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SUMMARY

High speed cathode~ray oseillographs ubtiliging high vacuum tubes
and external photography are now available, but certain eleestrical re-
search problems require writing speeds in excess of those possible with
such equipment, A moderately low voltage, cold eathode type, highe
speed oscillograph for internal photography is part of the Institute
High Voltage lLaboratory. Its capabilities beyond the range possible
with the present high vacuum tubes have been investigated. The factors
affecting its operation were studied, and the results of this study
have suggested improvements in the equipment, as well as furnishing data
of considerable practical value and theoretical interest,

Distortion affecting the magnitude and direction of deflection
of the beam has been eliminated and distortions affecting the sigze and
shape of the beam spot have been reduced. Transient pgas focusing in
the tube has not been eliminated, but the factors causing transient gas
focusing have been studied, and a tentative explanation of the phenomenon
is suggested. The operation of the oscillograph as an elsctron miocrow
scope is described. The prineiples of electron opties are used to exe
plain the observed results when an axial magnetic field is used to ine
crease the ratio of the beam current to the total discharge current,

The effects of gas and vapor pressure, eathode surface conditions and
cathode age on the operation of the oseillograph are deseribed. The
writing speed of the oscillograph was extended somewhat and was measured
as 2 x 10° on. per second, Published papers made possible by the ime

proved operation of the oseillograph are included as an Appendix.



INTRODUCTION

Dependable high speed oscillograph equipment is an essential
part of any electrical testing laboratory designed for high veltag§
messurements. Several high-speed oscillographs of the cold eathode
type were constructed and operated in the Institute High Voltage Labora-
tory prior to the availability of commercisl high-vacuum oseillograph
tubes for high speed recording with an extermal camera, These cold
cathode tubes have been described in dootor's theses by Griestl,

Hawley? and Pleasants®, Although high vacuun tubes with sufficient
writing speed for lightning surge studies are now available, there is
still a range of operation which is satisfied best by a sold sathode
type oscillograph with internal film recording. The tube designed by
Dr. Howard Griest was chosen for further development in 1936 because
it was relatively simple to operate and required considerably less
acoelerating potential than other tubes used previously.

One of the principal uses of a high epeed osoillograph is the
recording of transionts following the application of artificial lightning
surges to elestrical equipment. A surge generator which can be tripped
mechanically is used in the Institute High Voltage Laboratory for ime
pulse testing. Such a system requires an electrical connection between
the surge generator and the oscillograph for cocrdinating the twe sets
of equipment., The surge tripping mechanism, oscillograph trip cone
neotion and delay cable connecting the voltage divider scross the test
apparatus and the oseillograph deflection plates must be designed so
the entire transient phenomencn may be recorded. Also, the oseillograph
should not be disturbed by the electromagnetic field ereated by the

surge generator. These requirements are difficult to attain completely,



but a satisfactory compromise was effected so that routine testing was
possible,

Since impulse research as well as commercial testing was in progress
almost continuously, it was necessary to earry cut a development program
without interfering with routine testing, At the same time, cathode beam
behavior was studied' in order to impreove the oscillogram records. As a
result, the eathode beam studies were often intimately related to the
development of opereting technique, so that no attempt has been made teo
separate the two factors, although the results may vary, from electrom
phenomena which are merely informative, to changes which soncern purely
mechanical improvements in the equipment., No radieal changes in the de-
sign of the osaillograph were considersd, The work was limited to an
investigation of the factors affeoting the optimmm opsration of the

existing equipment,



EQUIPMERT

A continuous cathode beam is furnished by a metal discharge tube
using a removable aluminum cathode and an anode with a 0,016 inch diameter
window. Air is admitted by a needle valve leak to allow a cold dise
charge. The needle valve lead serew is drilled so the leaking gas or
air can be controlled or passed through s drying tube if necessary, and
the lead screw is lubricated with stopecok grease to prevent an inlet
of air at that poinmt. The details of the cathode assembly are given in
Fizure 2, A blocking chamber of Rogowskl type 1s used to prevent fogging
of the film while no record is being made, Additional details of the
design of the oscillograph are given in the thesis by Dr. R, H, Grieatl.

Focusing of the beam is accomplished with two eoils mounted in
jron caseg with a small air gap to give a concentrated field voaxial
with the oathode beam., One ceil is loocated above the sweep and deflestion
plates, approximately midway between the anode window end the scresn,
to form an image of the anode window at the soresn and give the sharpest
possible trace. The other coil has fewer turns of larger wirej it is
located just above the anode, and is used as a fore-concentration coil
to increass the number of electrons in the sathode beam. Current for
both coils is cbtained from a six-volt storage battery controlled by
potentiometers,

Deflsction normal to the sweep direction is caused by a pair of
deflection plates approximately 40 cm. above the fluorescent soreen.

A selector switch mounted near the defleetlion plates sommects these
plates to different taps on the terminating impedance of the delay ocable
for impulse testing. An electron coupled radiosfrequency osocillator

furnishes a timing wave., Deflection sensitivity is measured with a d-o



veltage supply controlled by a set of tapped resistances and a 1000 ohm
rheostat in series with the primary of the power transformer of the
rectifier. A reversing switch for the high voltage supply was built inte
the tap switech on the control panel but was not commected into the cireuit.
A set of eoils commected through a reversing switch to a potentiomeber
across the six-volt storage vattery furnishes a magnetie'bias to adjust
the position of the sathode beam in the deflection direction,

Six different sweep speeds from less than one miecrosecond to
geveral hundred mieroseconds duration can be seleeted by changing a
tap switech, The sweep impulse is capacitively eoupled to the sweep
plates so that electrostatic bias san be used to control the positiom
of the beam on the screen, A "heating eircuilt" comsisting of ;evural
condensers and some resistance is often used to improve the spark at
the trip gap. Such a eircuit was discarded after a trial beoausé no
improvement was apparent when fast sweeps were used, and the circuit
actually caused psriodic reblocking with the slower sweeps.

Several 400 ohm resistors are required for damping oscillations
in the L C cireuits formed by the different plates and their leads,.
400 ohm reaistors are not quite high enough for oritical damping, butb
they reduae the osolllations adequately., Very high frequency oscillaw
tions are apparent in the deflsction plate oirouit with the fastest
sweeps, but they are small in amplitude and not objectionsble, although
they are relatlively undamped. Other cireuit values for the blocking and
sveep clroults are given in Figure 3. Figure 4 gives the connections
| fbf all cireuits om the main control penel.

No change was made in the osmera and soreen mechanism originally
constructed by Dr. Griest. A deseription of this mechanism will not be

repeated here, but a photograph of the samera is included as Figure 5.
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Table I

Terminal
Numbers Cirecuits
le2s Earth's Flield Compensation
3w d % Foecus
B»6 » Fore-concentration
7T = 8 Magnetic Bias
9 «10 * Battery
11 Blectrostatic Bias Filament
12 Eleotrostatic Bias Plate
13 Sweep Filament
14 Sweep Plate
15 A. C. Ground
18 Fore Pump
17 Vapor Pumps
18 Kenotron Filament
19 Kenetron Plate
20 A. C. Input
21 Glow Tube
22 A. C. Master Switch
23 Sensitivity Bias Plate
24 Not in use

¥ 2 wd «8 «10 D. C. Positive and common lead.
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The oseillograph is constructed of brass and requires a soil
surrounding the entire tube to nullify the éffeet of the earth's magnetie
field. If not compensated, the magnetic field of the earth causes a
deflection of approximately one inch and may deflect the discharge
suffisiently to reduce appreciably the number of electroms passing through
the limiting aperture below the ancde window,

Three steges of meroury diffusion pumps and a Hyvae forepump ars
used continuously during operation. With the needle valve leak adjusted
for normal digcharge current, this pumping system will reach & pressure
of 2 x 107 ym. of mereury. A shut-off valve between the oseillograph
system and the pumps is provided. In addition, a glow tube operated by
a 7500 volt neon sigzn transformer, a loleod gauge, and an extra adjuste
able leak are sommested to the vacuum lead in order to provide means of
controlling and checking the vecuum in the system under any desired operating
conditions. The glow tube gives an occasional flickering discharge at a
pressure of 23 mm, of meroury; continuous discharge beging at 2 pressure
of 20 mn, of mercury and the tube becomes dark again at approximately
2 x 20" mm, A recess in the top of the lowest pressure stage of the
diffusion pumps serves as an adeguate, although troublesome, liquid air
trap requiring frequent refilling.

Several changes were made in the mechanical layout of the equipment
to improve the ease of operation. The equipment was originally set up
for preliminary testing on the south baleony in the Imstitute High Voltage
Laboratory. Controls were of somewhat temporary eonstruction. Txperience
in this first location indicated that static shielding of the oseillograph,
or a location more remote from the surge generator, or perhaps both, would
be desirable. Accordingly, a new loeation in the aloove under the main

entrance to the building was seleected because it would be more remote, and
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if complete shielding were found necessary, the building itself would act
as an effective shield so that minimum additional construction would be
required.

At the same time, revision of the mounting and control apparatus
was ocompleted. Observing hoods with dark slides wers added above the
windows originally provided. The 10000 volt power supply was rebuilt
more compactly with the filament transformer for the kenetron at ground
potential and the high voltage transformer insulated for inverse peak
voltage. A 5 milliampere meter, protected by a series resistor and a
neon lamp, was placed in series with the 20 milliampere meter in order
to give a more gonsitive indication of discharge current. Wire wound
limiting resistors in the lead to the discharge tube replased the water
column used previously. An a. c. operated solenoid was installed to dig-
charge the high voltage filter condenser when the power was shut off., A
self starting synchromous elock was installed to measure the cathode age,
or length of time that a cathode had been in operation., Also, the highe
voltapge lead to the discharge tube was placed in a gopper tubing conduit
in order to shield the lead.

The coil for the fore-concentration field was rewound with larger
wire so that a single six volt storage battery would be sufficient as a
power source. A new campehsating coil for the earth's magnetic field was
wound, and the deflestion bias coils were rewound to improve the wniformmity
of the magnetic field. The resistances of the various coils are tabulated
below:

Earth Coil 30.0
Defleetion Biag Coils 7.3
Focusing Coil 9.4

Fore Conecentration Coil B.0

12



All of the oseillopraph equipment except the two storage batteries

and the 10000 volt power supply ie mounted in a single operating benech,

Below the oseillograph are the deo power supplies for the blocking system,
| sweep oireuit bias, and defleotion calibration voltage. A removable cone
trol panel is connected to a terminal block (Table I, following Figure §)
by & cord and combination of plugs so the sontrols may be examined without
interfering with the operation of the oscillegraph, or removed for changes
or repsirs and easily replaced. The vacuum pumps are beneath the data
~table., An electron eoupled osecillator with a selector switeh for a cholice
of 100 ko, 333 ke, 1000 ko, 3333 ke, or 10000 ke is beside the oscilloe
graph, with its power supply direetly below. TFigure 1 shows the general

arrangement of the operating bench,

PHOTOGRAPHY

Roll film with a relatively slow emulsion, sensitive only in the
blue~violet region of the visible spectrum, proved to be most suoecessful
with this oseillograph, Such film (Eastman NC roll £ilm) is quite
gsensitive to direct elesctron exposure; while at the same time it is rela-
tively inexpensive, it can be handled easily because total darkness is
not required during development; it is not fogged if the ommera is oponed
when the operator's face against the viewing hood is the only shielding
from the room lights,

Film ordinarily contains sonsiderable moisture which must be re-
moved before satisfastory operation of the oseillograph is pessible,
Phosphorous pentaxide will dehydrate the outer layers of paper surrounding
the film, but conbinued pumping with a vacuum system is the only adequate
method of preparing film for use., A separate vacuum system for this pure

pose would be desireble. Since none wae readily available, a mumber of
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films were placed in the ossillograph at one time and were pumped eone
tinuously for 24 hours or more until the films wers dry. The meroury
pumps were not used until the glow tube showed that the water wapoy
pressure had been reduced adequately. Dried films were stored in the
oscillograph until they were required.

Two eontrast emulsions were tested in the eoscillograph. The
results were similar in both oasges) the slower sweeps gave an intense
blaoic trace but the faster sweeps wers barely discernible. Photostat
paper gave somewhat better results than proocess film, perhaps because
this film had a thin gelatine coating to protect the emulsion. Photostat
paper might have some advantages if a large number of oscillograms are
toc be made on one film, A roll film alleows only 10 separate exposures,
or 30 surge oscillegrams per roll if the film is advanced only ome~half
turn between exposures. It is usually desirable to develop.the film and
examine the results after thiz number of exposures has been made, and the
advantage of a greater number of oseillograms per »oll becomes guestionable.
The faoct that less mniatﬁra would be introduced by a roll of photostat
papsr would certainly be advantagecus. The photoatat paper night be re
movable in daylight if some scheme similar to that used with 35 mm. film
were adopted. This suggestion might be worth further investigation,

The effect of emulsion thickness may have influenced these results.
Emulsions on roll films vary betwsen thioknesses of 7.5 x 10°* om, and
40 x 10*¢ em, The thickness of the photostat emulsion is less than these
values but the actual thickness was not determined., The thickness of the
emulsion and the protective coating on the precess film is 1.4 x 10"% m.
Wood? states that the penetration of eleotrons is proportional to the fourth

power of the veloocity. The maximum penetration is given by:
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8w _....lg&g_.._.rr (224p) Dow®
4,04 4 x 10
Egw acoelerating voltage
d = dengity of medium penmetrated
10000 volt eleotrons would therefore penetrate to a depth of 2,5 x 10"" éan.
or less than the total thickness of the emilsion on a roll film, V'

DEFLECTION DISTORTION

Distortion affecting the response of the beam to deflesbing
fields is of major importance, as a true pisture of the elestrisal tranw
sient being recorded is desirable. Corrections might be applied to a
distorted oseillogram, but this technique is definitely inferior to obw
taining an osoillogram which represents, within the tolerance limits of
the experiment, a linear relation between the measured deflection and the
voltage transient. A linear sweep is not always necessary, however, and
an exponential sweep voltage iz used frequently.

Two methods of blas may be used to lecate the beam on the soreen.
The beam may be deflected to any desired position with a magmetie field,
or a fixed voltage may be applied to either pair of deflection plates.
Condensers mast be used to ocouple the deflootion plates to the transient
voltage 1f the latter methed of elestrostatic bias is used,

Originally, the sweep plates were comnected direatly to the sweep
condensers, and a magnetic field was applied to return the beam to the
gsereon. Two sets of ooils furnished fields to defleet the beam in the
deflection direction and along the sweep axis., These coils were 4 inches
in diameter and were placed about 4 inches apart surrounding the region
of the sweep plates. The magnetic field given by two coils spaced a
distanse equal to their diameter is illustrated by Figure 8, The lines of

squal magnetic vestor potential wers found by graphisal interpolation from
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computations of

% * %I(%)% [(1%1»:3)7{.-5] 7,04(4) Smythe®

where K and £ are the complete elliptic

integrals for the modulus k.

¥ = da@ [(& -9)2 + ’g] -1

a = radius of the loop

¢ = radial coordinate

% = distange from plane of loop
As a result of this non-uniform Pield, a sine wave deflection volbage
is recorded as a warped, double walued function whose smplitude varies
with position along the sweep axis., (Figure 8). The correct amplitude
of the sine wave 1s given by Figure 7,

Any attempt to obtain an exact snalysis of such distortion would
be impractical, since the path of the beam at any point dspends on the
integrated effect of a magnetie snd an slectrogtatic field, and neither
field ig uniform, or even sxactly known. MNost of the deflection caused
by the sleecbric field occurs near the top of the sweep plates; the plates
are not parallel but diverge Yo prevent the beam frem approaching the
plates during the extremes of the sweep, sinece the beam is gwept far
beyond the left of the scrsen in order to allow reblecking before %ﬁa
gweop returns. The magnetic defleotion along the sweep axis occurs more
uniformly. Since the magnetic fleld increases on elther side of the plane
midway between two coile separated by o distance equal to twice their
radius, the effect of the magmnetioc blas ig greater as the beam is moved to
either side of the gero axis by the deflestion plates. This faet explains
the crescent shape of the distortion, The amplitude is reduced because
the magnetic deflection occurs in that part of the fisld to the left of

the axis of the colls, where the f1sld has a radial compoment in the
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proper direction to account for the reduction in amplitude,

Comparison of Figures 6 and 7 shows that there is a slight net
effect of the radial component of the magnetic field when the beam has
swept to the right side of the axls of the coils, 1,e., the radial come
ponents on opposite sides of the axis do not exactly compensate bscause
the beam striking the center of the osoillogram leaves the masnetie and
elestric fields at the left of the central axis at such an angle that a
continued stralght path will intersect the center of the osoillogram,
Yote also that there is en elliptiaai distortion of the beam spot when
the beam departs from the gero deflection axis, Such elliptical disw
tortion of the beam always occurs in a non uniform field. In Figure 7
there 1s some slight erescent distortion at large amplitudes in the
opposite direction to that previously discussed., This phenomenon is due
to a non uniform eleotric field saused by the shape of the sweep plates
and the fact that the sweep plates were not placed symmetrically in the
oscillograph. The extreme deflections exaggerate the effect,

Deflection distortion increases at a greater than linesr rate as
the electrostatic and magnetic fields are inereased simultaneously with
small resultant motion of the beam to the left of the sereen. It would
be quite possible to reduce the effect satisfactorily by sapacitively
coupling the sweep plates to the sweep condensers, and shunting the sweep
plates with a high resistanse so the beam would normally begin its sweep
at the center of the soresn., A more uniform magnetic field from a
Helmholtz arrangement of coils spased equal to their radius eould then
be used to bias the starting point of the sweep to the left, FHowever,
with capacitive eoupling it is possible to use an electrostatic bias
vhich is easily controlled in magnitude with a potentiometer in the

primary at the power supply transformer, and the beam may be biased com-
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pletely to the left and the action of reblocking observed without the
introduction of appreciasble distortion,

In order to provide a convenient means of changing the position
of the gero deflection axis, the coils for this purpose were rewound in
a form vaguely resembling the intersection of a eireular eylinder and
an elliptical oylinder with a major axis twice the diameter of the ocirsle
and the minoy axis of the ellipse, This form of coil gave a somewhat
more uniform magnetic fisld but soms aiswrhian remained, although it is
not important when deflections are smell,

BEAM DISTORTION

Several types of distortion affeet the size or shape of the
foouged spot, Although this beam distortion is not quite as importent
as deflection distortion, certain types of beam distortion proved very
diffioult to minimize, Fortunately, however, operating conditions cam
usually be chogen so that good oscillogramns can be cbtained over the
entire range of operating requirements,

One unavoidable form of diatortion caused by a nom wniform field
has been salled slliptical distortion. Consider the effect of an eleotro-
static field, as illustrated in Figure 9, om a cirecular eathode beam of
greater than infinitesimal diameter. If deflection is toward the une
grounded eleotrode, the electrons nearest that electrode are acted upon
by a stronger fisld than that aoting upen the slectrons in the opposite
slde of the beam. The result is an slongation of the ciroular beam
along the axis perpendioular to the eleoctrodes. Reduction of the minoyr
axis of the elliptical beam will be caused by the curvaturs ef the
electric field. Similarly, if the umgrounded elestrode is negative,
the ciroular beam will become slliptical with its major axis parallel

20



FIGURE 9

EQUIPOTENTIAL DIAGRAM
NARROW PLATES ONE PLATE GROUNDED



FIGURE 10

EQUIPOTENTIAL DIAGRAM
WIDER PLATES ONE PLATE GROUNDED



FIGURE 11

EQUIPOTENTIAL DIAGRAM
NARROW PLATES PLATES UNGROUNDED



to the electrodes. Foousing the beam would reduce the effect slightly,
since the beam would have converged somewhat before emtering the dew
flection field, but two focused lines appear for differsent values of
Joousing‘ field current and a point foous cammot be obtained. The end
effects introduced by the top and bottom of the plates increase this
distortion considerably.

Certain applications of the eseillograph, particularly studies
with a surge generator, require that one of the defleection plates be
grounded. A non uniform deflection field is then unaveidable., While
it is impossible to geleot any value of foousing field surrent which will
give a narrow trace throughout the entire osecillogram, this distortion
can be minimized by a proper design of the deflection plates, Defleetion
smplitude is proportional to the product of the field strengbth and the
time thet the field acts upon an electron if the amplitude is small,
Inereasing the length of the deflection plates will therefore reduce
the field strength necessary for a given deflection amplitude and de-
crease the elliptical distortion by reducing the importance of the end
effects introduced by the top and bottom of the plates., The umiformity
of the field itself oan be improved by closer spacing of the plates
and/or widening the plates. Compare Figures 9 and 10, All of these
factors were considered in the design of new deflection plates for the
escillograph,

Increasing the length of the deflection plates and reducing the
spacing inerease the oapacity of the deflection system, which may net
be important, and inorease the deflection sensitivity of the oseillegraph
in addition to reducing the elliptieal distortion when one plate is
grounded, More than 1000 volts was required for a deflection of one inch

prior to changing the deflection plates. Deflection sensitivity was more
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than doubled by the change and it became practiscal to measure deflections
sorresponding to only 100 velts., This increased sensitivity was quite
useful in tests of the blocking system and a paper, "Ionization Time of
Thyratrons", contains some results of this investigation. A preprint of
this paper 1s ineluded as Appendix A,

Another paper, "Surge Voltage Breakdown Characteristies foy
Flestrieal Gaps in 041", by Professor R. W. Sorenmsen, is ineluded as
Appendix B, Thousands of surge oscillograns were obtained for this ine
vestigation, These two papers are examples of two widely different types
of routine tests that are possible with the oseillograph. Figure 12 ghows
a surge oscillogram and a superimposed timing wave, Note the greater
gharpness of the timing wave trace which was made with the two plates
symmetrical with respeet to ground. A better illustration of the effect
of symmetrical and unsymmetrical deflection voltages can be made by a
comparison of the surge trace in Figure 12 and the much greater defleetions

in Figure 7.

An annoying form of beam distortion affecting the focus of the
beam during sweep, first observed in early tests of the qscillegraph,
is illustrated in Figure 13. If the beam is focused to a spot with the
tube unblocked and the tube is then operated without changing ths foousing
field current, the trace is sharp at the begimming of the sweep bub the
trace widens almost uniformly during an interval of two miocrosesonds, The
%erm defocusing has bdén applied to this phenomenon. The width of the
trace normally remains constant for the remainder of the sweép after thie
two microsecond interval, although the width would oceasionally decrease
slightly after a maximum width had been reached. Usually the focus was

sharp at the exact beginning of the swsep but in eertain instances the



Figure 1
, Transient -+
TR - gas focusing
Interval of defocusing 2 microseconds
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beginning of the sweep might be out of focus and the sharpest foecus would
then occur during the interval of defoecusing. This interval of defocusing
is independent of sweep speed; in fact, it is independent of every cone
ceivable variable that was checked during the three years of research on
the problem.

Actually, the term overfocusing might be more descriptive of the
phenomenon termed defocusing. In all cases the beam can be focused sharply
by reducing the current in the foeusing field from the value required for
focus of the spot when thse beam is not blocked, This behavior suggests
the possibility of transient gas focusing which 1s not present during
steady state conditions,

The correlation between defocusing and the use of fore-concentration
was evident at almost the same time that the defocusing itself was disw
covered. The reason for such a correlation was not understood, however,
until the various factors affecting the distribution and quanbity of stray
electrons inside the tube had been investigated, Further baszis for the
misleading belief that fore-concentration is directly responsible for dew
focusing was furnished by the acoldental discovery that reversing the
direction of the current in the fore-concentration field reduced the mage
nitude of the defocusing., Later tests falled to verify this reduction
of defocusing and this solitary exemple of reduced defocusing san probably
be explained by some change in the mechanical slignment of the esathode
assembly while reversing the leads to the fore-concentration field., Very
slight changes in the aligmnment of the cathode cause relatively great
changes in the beam ocurrent, This behavior will be deseribed in detail
in a later diseussion of beam efflclensy.

It is possible to obtain an electron imare of the cathode surface

by adjusting the strength of the fore-concentration field, T"xeminationm



of the eleotron demsity distribution in the beam in this way shows that
most of the electrons in the sathode beam originate at the bottom of a

erater whish forms on the surface of the cathode. An early observationm
showed that moving the image of the bottom of the cathode orater out of
the beam also reduced the defocusing.

All of these first observations can now be explained by the theory
of a correlation between defocusing and the presence of a large number of
gtray electrons, sinee the changes involved invariably reduced the number
of stray electrons by reducing the beam surrent.

The first intimation that defocusing is related to the presence
of a large number of stray electrons was given by the observation that
defocusing is much greater than usual when the use of fore-concentration
cauges a tremendous reduotion in the deflection by the electrostatic bias
voltage applied to the sweep plates. TFurther investigation revealed that
the current between the plates shows a saturation effeet ag en isolated
voltage across the plates is increased, indicating that the current is
being limited by the number of stray electrons available. The saturation
ourrent under the same voltage oonditions was tripled when the beam current
was nearly tripled by using fore-concenmtration. If the ocenter tap of the
voltage across the sweep plates was grounded ~ normal operating conditiom -
the stray current without fore-concentration was inereased somewhat and
the use of fore-concentration then caused the stray electron current to
inecrease by a factor of eight. The maximumn measured stray current saused
a reduction of the bilas voltage of 107 and the reduced deflection of the
beam when fore-concentration was used verified this result experimentally.
The reduction of deflection involved was much less than during the previous
experiment when the correlation between defocusing and reduced deflection

with foree-concentration was first noted,.
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Crounding the middle sphere of the trip gap reduces the defocusing.
This conneection requirss the application of the tripping impulse for surge
recording to one of the oubtside spheres. Some inconvenience is saused by
the necessity of changing the comnection for surges of different polarity
but the system has been guite practical. The possibility that the entire
blocking system might be "floating"” at some potential sbove ground was
considered but discarded after tests showed that the distortion produsced
when the blocking plates are raised to some potential above ground is
guite odd ghaped and can never bes focused sharply, while photographs made
with the sweep disconnected show that the defocused beam is circular in
shape,

Encouraging results were obtained by applying 90 wolts to the
blocking plates. A slight deflection was produced and the focus was
changed radially by approximately the proper amount end in the correoct
direction to explain defocusing. Paradoxically, grounding the middle
sphere increased the foousing effect, in contrast to the opposite behavior
in the transient or true defocusing case. However, when the vacuum was
improved by ueing a liquid air vapor trap, tests failed to show any foocus
effect with 90 volts applied to the blocking plates, although defocusing
was still present during normal operation of the oseillograph., TFurther
tests without liguid air in the trap repeated the original results. The
polarity of the voltage applied to the bloeking plates with respect to
ground causes different visible transient effects but the steady state
results are similar, although not exactly the same, No change in the
deflection sensitivity is apparent when the focus is changed by wvoltage
on the bloeking plates,

During tests of beam current and stray electron currents as a

function of pressure in the tube, a focusing effect was noted when voltage
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was applied to the sweep or deflection plates. This foousing effect is
similar to that observed when low voltage is applied to the blocking plates.
A saturation effect can be noted, i.e., no additional foousing effect is
observed as the voltage is increased beyond 200 volts. Veltage was applied
to the deflection plates with the beam unfocused; the beam was then focused
to a point and the beam blocked and swepts the result was a broad trace.
The beam was focused to a point with no deflesction voltage; then the same
deflection voltege es used in the previous test was applied and the spot
became over-focused;'hhe result was & sharp trace when the beam was blooked
and swept, These tests seemed to prove that the foousing effect observed
in the static ease when voltage is applied and stray eleetrons are present
cammot explain the defocusing when the beam 1s blocked and then swept.

Additional check of the theory that defeecusing might be caused by
the spark gap voltage across the blocking plates was made by comnecting
batteries in series with the 1ead§ from the trip gap to the bloecking plates,
The gap voltage had been measured with the oseillograph. Visual observae
tion indicated a total gap voltage of about 100 voltsy photographic measure-
ment gave & value nearer 50 volts for the total gap voltars. Both 22% wolt
and 45 volt batteries were comnected on each side of the gap, in correct
and incorrect polarity for compensating the gap voltage, with and withouk
middle sphere grounded, yet no observable change in the defocusing could
be noted, Such definite negative results seem indisputakle,

A comparison of the defocusing when either single pair of blocking
plates were used alone or when both pairs of plates were used, did not
furnish any conclusive data, An attempt was made to observe the trace
when the beam vwas swept with the blocking plates disconneoted., The fast
sweep was obsocured by the slowsr return sweep. The returr. sweep appeared

to be focused sharply. Results were again inednalusive. Defocusing
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definitely oocurs and can be photographed with the sweep plates dise
connected, but with regular unbloocking taking plase. This result proves
that the sweep transient is not responsible, although it osnmmot be said
that the presence of the sweep and/or deflection plates does not influemce
the phenocmenen, Defoousing alse ccours when the defleotion plates are
substituted for the regular sweep plates.

There is no change in the deflection sensitivity of the beam when
the beam becomes defooused. The deflection sensitivity was messured for
beams of different energies requiring foousing field currents less thanm,
and greater than, the foousing field currentes used for foeusing a de-
focused beam and an unblooked beam, There should have been a deflectiom
variation of one«fifth of an inch during the defoousing interval with
500 volts on the deflection plates if the effect were dus to a change in
the energy of the eleotroms in the beam above the deflestion plates, but
the trace was a straight line, Defocusing is identical when photographed
with the electrons hitting an insulating gelatine emulsion, or cbserved
visually as the electrons atrike a fluorescent coating on an aluminum
plate. Any explanation based on deceleration of the beam by an elestron
"£ilm" at the bottom of the tube can therefore be eliminated,

The fact that the magnitude of the foous effect is so great «
in rare ocases & sharp trace with a defocused beam has been obtained with
sero magnetic foousing field « and the fast that grounding the middle
sphere of the trip gap influences the effest, support a belief that the
transient foousing occurs in the upper reglon of the tube, probably in
the vicinity of the blocking plates, This part of the tube is a region
of relatively high gas pressure., Additional evidence is cont'ribnted. by
the behavior of the beam when the trip gap is not symmetrical with respect
to ground. After the trip lead has been moved from the middle sphere to
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an outside sphere, the beam sannot be focused at all if the middle sphere
is ungroundeds the trace is a smear for any value of r.ogy;a field current,
Grounding the middle sphere through a resistance of sevaﬁl hundyred olms
" allows most of the trace to be focussd, leaving a "fan" at the begimming
of the sweep whioh cammot be focused under any conditlons. The trace has
geme smear at the begimning of sweep when the vasuum is poor if the trip
lead is conneoted 4o the middle sphere,

A series of tests with various trip gap commeotions led to the
following conclusions: if vacumm is gooed, either due to ‘aonﬁm;m P
ingz when the relative humidity of the atmosphere is low so that film and
tube besome dry, or by the use of a liguid air trap, there is little smeare
ing of the trace if the trip gap is cepletely floating, i.e., entirely
disconnested from the trip lead., If the trip lead is connected to any
part of the oireuit, it tends to maintain the eireuld at the conditien
before tripping; for example, if the trip lead is commested to the middle
sphere but floating, it is essentially at grourd potential and the trace
is satisfactory with a good vacuum, But, if the trip lead is oomnected
to the middle sphere and to the tap between a pair of unequal resistors
across the complete gap, or if the trip lead is connedted to an outside
sphere, the lead effectively prevents the blocking system from being
symnetrioal with respect to ground and the result is a smeared trace. The
trace is satisfactory, however, if the ai_dd).e sp_horo is growided through
a 100 olm resistor, regardless of the ‘atate of tho vacuwm, and the trip
lead can be commected te either the middle sphere or $o an outside sphere,

One other sbservation should be mentioned., A temporary, visidbly
radial change in the sige of the fooused spot can be observed occoasionally
as the eleotrostatic bias voltage is applied to the sweep plates. Ne ine

vestigation was made of the phenomemen, as its ocourrence was guite rare.
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The phenomenon may be explained by a transient gas focusing caused by
moving the eleetron beam into a new path, destroying the equilibrium bae
tween the positive and negative space oharges in the region near the
eathode beam,

One factor remained important throughout the emtire investigationm,
Any inorease in the number of stray eleotrons inorsases the defoousing
effect 1f other factors remain constant., Poor vacuum invarisbly causes
defoousing, but no differense can be detected betwesn a poor vasuum due
to water vapor within the tube or a dry tube with the alr pressure equal
to the partial pressure of the water vapor in the first sase. Stray
elsctrons inerease as the beam current inoreases, regardless of the cause
of the inereased besm current, but not nesessarily in prapért:ion to it.
This behavior explains the correlation between defocusing and fore-
soncentration. No defimite relation could be discovered between defoousing
and the number of stray electrons preszent at different locations within
the tube. In fact, defocusing was lmown to ococur when stray electrons
were less numercus than during a previous test in whioh defocusing did
not aocuyr,

Gas foousing alone gannot be considered an adequate explanation,
Gas foousing would prediet an unfooused beam at the begimning of sweep,
with the rest of the trace fooused after lonigation had ocourred, dus to
the release of the beam. This behevior does not ocour, Some élight gas
- foousing was cbserved in the steady state with the beam not bloeked vhen
the beam surrent was uxeaptioﬁally high, 1.e., greater than 60 micreamperes.
As evidence for the existence of such gas focusing, the trace was undere
focused at the start of the sweepj passed through a point focuss then
besame badly defooused,

A complete explanation which gatisfies all of the observations
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relating to defocusing would be quite complex. A simplified explanatiom
can be based on a transient gas foousing. The interval of defocusing is
the time required for the formation of e positive ion space charges
Normally, the ions maintein the gas focuming for a period not longer than
the persistence of vision., The duration of defocusing with the beam
stationary wae checked by usbloeking the beam by shorting the blecking
plates after the blocking veltage had been disconnected. The sweep ime
pulse was not applied to the sweep plates during this test., The eye perw
ceived an overfooused spot which changed instantly to the point feoous,
characteristic of the fooused beam with the beam not blocked. Perhaps the
defoousing persigts as long as the beam is moving into a region of une
jonized gas molecules. At any rate, some relation between the mobilities
of the ions and the stray elestrons oreated whem the gas molecules became
ionized allows the neutralimetion of the space charge sausing gas feema'ing
. when equilibrium has been established, but permits the oaourrence of a
transient gas focusing., The number of positive iong would increase as
stray electrons increased, but would not necessarily be in the form of a
spaceé charge whioch would cause gas focusing.

Such an éxplanation does not offer a good correlation with the
behavior when the middle sphere of the trip gap is grounded, But most
other observations cen be e}xglained, at least partielly, by the hypothesis.

The uniformly radial foeusing effect of an elestrostatioc field
may be explained by a steady state gas foousing produced by the effeat
of field on the motion of the positive lons or the stray elestrons, or
both, preventing the normal squilibrium from being established under steady
state conditions. It is known that electrioc fields affect the operation
of hot-cathode, gas~focused sathodeeray tubes., J. B. Jolmsmm mentions

a momenbary "pause” in the trace of a sine wave in a tube using gas focusing,
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canzed by the neutralization of weak electric fields by the space charge.
This "pause” when the defleéting fleld was weak was never observed with
this osecillograph.

At the present time there 18 no information to prove that this
defocusing behavior is not 1limited to this particular oseillograph.
However, it is likely that the phenomena have been observed by others.

Forbunately, defocusing can be minimized by using a low beame
current for the sweep =zpeeds ocoinclding with the interval of defocusing.
The trace with an unconcentrated beam ig Invariably sharper and preferable
to a trace using forseconcentration. TFore-concentration is primarily
useful for inereasing the visible intensity of the oscillogran when obw
serving with a fluorescent sereen, or for photography with sweep speeds
approaching the writing speed limit, In the latter case, the interval
of defocusing is very long compared to the period of sweep and defocusing
is not objectionable., Good oscillograms are therefore possigle throughout

the entire operating range of the oselillograph, if sareful technique is

employed.

A third form of beam distortion was observed occasionally when
an abnormally large amount of water vapor was present in the vacuum system,
The observed effect was a series of unfocussd besads connected by s sharply
focused trace. This bead distortion is illustrated by Fisure 14. (The
effect becawe familiarly known az the gopher snake because its appearance
resembles a well-fed snake of that specles),

Bead distertion always occurs simultaneously with an abrupt des
erease in the discharge-current, other factors remaining unchanged. This
decrease in discharge=current represents a discontinuity in the discharge-

ocurrent - discharge pressure ourve, The alr pressure in the discharge tube
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DISCHARGE CURRENT - MILLIAMPERES

Figure 14
Bead Distortion
Time scale microseconds

NEEDLE VALVE SETTING
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was not known, but it is not unreasonasble to believe that a contimious
change in the setting of the needle valve leak gives a continuous variae
tion of the pressure within the discharge tube. Figure 15 shows the re-
lation between discharge-current and needle valve setting during the
period when bead distortion exists, Discharge-current begins and increases
to 1.0 milliamperes as the needle valve is opened. The osecillograph trace
is sharp throughout this first region. No defoousing is apparent. Then
the discharge-current will drop suddenly to 0.5 milliamperes and beads
will appear in the trace oceasionally. With the beam unblocked, the beads
avpear as & "halo" around the focused spot. The unfocused spot is not

s sharply defined as it would be with a normal dischargs. TUsually, the
discharge-current creeps upward to a normal value and the beads disappear
if the needle valve leak is inecreased until the discharge=current becomes
2.5 milliamperes. This is illustrated by the vertical solid line in
Figure 15. Ocecasionally, however, the change from a low dischsrge-current
to a higher dlscharge-current is discontinuous.

Decreasing the needle valve leak causes the discharge-current to
decrease to a value somewhat less than 2.5 milliamperesj then a discontimuous
drop of approximately 0.5 milliamperes oecurs and the discharge-current
remaing low until the discharge disappears, due to an insuffiocient air leak,
The behavior as the needle valve leak is decreased is shown by the dotted
line in Tigure 15,

The duration of the individual beads is invarisble, although the
frequency of occurrence of the beads inoreases as the discharge-current is

inereased from 0.5 %o 2.5 millismperes by opening the needle valve leak.

Tigure 14 shows three beads during an interval of 200 microseconds. The
freguency of occurrence is seldom greater than this value. On one oceasion

the frequency of oceurrence was approximately once in 500 to 1000 microe
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.geconds with a discharge-current of 0.5 milliamperes; inecrsasing the dis-
charge-current to 0,8 milliamperes inereased the frequency of oscurrence
and the beads appeured consistently in semi-connected pairs. TFurther ifie
erease of the discharge-current to 1.0 milliamperes caused semi-connected
triplets separated by a relatively sharp trace., These multiple beads are
not the usual phenomenon, however,

Bead distortion and the region of low discharge-current disappear
immediately when a liquid air trap is used if the water vapor within the
tube has been introduced by new films. But continuous pumping for several
days was required to reduce bead distortion when the water vaper was ine
troduced by a wet towel wrapped arcund the needle valve leak,

Two independent checks proved that the beads must be a focus effect
and cannot be caused by periodic changes of acceleration voltage due to a
variable drop across the limiting resistance im the lead to the sathode,
as the discharge-current fluctuates between the two regions of current
indicated by Figure 15. Changing the value of the limiting resistance
produced no observable difference in the sige, shape, or the frequency of
occurrence of the beads. Voltage was applied to the deflection plates
while bead distortion was ocourring. No change in the deflsection sensitivity
of the beam ocecurred when the beads appeared, a further indication that the
effect 1s caused by a fosus phenomenon. An interesting but uncorrelated
observation is that no change in the voltage across the trip gap occurs
when & bead appears. This observation was made with the blocking gap cone
neoted to the deflection plates.

There is no cbvious explanation for the simultaneous oecurrence
of a perlodic focus change and the discontinuous behavior of the dischargee

current. M. ven Ardennen describes an anomaly termed !Ionenschwingungen'®

which gave a periodic focus variation, but the sathodewray tube wes a
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sealed glass, hotesathode, gas-focused tube, Some data by é;nﬁharsuhulﬁa
quoted by-Loebs show a non linear variation of the cathode fall of potential
as the percentage of hydrogen in a mixture of mereury and hydropen is varied
from O to 1007 hydrogen. A similar behavior might explain the discontinuous
behevior of the dischargescurrent in a mixture of air and water wvapor. In
discussing the anomalous behavior of discharges in a mixbture of gases,

Loeb comments, "........... speoulation is fubile."

ANOMALIES

Several interesting anomalies ocourred. Nost of them were une
important, but some were sufficiently ourious to be worthy of mention,

At one time a faint glow appeared on the fluorescent soreen when
the beam was blased to the left of the sereen and blocked, This ghost
beem behaved guite normally in a magnetis field, moving in the legitimste
direction. But as the electrostatic bias was decreased and the beam yew
turned to the cemter of the sereen, although blocked and net visible, the
ghost beam disappeared in the opposite direetion, The ghost beam is
readily explained by a few stray electrons of high energy which pagsed
through the blocking windows and between the left sweep plate and the brass
wall of the oseillograph tube. The electrostatic field between the plate
and the wall of the tube has a direction and magnitude which deflected the
stray beam back toward the soreen., The ghost beam disappeared when the
sathode then in use was replaced.

Another rather amaging effect was observed during some tests
with a single sheet of process film in the osoillograph, Figure 16 is
a photograph made by unblocking the unconcentrated beam with sweep No. 6,

the slowest available sweep speed, disconneected from the sweep plates.

The beam is split into two sections which have separated slightly. The
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degree of "splitting" of the unfocused beam decreased as the unblocked
interval was shortened by selecting faster sweep speeds. Tihen first une
blocked by removing the voltage supply, the beam had a normal cireular
shape with a faint line through the beam as in Figure 18, The beam would
then fly apart and gradually sttain an appesrance similar to Figure 17,
The figures have been drawn to the same scale as the photograph. Lack
of additional f£ilm in the cemers prevented btaking other photographs of
the phenomenon.

The film was then removed. The cathode was removed at the same
time and irspected, It had a normel appearance with a barely formed erater.
The same cathode was re-installed without partiecular care to obtain the
previous alignment, (This test ocourred before the significance of cathode
position was discovered). The beam was at first satisfactory, but still
had the shadow line shown in Figure 18, An heur later, with the beam off
during the interval, the split beam returned. The air leak at the nsedle
valve was accidentally cub off and the beam became oircular again, with the
shadow position changed somewhat. As yet, no fore~concentration had been
uged, A weak fore-concentration field widened the separation of the beam
at the shadow. The position of the shadow dld not chanse as the electron
image of the cathode was moved to different regiong of the beam by changing
the position of the fore-concentration field. Ome eritical value of foree
concentration fieldw~current and position caused the beam to fly apart, The
pattern differed from Figure 17, This difference was expected, since the
position of the shadow had changed as noted above. The split beam could
not be focused to a point, and the beam did not appear split if overfocused,
Eventually, the phenomenon disappeared.

It is difficult to attempt to explain a phenomemon at s later date

when new factors are discoveresd, but the behavior as the original cathode
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aged (a new orater weuld undoubtedly be formed after the sathode was ree
installed, and the effect would be identical to the installation of a new
cathode) could have been esused by the first sudden decrease of the beam-
current making fore-concentration necessary to maintain the intensity of
the beam. A minute obstruction, which was eventually burned awey by the
beanm, must have caused the observed shadow in the beam. Probably the
obstruction was loeated at the limiting aperture below the anode window,
as its position changed when the needle valve leak was accidentally out
off and disappeared soon after fore-concenmtration was used.
On one cceasion, the unfocuced beam appeared as two distinet cone

centric beams, one larger than the other. This beam could be focused to
a spot with a surrounding underfocused or overfocused beam by focus fielde
current values of 0,290 amperes and 0.315 smperes respectively. The higher
current was the current normally required for focusing. An attempt to
measure the deflection sensitivity of the double beam failed because the
dual character of the beam disappeared when deflection voltage was applied
and slowly returnsd when the deflection voltage was removed., The double
beam did not seem to be affected if blocking voltage was applied and
immediately removed. Contimued blocking of the beam caused the beam to
lose its dual character although the double beam returned slowly if the
bean was left unbleocked.

A 1list of the various anomalies, their cause and correction, 4f

known, is given in Table IT,
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TABLE II

LIST OF ANOMALIES

ANOMALY
Bead Distortion « Periodic

Overfocusing Phenomenon

Stray beam with blocking

voltage applied

Beam split and separated

Two concentric beams

Cyelie variatioms of

Bean Efficiency

CAUSE
Water Vapor in

Vaouum System

014 Csthode

Obatruction
botwean anode
and blocking

chamber

Unknown

See discussion

in BEAM STUDIES
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CORRECTION
Removal of

Water Vapor

New Cathode

Obstruction

disapveared

Oscurred
only onece,
Eliminated
by electro-
static field

Aging & new

sathode



ELECTROI OPTICS

The use of a cold-cathode oseillograph as an elesetron mieroscope
hes considersble practical value as woll as theoretical interest, Buseh‘l2
has shown that a short axial foousing coil acts like an optical lens,s Two
axial magmetic fields are avalilable on the oseillograph. Ome is normally
used to focus the discharge on the anode window and inereass the beam cur
rent; it is lmown as the fore~coneentration field. The other is used to
focus the cathode~beam to a spot on the fluorescent screen snd will be ree
ferred to as the focus field. These fields are given by the leakage flux
from the air gap in an iren case with exial symmetry, The analogy to a
thin lens is therefore quite good.

An image of the cathode surface is formed on the fluorescent
screen if the fore-conecentration field is adjusted to a value somewhat
less than that required for meximum imcrease of the beam current, The
field of the image is limited by an aperture located between the anode
and the blocking system, This aperture is required for operation of the
tube as an oscillograph, With gzero focus field current, the image is about
1.2 em, in diemeter and represents a magnification of approximately 80
diamebers. A focus field current of 0.30 emperes is normally required to
glve a point focus, or image of the anode window at the fluorescent sereen,
The distance from the anode window to the focusing field is 45 em. end
the distance from the focusing field to the fluorescent screen 1s 55 em,
Increasing the focusing field current from 0.30 amperes to 0.35 amperes
decreases the image distance from 55 em, to 35 em., 1If full battery voltage
(6 velts) is applied to the focus field, the field current will be 0.64
emperes. This value of focus field current forme an image of the anode

window well above the flucrescent soereen, and a spot twice as large as the
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unfocused spot appears on the fluorescent screen. Since the eleectrong

from a particular point on the eathode surface are traveling in pathe
essentially parallel, because of the small diameter of the anode window,

the focus field produces little change in the foous of the eleoctron image

of the cathede surface, and an enlarged but inverted image of the sathode
appears on the fluorescent screen. Additional voltage oan be applied %o

the focus field, increasing the magnifieation to approximately 50O dimotoi-a,
imt sharpness of detail is sacrificed. Some rotation of the imege is prow
duced by both axial fields. The robtation seldom exceeds 90 degrees.

This arrangement of a pinhole aperture and two magnetic "converging
lenses", ome to contrel the foous of the image and the other to vary the
magnification, differs from the electron miercscopes desoribed by Zworykinls,
Ruskam. Myersv, and Maloff and Ep.steina, but the design is quite effective,
Several optical analogies possible with the system are illustrated by Figure
19, Figure 19¢ is the simplest analogy, and has been checked with a flashe
light, a pinhole, and a camera lens. The image from such an arrangement
is, of course, poor, due to the large magnification from a pinhole lens,

It is possible to examine the electron image of the ocathode surface
and observe the changes which ocour ag the oathode is used, This fact was
useful in observing the formation of a orater in the end of the cathode,
and showed definitely that the sudden deorease in beam efficiency after
& cathode has been in use for approximately 5 minutes colincides with the
formation of such a orater. (See Figure 23 for surves of beam current as
a function of cathode age). The image of a new oathode shows that the
source of the electrons is influenced by lathe tool marks and similayr sure
face irregularities. The action of positive ions striking the sathode
surface soon removes these irregularities. A crescent-shaped bright spot

appears. This spot increases in areaand forms a semiecirele with a bright
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spot in the middle of the arc, like a marble resting in the bottom of a
bowl., The arc gradually becomes a complete ring, and the bright spot moves
to the center of the ring with a relatively dark ares between the central
spot and the outer ring. Very old creters may show a second larger and
weaker ring. The sige of the ring varies with the age and size of the

erater, of sourse,

Experience has shown that fore-concentration is not as valuable
as might be expested from the inereased beam-current which it mekes avail=
able. The trace cannot be fooused as sharply as the trace without forew
concentration; as a result, the width of the trace increases snd the
apparent blackness of the trace is not increased., Difficulties due to
transient gas focusing are inereased by the increased beamwourrent, For
these reasons, fore~-concentration has not proved satisfactory Por photoe
graphic recording except at the extremely high sweep speeds. TForee
concentration is quite valuable for visual obssrvations, however, as the
brilliance of the trace on the fluorescent soreen is inereased conslderably
by the increased beamwcurrent.

Fore-concentration increases the beanecurrent to a value gix times
as great as the value without fore-concentration if the total discharge
is small, i.e., 0,5 milliamperes., The efficiency of fore-concentration
decreases as the total discharge current is inereased, but the beame
current inereases until an optimum value of total discharge-current i
reachéd. Further increase of the total discharge current causes only a
slight reduction of the besmecurrenmt if no foreeconcentration field is used,
but the efficiency of fore-concentration besomes quite low after the optimum
value of total discharge ocurrent is exceeded. Note the curves of beame

current as a function of fore-concentration field-current for disshargee
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eurrents of 4,0 and 5.0 milliemperes (Figure 20). The values of beame
ourrent without fore-consentration, and beamecurrent when the fore
concentyration field current ig adjusted to its optimum value, have besn
replotted in Flgure 21 as a function of total dischargesurrent,

Neximum beamecurrent cccurs when the fore«soncentration fislde
current 1s adjusted to a value somewhat higher than the value reguirved
for sn sleetron image of the sathode surface at the fluoressent screen,

If there weve no 11ﬁiting aperture below the ancde, a maximum should cecur
when the discharge 1s fooused on the anode window. The presence of the
aperture requires that the image of the vathods be foeused at a plans
betveen the anode window and the aperture, Influence of the magnetie
field upon the nature of the discharge may affeet the adjustment for
meximm beemecurrent, partieularly when the total discharge-current is
high; although the faet that the maximum beamwcurrent occurred when the
overfocused imege of the bottom of the sathode syrater just filled the
field limiﬁed by the aperture, indicetes that the gemmetrical factors
control the maximm beam-current for any oconstant, low value of discharge-
current,

A veam-current as high as 8% of the total discharge-current has
been obtained with low discharge-current (0.3 milliamperes), Beam efw
ficlencies of 5% were obtained consistently with discharge-current values
of 0,5 milliomperaes,

Discharge-current increases as the fore-concentration field strength
1s inoreassd if no adjustment of ihe needle valve leak is made to reduce
the pressure in the discharge tube, This ourrent inorease continues bee
yond the value of fore-soncentratien field-current which gives the maximum
beem-current. As an example, the total dischargeecurrent was adjusted to

1.0 milliampere with sero fore-concentration fieldecurrent. The beamw
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TABLE III

FORE=CONCENTRATION FIELD=CURRENT VALUES FOR

IMAGE OF CATHODE AND MAXIMUM BEAM-CURRENT

Total Discharge
Current.
1illiamperes 0.5 1.0 2.0 3.0 4,0 8.0

Beam Current with

Zero Fore-concentraw

tion Fi@ldu

VMicroamperes 4 12 23 28 22 16

Yeaximum Beam Current. .
¥ieroamperes 24 48 73 76 35 24

Fore=-concentration

Field«Current for

Vaximum Beam«Current,

Ampares 1.00 090 085 .80 ‘75 : 570

Fore-concentration

Field«Current for

Cathode Image.

Ampol‘es .88 78 .72 «70 .65 «68

51



current under these conditions was 10 microamperes. When the current in
the fore-concentration field was inereased to 1,0 ampere, the total dise
chargs-current increased to 2.0 milliamperes and the beamw~current to 80
microsmperes. Increasing the fore-concentration field-current to 1,8
amperes incressed the total discharge-current to nearly 3 milliamperes
and reduced the beamecurrent to 12 mioroamperes. This behavior of the
total discharge~current is readily explained by the action of an axial
magnetic field ¢n a glow discharge.

The data plotted in Figure 20 were obtained by readjus‘hs,ng the
needle valve leak so that total discharge~current was constant at the
value shown for each curve, No adjustment of the accelersting voltage
was made; each curve in Figure 20 represents a constant voltage but the
voltages for the different curves differ by the drop across the limite
ing resistor. A welleaged osathode was uged in order to avoid fluectuations
of beam efficiency (see Figure 23), but some variation did occur during
the test, which required more than one hour, and 1t was noet always possible
. to repeat values. For this reason, Figures 20 and 21 are merely repre-
sentative data, and certain unavoidable but relatively unimportant veriables
are included. A list of additional data not shown by the curves iz ine

cluded in Table I1I following Figure 21,

BEAM STUDIES
Beam efficiency is influenced by a number of other factors as well
28 by concentration of the discharge with an axial magnetic field., The
effect of water vapor within the tube was mentioned in the discussion of
transient gas focusing and other forms of beam distortion. The inoreased
number of stray elestrons which is always associated with a peor vacuum

must be accompanied by a decrease in the beam-current, since the stray
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elestrons are formed by the collision or interaction between gas molecules
and the eleotrons in the beam, PFigure 22 illustrates typieal data which
ghow the improvement in the beamesurrent as water vapor is removed fram
the system by a ligquid air trap. When liguid air was first added to the
trap, the beamecurrent was 12 mioroamperes, and the stray electron.
surrent at the right swesep plate, messured with the positive terminal of
8 90-volt battery connested to the sweep plate and a miercammeter in
series with the lead to ground, was 18 microamperes. Beameocurrent in-
ereased to 30 mioroamperes and the stray elestron-current decreased te

4% mioroamperes over a period of three hours, and after that time remained
steady., The length of time required for somplets removal of water vapor
from the system was not always as great as three hours, In some cases ime
provement was almost instantaneous.

Stray eleotrons increase more rapidly than the beamwcurrent when
the besm-current is increased by a fore~concentration field if the vasuum
is poor. Bub the ratio of beam-current to the stray elestron.current at
~ the right sweep plete increases as beamecurrent is inoreased when the
oscillograph is free of water vapor and the alr pressurs is 2 x ‘.Lt)""’r wm,
of mercury, probably because the leak iz decreased slightly to maintain
constant total discharge~current. Sush varlations are second order effects,
however, and in general the number of stray electrons is proportional to
the beamwcurrent if pressure conditions within the tube are not varied.

The distribution of stray eleotrons in the various parts of the
esoillograph nriodv at different times, and this variation eould not always
be correlated with variations of gas pressure at different parts of the
tube, Apparently the distribution of stray electrons is also affected by
the intensity of the ourrent in the beam, but no definite relation was

determined,
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An auxilliary leak valve in the lead betwsen the oseillograph and
the wapor pumps allowed tests to be made at pressures higher than the
normal operating pressure of 2 x 104 mn, of mercury with the needle valve
leak in the diséharge tube the major souree of gas in the tube, The first
visible change in the appsarance of the beam oocurred at a pressure of
5 x 10“5mm; stray eleoctron illumination of the background inereased
noticeably and the edge of the beam became less sharply defined, At
1x 10"2 mm, air pressure the tube was still operative, but transient dee

~foousing was quite bad, and the sweep voltage flashed over to ground
frequently. This behavior was identical to the operation of the tube with
water vapor present at about the ssme pressurs (1 x 1072 mm,) and a mach

lower partial pressure of the air itself,

Cathode surface conditions are a second factor which influences
beam effieciency, A eathode which has not been in operation for some time
gradually regains its efficlenmoy if operated continuously. The loss of
efficiency depends on the length of time the cathode has been inoperative.
The discontinuities in curve A, Figure 23, represent efficiency chenges
eaused by removing the ascelerating voltage for short intervals to dee
termine whether the cyelic variations of efficiency were saused by cone
tinuous opergtion. The break at time 15 minutes was not longer than 6
minutes in duration, while the breaks at 2 hours and 4 hours lasted approx-
imately 30 minutes each. The water vapor trap was filled with liquid air
continuously during these tests. On several other occeasions, after the
tube had been inoperative over night, volbage was applied intermittontly-
until no further increase of beamecurrent or deorease of stray eleetrgn—
current was observed, to assure that the tube was free of wanter wvapor.

Then voltage was applied contimiously, and the beam-current and stray
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electron-currént both inereased during an interval of one hour. The
beam-current nearly doubled during the interval, and then became steady

at the value of beamwcurrent observed during the tests made on the previous
day. This bshavior varied with different cathodes, but does indicate a
relation bebtween beam efficiency and cathode use,

The eyeliec variations of beam efficiency which ocour during the
first few hours of eathode age are illustrated in Figure 23 by the curves
of beam~current as a funetion of sathode age, with total discharge-current
maintained constant at 3,0 milliamperes. Curve A gives the bean-ocurrent
from a oathode which was aged without using the fore~concentration field
at any time, Data for curve B were obtained by using the fore-concentration
field current which gave maximum beam increase at all times except while
date for curve C were being obtained. The needle valve leak was ree
adjusted each time a change was made from curve B to ourve C so that dise
charge~-current was constant at all times, No wide variations of needle
valve setting were made while obtaining the data for curve A, Eerlier
tests indicated that there might be a sysﬁematie increase of total dis-
charge~current when the beam-current was increasing, and a less definite
decrease of total discharge-current when the ourve had a negative slope.
This was corrected by adjusting the needle valve leak slightly to maine
tain a constant total discharge-current, Attempts to check such a variatiom
of the total discharge~current were unsuccessful becauge the needle walve
assembly developed an erratic leak which masked the smaller variations of
total discharge-current,

Allowing the eathode to age without correoting the changing
discharge-current does not eliminate the cyclic efficiency wvariations,

If the cathode is moved, even slightly, after the beam effielency has

becomo steady, the beamwocurrent will decrease greatly, then recover as a
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new crater is formed by eroding & side of the old crater, No evidence
of move than a single fluctuation was observed, although it is possible
that several might cccur,

A crater doss not form immediately when a new cathode is ine
stalled, but forms after a delay of approximately § mimstes. This time
corresponds to the first sharp meximum in the beam-current curve. Two
independent experiments confirm this observatiom. The surface of the
cathode caen be observed, using the oscillograph as aﬂ elsctron micrescope,
and no indication of a erater exists during the first few minutes of use,
Or, the cathode may be removed after a few minutes use, and a matte
surfase has been formed on the cathode by the bombardment of the positive
jons, but a crater has not yet been developed.

The beginniné of a orater is also dependent on the condition of
the cathode surface when a discharge is first started. One cathode gave
a beam current of 38 microamperes at an age of 1 minute, a maximum of
62 miercamperes at an age of 5 minubes, 34 microamperes at an age of ;0
minutes, and 8 microamperes at an age of 16 minutes. Ancther cathode,
which was accidentelly subjected to a highepressure glow discharge when
first installed, gave a beam-current of 8 mioroamperes at an age of 2
minutes, reached s maximum of 30 microamperes at an age of 13 minutes, and
the beam~current had deecreased to 24 mieroamperes at an age of 18 minutes,
Both cathodes were aged with a total discharge-current of 3.0 milliamperes.
Both cathodes gave a steady beamwcurrent of 25 mioroamperes after they
had been operated continuously for 6 hours. These data refer to the beame
eurrent without any fore-soncentration fleld, although a fors-concentration
field was used at other times during the tests,

- The weight of material lost by the cathode as a orater is formed

is proportional to the time the cathode has been uced, and within the
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possible accuraey of measurement, seems to be the same for = eathode aged
without fore-concentration, and a eathode aged with o fore~coneenmtration
field applied continuously. Average weight of the cathodes used was 170
milligrams and the weight loss was about 1.5 milligrems during 10 hours
of operation. The sputbered material is depesited om the cooled walls

of the discharge chamber, probably in the form of aluminum oxide.

WRITING SPEED

Three factors may limit the useful writing spsed of a eathodo~ray
oscillograph. The clsctron energy may be too low to permit satisfactory
observation or photography with the beam. The tranesit time of the eleotrons
past the deflection system may become long relative to the period of the
voltage variation being measured and introduce amplitude distortiom, If
a sinusoidal voltage variation of a peried equal to the transit time is
applied to the deflection plates, this distortion will produsce zero de-
flection, The third factor is the natural frequency of the deflestion
system itself, Any instrument 1s limlted as a measuring deviee if the
period of the measured variation corresponds to the natural period of the
instrument,

Those three factors become important almost simultancously in the
oscillograph under consideration. The eleetron energy available permits
a writing speed of 2 x Ilt‘.)9 om. per gecond, This writing speed is obtained
if the recorded amplitude of oscillations at the natural freguency of the
deflection plates and leads just £11ls the field of the camera, The transit
time of the elaectroms, neglecting relativistio corrections whieh are not

great for a beam with an energy of 10000 electron volts, cen be obtained

fromy
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where s is the length of the deflection plates, in this case, 6 em, The
natural frequency of the defleoction system is approximately 125 megacycles

per second, so the natural period is:

1 -9 _
T wep » 8 x 107 seconds
T " 125 = 10°

and the transit time of the electrons in the beam is sufficiently small
to prevent amplitude distortion for any frequencies which can be measured
with the oscillograph,

The maximum writing speed was obtained by connecting both dee
fleetion plate terminals to a small capacity with the shortest possible
leads, Coupling leads to the blocking gap, isolated by ooupling condensers,
were connected directly to the deflestion plate terminals to obtaim Figure
24, and were coupled to the deflection plate terminals by small capacities
made by twisting two insulated wires together when Figure 25 was photographed.
Discharge«current for these photographs was 3,0 milliamperes, and the cure
rent in the beam, with fore-concentration, was 88 microamperes. A sweep
eirouit ten times faster than the fastest sweep normelly availeble with
the oseillograph was constructed for these tests,

Writing speed is defined as the ratio of the length of the trace
to the corresponding value of the elapsed time. TFor a sinusoidal wave

form, the meximum writing speed may be computed from;

.g% - .gg A sin 2nft » 2nfA cos Znfh
where A i1s the amplitude of the deflection, The above equation gives the

oorresct maximum writing speed only if the trace is nearly perpendicular to
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Figure 24
125 megacycles
Natural frequency of deflection plates

Figure 26
125 megacycles
Natural frequency of deflection plates



the direction of sweep. Substituticn of 125 megacyeles per second for
the frequency gives a maximum writing speed somewhat grester than

2 x 10° mm/sec. for Figure 24, and 8 x 10% om/see. for Figure 28, These
values are greater than those guoted by R. H, Griestl, The improvement
is due primarily to the reduction of beam distortiom.
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RECOMMENDATIONS

One conclusion is obvious « a better vacuum system is neocessary,
The present mercury vapor pumps might be improved by cleaning, and would
be improved if jets of newer design were installed. But the advantages
of modern oll diffusion pumps make the replacement of the present pumps
desirable., One precaution is necessary. 01l diffusion punpe are demaged
and may even become inoperative if a large amcunt of water vapor comes
in contact with the heated oil. Certain oil diffusion pumps are selfw
fractiondting and might be used to remove the moisture from the films if
the oil were replaced frequently, Using the present vacuum pumps to ree
move the water vapor from the films before they are placed in the oseillow
graph, and ingtallation of a new, larger fore-pump and adequate oil
diffusion pumps would be preferable, A liquid air vapor trap at the aiy
inlet to the needle valve leak would also be desirable, as the humidity
of the atmosphere becomes quite high occasionally.

The esathode asgsembly could be improved by substituting a glass %o
kovar seal for the present mica-picein seal, This change might be ac-
eomplished without any revision of the metal parts of the present agzembly.
Elimination of one source of vacuum trouble and more exact and permanent
centering of the cathode would be the result. Substitution of rubber
gaskets for other wax joints should be considered.

Additional data on the behavior of the discharge as a cathode is
aged are desirable. The aluminum deposit on the walls of the discharge
tube has been removed since the daba for Figure 23 were obtained. Similar
f;eats of besmwcurrent as a function of sathode age should be repeated in
ofder to determine the effect of the changed dimensions of the discharge

chamber on the anomalous behavior of the beamecurremt., If the phenomenon
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persists, a series of ocathodes might be removed at different ages and.axw
amined microscopleally to determine whether the shape of the eathode crater
varies eyclicly with the variations of beam efficiency. Information ree
garding the behavior of a cold cathede discharge mizht be obtained from

continue! investigation of this anomaly.
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IONIZATION TIME OF THYRATROKNS
By

A. E. Harrison

SUMMARY

enteen thyratron and grid glow tubes, representing 12 different types, have been

and thelr ionization times have bsen measured with a cold cathode type oscillograph,
nization times vary over a wide range, from a fraction of a microsecond to several
mieroseconds. Ionization time has been found empirically to be inversely propor-

o grid overvoltage. Grid overvoltage is defined as the difference between the

1 applied to the grid and the critical potential necessary to prevent firing. Argon,
d mercury vapor tubes were included in the test. Mercury temperaturs was found to
appreciable effect on the ionization tims with low grid overvoltages. All mercury
bes have similar ionization time characteristics. In fact, tubes of the same type
facture sometimes differed from each other more than one tube difi'ersed from another
different construction and manufacture,

d confrolled vapor filled rectifiers, or thyratrons, have not been considered in the
use in blocking and sweep circuits for cold cathode type oscillographs because of
herent ionization time. A search of the literaturs on the subjeet, and reference to
urers' data sheets furnished little useful information on this ionization tims, A
program to determine the minimum ionization times of various tubes was thus staried
and first results showed that minimum ionization times of 0.3 microseconds were
le with mercury vapor thyratrons if the grid was driven sufficiently positive. These
suggested that these tubes might be successfully used in blocking circuits for high
cillographs, and work on this phase of the problem is being continued. The apparatus
for measuring ionization times made possible an extended study of the relation be-
nization tims and grid overvoltage as a function of anode voltage and vapor temperature,
cury tubes) and it is the results of thls extension of the original problem which
discussed.

EXPERIMENTAL PROCEDURE

ization time of a thyratron, or the delay between the time of application of a square
ulse to the grid and the time the tube voltage reaches its normal conducting value,
y measured with a high speed cathode ray oseillograph arranged to record the voltage
he tube, provided that the time of application of the grid impulse is also showm,
cessary to synchronize the unblocking of the high speed oscillograph with the trip-
ulse applied to the tube under test. (Tube B in Figure 1.) This is accomplished
se of a trip tube (Tube A) which is fired by a surge from the osecillograph blocking
delayed a fraction of a microsecond by RsCg. An impulse of magnitude determined
atio of Rs/(R3+R4) is applied to the grid of the tube under test when tube A fires.
ulse voltages from 3 to 63 volts are selected with a tap switch connected to differ-
es of Rz , allowing the grid overvoltage, or difference between the potential ap-
. the grid and the critical potential necessary to prevent firing, to be varied over
ange. The tims of application of grid impulse is recorded on the oseillogram through
ling capacity C4 . C4 and Cg are small coupling capacities formed by 1 inch
of twisted insulated wires,

ues of grid impulse voltage were calculated from the ratios of Rg/(Rg*R4) for the
taps and were checked with the cathode ray oscillograph. The apparatus was mounted
the oscillograph as possible (See Figure 2) in order to reduce the length of leads.
.th the oscillograph verified that the time constant of R4 and the grid to cathode
r of tube B had no appreciable effect on the measurement of the ionization time,
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First tests were made with the tube under test in a eircuit similar to that of tube A
without Ry , and ionization times were measured from the beginning of the osecillogram.
Two factors made such a simple circuit unsatisfactory; there was no control of grid overvol-
tage independent of initlal grid bias, and tests with an 885 indicated that the delay in the
blocking eircuit of the oscillograph was greater than the minimum ionization time of this
tube. Both drawbacks were eliminated by the addition of a trip tube to the eirecuit. An 885
tube was finally chosen as a trip tube because its breakdown time was quite short and gave
the best approach to a true square wave impulse. Rgs was therefore added to delay the trip
until the oscillograph sweep had started.

Direct coupling and capacitive coupling to the grid of tube B were tried and capacitive
coupling was finally adopted because it allowed control of initial grid bias with a potentiom-
eter and frequent check of the critical bias was possible. Originally, carbon resistors
were used for Rz and R4 ; but this type of resistance has an odd behavior under transient
condl tions and the grid impulse voltage could not be caleculated from the d.c. resistance
of the carbon units. Metallized resistor units for Ry and ten metallized resistor units
approximately 400 ohms each in series for R, overcame this difficulty, giving a voltage
divider with approximately the same characteristics for d.c. and transient conditions.

Condensed mercury temperatures were measured with a mercury thermometer wrapped with
tinfoll and tied against the base of the bulb. This method did not give accurate measurement
of the temperature, and did not allow tests at subnormal vapor temperatures, but the results
do indicate qualitatively the effects of changes in mercury temperature.

Test data were obtained photographieally for the 12 types of tubes listed in Table I
after the tubes had reached an equilibrium temperature. Three or more oscillograms were
taken for each value of grid overvoltage and a fixed anode wltage. The sensitivity of the
oscillograph was such that anode voltages greater than 1000 volts could not be recorded
easily. The time base was calibrated with a radio frequency oscillator whiech was checked
against broadcast stations. Figures 3 and 4 are repressentative oscillograms of anode to
cathode potential. Ionization tims is measured from the time of application of grid impulse,
recorded as a slight rise in voltage at the beginning of the oseillogram, to the time at
which the tube voltage has dropped to its conducting value. The ionization time for the
strobotron was an sxception, since a strobotron is used without a load resistance to dis-
charge a condenser, and its ionization time was measured to the beginning of breakdown.

EXPERIMENTAL RESULTS

Ionization time as a function of grid overvoltage has been plotted in Figure 5 for
six of the tubes listed in Table I. Inspection of the curves of Figure 5 suggests & resem-
blance to a family of rectangular hyperbolas. Figure 6 was prepared to check this sugges-
tion and shows the reciprocal of ionization tims plotted as a function of grid overvoltage.
The resulting curves are nearly linear, indicating that the hyperbolic form of the curves
in Figure 5 is not an illusion. The greatest deviation from linearity is shown by the FG-8l;
but this is not surprising since the maximum grid overvoltage is high compared with the
anode voltage. All of the argon f£illed tubes reached a low value of ionization time with
a grid overvoltage of 20 or 30 volts, and further increase of grid impulse voltage failed
to reduce the ionization time appreciably. V. C. Rideout, graduate student at the California
Institute who is continuing this study, has varied grid bias, grid impulse voltage, and anode
voltage proportionately in an attempt to maintain proportional gradient values for each
test, His conclusions are not yet definite, but there is reason to believe that this tech-
nique gives reciprocal curves which are more nearly linear.

Published data regarding the ionization times of thyratrons are meager. Hans Klemperer(l)
in 1932 suggested a theory based on the mobility of the positive ions, and his calculated
icnization timss agreed in magnitude with his observations. Unfortunately the magnitude
of the positive impulse applied to the grid by his method was not given, although it appar-
ently was large. Klemperer's theory prediets that the time from the application of grid
overvoltage until the start of voltage decrease across the tube, (T] in Figure 4) and the
time for the anode voltage to reach its final conducting value after decrease across the
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tube has begun, T, , should be approximately equal. This relation is true for large grid
overvoltages, but it is definitely not true for low grid overvoltages. The ionization time
may depend on the init a} ?uTber of electrons available to cause ionization, the so-called
dark electron current. 4),(8) some vapor tubes have much larger dark electron currents just
before breakdown than others. Figure 4 indicates the existence of a relatively large elec-
tron current by a gradual drop in anode voltage before final breakdown. No change in the
ionization time of a KY-2l was observed when Ry was changed from 20,000 ohms to 2,000 ohms
if the grid overvoltage was greater than 5 volts. There is a substantial reduction in the
ionization time for grid overvoltages of 2 or 3 volts, however, when the load resistance is
reduced. As yet, a theory to predict or explain the observed relation between ionization
time and grid overvoltage has not been suggested.

Observations regarding individual tubes may be interesting. The electrode construction
of an 885 differs radically from that of the other tubes and this thyratron has a very short
ionization time, practically independent of anode voltage. In comparison with an 885, a
2A4G has much longer ionization times at low grid overvoltages, but the ionization times
are almost identical at the higher grid overvoltages. Compare Figure 7 and curve A in
Figure 5. An FG-8l, however, has a ionization time curve more nearly like that of the mer-
cury vapor tubes, although it is argon filled. Ionization timss for neon filled tubes were
in all cases longer than the ionization times of argon or mercury vapor tubes. Two KU-610
tubes were tested aind gave slightly different results with 750 volts applied to the anode.
These tubes would not operate consistently at anode voltages less than 500. These were old
tubes, however, and this behavior may not be caused by the use of neon gas. Direct compari-
son of tubes filled with noble gases could not be made because the ionization times are
affected by gas densities in the tubes and these were not known.

A1l tubes except the 885 show a variation of ionization tims characteristic with dif-
ferent anode voltages. In all cases where anode voltage affected the ionization time curve,
an increase of anode voltage caused the knee of the curve to be more pronounced. Figures 7,
8, and 9 illustrate this effect for three types of tubes. The longer ionization time for
large grid overvoltages with 100 volts on the anode is due primarily to an increase in the
breakdown time (Tp in Figure 4), as the time lag Ty is practically the same for all anode
voltages when grid overvoltage is large. Note that there is little difference between the
curves for an FG-57 and a KY-21 in Figures 8 and 9. A second FG-57 showed ionization timss
consistently longer than those for the KY-21l. It is common for mercury vapor tubes of the
same type and manufacture to differ from each other in characteristics, more than one dif-
fers from another tube of different construction and manufacture.

No change in the ionization time of several mercury vapor tubes was found when the
tube was blased to a large negative value (-50 volts bias for a tube with a critical bias
of =5 volts) and the positive grid impulse increased so that the grid overvoltage was the
same as before. Other circuits may give ionization times much longer than the values given
here if they use high grid limiting resistors which introduce an additional RC lag.

An unusual phenomenon was observed while testing an 866 which had a special shield
electrode placed around the cathode. The critical bias necessary with 400 volts on the
anode changed within a few hours use from -4 volts to -60 volts. Loss of grid control
continued as long as the filamen Yas heated, although the anode voltage was zero and the
grid bias =60 volts. A. W. Hull 2) mentioned this effect in 1929. The tube mentioned
above was new, but the construction may be incorrect for use as a thyratron.

In some tubes, particularly the FG-17, a variation of ionization time for a given low
grid overvoltage and low anode voltage was observed. The special 866 and the KY-21 also
showed this effect, but the spread of ionization times was not as wide. An anode voltage
of 300 reduced the variation, and 1000 volts on the anode practically eliminated the effect.
All of these tubes have filament type cathodes and the effect is probably related to changes
in effective cathode potential for different parts of the ecyclse. A difference in emissivity
for different parts of the filament would exaggerate the effect, although the center of the
filament supply might be at ground potential. The FG-1l7 tubes were several years old and
probably not in the best condition, which may account for their pronounced variation of
ionization time for.a given low grid overvoltage.
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Variation of the ionization time characteristic of an FG-~57 operated witn an anode
voltage of 300 is shown for three different mercury temperatures in Figure 10. Mercury
temperature has considerable effect at the higher grid overvoltages, but the curves coincide
for low grid overvoltages. The temperatures indicated are not necessarily accurate, as they
were measured by a questionable method. In fact, a series of tests with different tempera-
tures and a fixed value of grid overvoltage gave erratic results. But each of the three
curves in Figure 10 represents a consistent set of data for some temperature, and the trend
is certainly definite. Changes in temperature produce a similar effect on the ionization
time curves of all the mercury vapor tubes.

Two cold cathode tubes were tested. The 0A4G is argon filled and its maximum ioniza-
tion time is very long. The strobotron is a neon filled, cold cathode tube, and cannot be
compared directly with the other hot cathode types. It is interesting to note, however, that
the curve for the strobotron resembles the curve for the KU-610, a hot cathode neon filled
tube, if the curves are displaced vertically until the minimum ionization times are equal.
(Pigure 5). Perhaps this is an indication that there is a fixed time lag necessary for initi-
ation of emission, although the data are not sufficiently complete to prove this theory.

Two values of capacitance were used across the anode and cathode of the strobotron and the
load resistor (Rz in Figure 1) was zero. Two microseconds were required to discharge a

1 microfarad condenser, and eight microseconds were required to discharge a 10 microfarad
condenser. These values are the time required for the condenser to discharge. Discharge
occurs after a delay, depending on grid overvoltage, as given in curve F, Figure 5.

The results of these investigations show that the ionization time of mercury vapor
thyratrons may be as short as 0.3 microseconds if a positive impulse of sufficient magnitude
is applied to the grid. Certain argon filled types have even shorter ionization times,
Characteristics of tubes of the same type may vary more than characteristics of® tubes of
slightly different construction. All tubes show the same general relation between ioniza-
tion time and grid overvoltage. For most tubes the ionization time is inversely proportional
to the grid overvoltage. There has been no theory suggested to explain this observed rela-
tion. However, these empirical data can be the basis for practical application and further
investigation.
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TABLE I

RANGE OF IONIZATION TIMES - MICROSECONDS

Nunbe r Shortest Approximate
of Tubes Tube Manufactursr Gas Anode Measured Maximum
Tested Voltage Ionization Ionization
Time Time

HOT CATHODE TYPES

2 FG-17 General Electric Mercury 1000 0.50 80
2 FG-57 General Electriec Mercury 1000 0.40 50
1 FG-67 General Electric Mercury 1000 0.60 150
1 WE 287-A  Western Electric Mercury 1000 0.65 50
1 Ky-21 Eitel-McCullough Mercury 1000 0.45 20
1 866 Special * Merecury 1000 0.35 20
3 885 RCA Argon 300 0.08 1l
1 244G Raytheon Argon 300 0.10 10
1l FG-81 General Electriec  Argon 180 0.25 50
2 KU-610 Westinghouse Neon 750 1.80 300

COLD CATHODE TYPES

1 0A4G Raytheon Argon 300 3.0 300~1000

h Strobotron General Radio Neon 350 12,0 300

* An 866 rectifier with a control electrode added. Manufecturer unknown.

Figure 1. Circuit diagram of thyratron test

apparatus
e, i Ry = 1,000,000 ohms
"""" = Rg = 20,000 ohms
Ri JEZ 113 R4 - Rz = 50-1350 ohms
Rg = 3,700 ohms
Rs = 100,000 ohms
0-1000V Re¢ = 1,000,000 ohms

o
3
non

1,000,000 ohms

Rg = 1,000,000 ohms

Ci1 =1 mfd.

Cg = 1 mfd.

Cz = 0.001 mfd.

C4) Twisted wire

Cs capacities

Ce = Electrode capacity
Tube A - 885 Thyratron
Tube B - Tube under test
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Figure 2.
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Figure 5., Typical ionization time
curves for thyratrons
A - 885 Argon filled thyratron
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300 volts on anode
FG 81 Argon filled thyratron
180 volts on anode
KY 21 Mercury vapor thyratron
1000 volts on anode
FG 67 Mercury vapor thyratron
1000 volts on anode
KU 610 Neon filled thyratron
750 volts on anode

Strobotron - Neon filled, cold cathode

350 volts on anode

Thyratron test apparatus connected
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Figure 3. Typical oscillogram
for an 885 thyratron
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Figure 6. Reciprocal ionization times

oy ]

Figure 4. Different phases in
breakdown of an FG-57

Ty = Time lag
Tg = Breakdown time
T = Ionization time

for Figure 5

A - 885 Argon filled thyratron
300 volts on anode

B - FG 81 Argon filled thyratron
180 volts on anode

C - XY 21 Mercury vapor thyratron
1000 volts on anode

D - FG 67 Zlercury vapor thyratron

1000 volts on anode
E - KU 610 Neon filled thyratron
750 volts on anode
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Figure 7. Effect of anode voltage on
ionization time of a 2A4 G argon
filled thyratron
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Figure 9. Effect of anode voltage on
ionization time of a KY-21 mercury
vapor thyratron mercury temperature
67° C
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Figure 8. Effect of anode voltage on
jonization time of an FG-57 mercury
vapor thyratron mercury temperature
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Figure 10. Effect of condensed mercury

temperature on ionization time
characteristic of an FG-57
with 300 volts on anode
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APPENDIX B
"Surge Veltage Breakdown Characteristics
for Eleotrical Gaps in 041"

By

R, W. Sorensen
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