.
Thése are, from left to right: 0,032, 0,044, 0,024, and 0,012 mm.
It is evident that no beam penetrated the thickest foil, and that
the 0,012 mm. window is quite superior to the 0,024 mm. window,
Figure 48 is the one oscillogram taken on News Bromide. This
is merely a voltage calibration, showing equal and opposite volt-
ages applied to the deflection plates. Quite readable lines are

produced.
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];. Conclusions,

General,

1. The type of oscillograph described in this paper is well
suited for continuocus routine surge testing or other similar
transient analysis.

2. The maximum writing velocity using Lenard photography
exceeds 1800 km./sec., and is calculated to be of the order of

30,000 km./sec.

Discharge Tube.

S Admitting air into the discharge tube near the anode
opening improves the focus and centers the discharge.

4., There is a definite focusing action due to the cathode-
anode spacing. As the tube diameter is decreased, the optimun
spacing increases.

5., There is also a focusing effect due to the cathode potent=
ial. Increasing the voltage increases the current density in the
spote.

6o The shape of the cathode tip is not of importance as long
ag the crater area is normal to the tube axis.

7. The air pressure in the discharge chamber decreases slow-
ly with increased cathode-anode spacings (at constant discharge

current). Over the range from 3 to 6 inches spacing the pressure
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is of the order of 2 to 4 x 10-2 mm, of mercury.
8, Decreasing the diameter of the discharge tube from 1.25
inches to 0,75 inches increased the efficiency of the tube to

three times its initial value.

Beam Analysis.

9+ The current density in the mdin body of the beam decreases
rapidly from a maximum at the center when a fresh cathode surface
is used. In the beam from & pitted cathode the density is nearly
constant out to the effective diameter of the spot.

10. The effective diameter of the spot is considerably less
than that given by Busch's equation(zs) when a new cathode ig used,

The expression is correct for the diameter of the beam from a

pitted cathode,.

Lenard Photography.

11, Results of measurements on penetration of cellophane by
cathode rays check closely against those of previous investigatons.(s)
The penetration is inversely proportional to the thickness of the
foil, and varies with cathode voltage V according to the
expression P = A(l - ébv) where A and b are constants depend-
ing on the foil thickness.

12. Over the range of densities encountered, the blackening
of a film by cathode rays as a function of charge density g follows
the empirical formula B = K-q , for a given cathode voltage.

The blackening varies exponentially with the cathode voltage.
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13, The minimum cathode voltage for successful operation

with Lenard photography is approximately 50 kv.
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\AEEndiz A,

Current Density in Beam from Analysis Measurements.

The current division in the beam is assumed to be uniform
in azimuth. Successively smaller diaphragms are interposed
before the collector, intercepting all the current in the beam
except that passing through the diaphragms. By changing diaphragm
diameters by an amount Ad centimeters, a change in collector
current Ai is observed. The average current density in this
zone is

Ai £
i amperes per om.

K}

J =

By plotting the collector currents as a function of the diaphragm
dismeter, and drawing a smooth curve through the points, it is
possible to pass to the limit in the above expression, giving

the current densiiy j as a function of the diameter as:

2 i 2
iD) = =5 '%'E amperes per cm.

In this case it was convenient to express the diaphragm diameter

in inches, giving:

2 31
J(D) = 77D 2.54° 9D
& il 31 2

10.13 D oD 2mperes per om.
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Aggendix B.

Charge Density in Writing Line.

Consider a center zone of the writing spot, with an
effective diameter dg, traveling at a veloecity vy over the
film. The average current density in the beam over the area
defined by d, 1is '5, determined from beam analysis measure-

ments. The charge density ’Yl in the writing line is given by

.
T2
g = iAt
2
1:'.r.r.d.‘.§._.-
4
At:..g'.L
Vg
'11’2
A= T4
4
'Ihus, m‘d2 a
- ....._B._.j...rﬁ...
o= 2 4
'Trd§2
4
- 3 P
= 73 _;.&_ coulombs per cm.
8
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