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THE EFFECT OF MAINTENANCE 

ON RELIABILITY OF COMPLEX MILITARY ELECTRONIC EQUIPMENT 

J. B. Arnold 
Aeronautical Radio, Inc. 

Washington, D.C. 

Summary 

From data collected by Aeronautical 
Radio, Inc. through field surveillance of 
electron tubes in military use, it can be 
shown that maintenance as generally per-
formed today cannot cope with the extreme 
complexity of many present-day military 
equipments.  Not only are some individual 
circuits difficult to analyze, but inter-
dependency of associated circuits presents 
problems so intricate that diagnosis of 
equipment trouble cannot be readily accom-
plished.  Wholesale replacement of tubes 
is often resorted to as an alternative 
remedy.  Maintenance is further complicat-
ed by the precision adjustments necessary 
for successful operation of the equipment. 

It can be demonstrated that these 
conditions not only cause unnecessary 
tube usage but also increase the proba-
bility of catastrophic tube failures. 
This, in turn, decreases equipment relia-
bility.  Typical examples are shown, and 
methods of alleviating the problems are 
suggested. 

For the past 2'6 years, Aeronautical 
Radio, Inc. (ARINC) has been studying the 
performance of electron tubes in military 
applications.  During this time, data 
have been collected on more than 80,000 
tubes removed from many types of equip-
ment.  One result of this investigation 
is the conclusion that maintenance af-
fects both the quantities of tubes used 
and the reliability of electronic equip-
ments. 

The tubes under surveillance are 
installed in equipments operating in sev-
eral types of military aircraft, in ships, 
and in field force and stationary instal-
lations.  These equipments include commu-
nications sets oS almost every type and 
frequency, radars of all types, naviga-
tional aids, and many special kinds of 
gear. 

ARINC representatives are stationed 
at all bases where surveillance is in 
progress.  Their job is to collect the 
tubes removed from sockets and to report 
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as much information on each removal as it 
is possible to obtain.  These data are 
coded and tabulated, after which the tubes 
and the tabulation sheets are sent to 
ARINC headquarters in Washington.  Here 
the information is summarized and ana-
lyzed, and laboratory tests are performed 
on certain tubes to determine the reasons 
for failure.  However, most of the receiv-
ing type tubes are reshipped to Cornell 
University, where exhaustive tests are 
conducted to discover the nature of the 
failures..  This work is directed by Pro-
fessor Walter Jones of the Cornell School 
of Electrical Engineering. 

Tubes such as magnetrons, klystrons, 
and transmitting types, which cannot be 
tested on normally available equipment, 
are returned to the respective manufac-
turers, who have the proper facilities 
for testing such types.  Their assistance 
in the program is especially appreciated, 
for this cooperation represents a volun-
tary expenditure of their own time, money, 
• and resources. 

The surveillance program presents a 
good general view of military usage of 
electron tubes and the environments in 
which they operate.  Analysis of the data 
concerning tube removals has resulted in 
several findings and conclusions, only 
one of which will be treated in this paper. 
This is the conclusion that maintenance 
of electronic equipments, as currently 
practiced by military technicians, affects 
not only the quantities of tubes required 
for replacement purposes but also the 
reliability of the equipments. 

Like any other repairman, the mili-
tary electronics technician must perform 
routine preventive maintenance as well as 
emergency repairs.  Preventive maintenance 
of electronic equipments may be performed 
as a part of the general overhauling of 
the vehicle in which the equipment is in-
stalled, or it may be performed periodi-
cally as a separate operation.  For ex-
ample, maintenance of electronic equip-
ment installed in aircraft occurs usually 
when planes are undergoing engine, propel-
ler, or airframe checks.  However, at 
fixed installations, such maintenance is 
usually carried out on a periodic basis 
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which may be hourly, daily, weekly, month-
ly, or even yearly -- or any combination 
of these.  In any case, routine preven-
tive maintenance may consist only of su-
perficial testing of the fidelity of an 
equipment, or it may include a complete 
check of all tubes and other removable 
components. 

Emergency Maintenance 

Emergency repairs are made whenever 
the equipment fails during normal opera-
tions.  In this connection, a failure is 
considered to be any reduction of per-
formance below the specifications estab-
lished for a particular equipment.  These 
specifications may be either fixed or 
arbitrarily determined.  Failures which 
require emergency repairs are of two gen-
eral types.  The first is the dangerous 
catastrophic failure which makes an equip-
ment completely useless; the second is a 
general degradation of fidelity to a point 
where the equipment, although still oper-
able, performs inadequately. 

Catastrophic failures in some envi-
ronments are generally more prevalent 
early in tube life, and consist of enve-
lope, mechanical, and heater defects.  On 
the other hand, the gradual depreciation 
of  IF, , Gm and other electrical charac-
teristics tends to increase as tubes age 
in operation.  Data indicate that, in 
certain environments, catastrophic fail-
ures are much higher in the first 10 
hours of tube life than during later peri-
ods of equal duration.  Such a situation 
is shown in Fig. 1.  In this illustration, 
the vertical axis represents the total 
percentage of tubes which can be expected 
to fail at a given time.  The time is 
shown by the horizontal axis.  Thus, it 
may be seen that 1% of the tubes in the 
test failed during the first 10 hours. 
Thereafter, throughout the first 600 hours 
of the test, the rate of failure, as dem-
onstrated by the slope of the curve, was 
approximately 1% for each succeeding 50-
hour period, with one exception.  After 
330 hours, 49 of the tubes were withdrawn 
from the test.  The additional handling 
of these tube-, raised the failure rate 
1.4% at that time. 

It should be noted that some of the 
tubes reported as removed during the 
first 10 hours actually failed at the 
time of installation.  If such failures 
are not detected before the equipment is 
put back into service, they may cause de-
lay by inducing additional trouble in the 
circuit.  These subsequent failures are 
confusing to the technician as well as 
costly to the military services.  On the 
basis of what has been said concerning 
failures which occur during the first 

10 hours, the inference is clear: if a 
tube survives throughout that period, the 
probability of its continued performance 
in the same socket is greater than that 
of a new tube. 

MORTALITY CURVE OF ELECTRON TUBES 
IN ONE ARINC CONTROLLED TEST 
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REMOVED 
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Figure 1 

A third group of tubes removed by 
military technicians, in addition to 
those returned as catastrophic or as 
electrical failures, is made up of tubes 
which show no defect upon subsequent re-
test.  As a matter of fact, these "no-
defect" removals account for approximate-
ly 30% of all tubes returned to ARINC by 
the military.  However, the percentages 
of such returns vary greatly from envi-
ronment to environment.  Fig. 2 demon-
strates that 35% of the tubes removed 
from aircraft show no defect when retest-
ed.  For ships, this figure is 30%; for 
mobile ground installations, it is 20%. 
These percentages should be contrasted 
with the 5% of no-defect returns from 
stationary installations.  After retest-
ing, many of these tubes have been rein-
stalled in the same sockets from which 
they were originally removed.  Over 90% 
of the reinstalled tubes operated satis-
factorily, and many have continued in 
service for several thousands of hours. 

Accessibility of Equipment 

The percentages of no-defect remov-
als apparently depend in large part upon 
the accessibility and ease of maintenance 
of equipments.  In aircraft, which fur-
nish the highest proportion of no-defect 
returns, electronic equipment is some-
times almost inaccessible.  Therefore, 
when making repairs, the technician quite 
naturally seeks ways to avoid future 
trouble in the particular equipment.  In 
doing so, he often discards perfectly 
good tubes which would have operated 
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satisfactorily for many more hours.  Such 
replacement is undesirable because it may 
reduce the reliability of the equipment. 
Furthermore, attempts to remove inacces-
sible equipments frequently subject them 
to greater shock than is ever experienced 
in operation.  This shock definitely re-
sults in reduced tube life.  To reduce 
the high percentage of no-defect returns 
from aircraft and to diminish the inci-
dence of tube destruction through shock, 
equipment and airframe designers should 
cooperate to make electronic equipments 
as accessible as possible.  The same prob-
lem exists to a somewhat lesser extent in 
shipborne and mobile equipments.  In sta-
tionary installations, the greater acces-
sibility of equipments is reflected in 
the low percentage of no-defect returns. 

EFFECT OF ENVIRONMENT 

ON NO-DEFECT TUBE REMOVALS 
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Figure 2 

Another factor contributing to the 
removal of no-defect tubes is equipment 
complexity.  Often a technician who does 
not understand the operation of an equip-
ment will resort to replacement of all 
tubes in an entire chassis or equipment 
in order to remove one bad tube.  It 
should be pointed out, however, that com-
plexity is only a relative term.  What is 
complex to a military technician may not 
be complex to a circuit design engineer, 
especially if he designed the particular 
circuit.  It is not unusual to find that 
technical personnel are confused by sim-
ple circuits like cathode followers and 
multivibrators.  Yet the same technicians 
are expected to service equipments in-
volving phantastrons and microwave cir-
cuitry, which are complicated even for 
experienced engineers.  The average peri-
od of "in-school" training for a military 
technician is about one year. 

Aside from the fact that replacing 
or testing large quantities of tubes may 
decrease equipment reliability by placing 
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less reliable tubes in service, there are 
other and more important reasons why this 
practice is undesirable.  When tubes are 
continually being removed and reinserted 
in sockets, the sockets become worn or 
broken and may lead to equipment failure 
during operation, thereby reducing equip-
ment reliability.  In addition, it has 
been found that the number of damaged tube 
envelopes is directly related to handling. 

Maskinci of Basic Trouble  

To sum up these points -- wholesale 
tube replacement may not only introduce 
a new trouble into the equipment but may 
increase the time required to find the 
original one.  There is another conse-
quence, however, that may be more serious: 
That is the masking of the true nature of 
the trouble by mass tube replacement or 
even by the indiscriminate replacement of 
a single tube.  In cases such as these, 
the equipment soon will be back in the 
shop for repair.  A few examples, as pro-
vided by the findings in the ARINC tube 
surveillance program, may be of interest. 

A certain equipment of relatively 
new design has its electron tube fila-
ments in series, and these in turn are in 
series with a thermal voltage regulator. 
The purpose of the regulator is to com-
pensate for "above-normal" filament sup-
ply voltage.  Several of these units were 
reported bad.  The technicians removed the 
tubes, tested them, and found that several 
had low Gm while others had open fila-
ments.  The defective tubes were replaced 
and the equipments returned to operation. 
In a short time, the same units were back 
in the shop for repair.  Again all the 
tubes were tested, the bad ones were re-
placed, and the equipments were released 
for operation.  But once more they found 
their way back to the repair shop.  When 
the tubes were tested for the third time 
it was discovered that the same trouble 
existed as before.  Further, it was found 
that the actual cause of the equipment 
malfunction was a bad thermal relay which 
was not compensating for over-voltage. 
Since the equipment operated on the test 
bench after tube replacement, the tech-
nician had no reason to suspect that it 
would not work properly in the field for 
an indefinite period.  Here was a situa-
tion where a system of adequate checks 
and test procedures would have avoided 
future trouble by immediately locating 
the defective part.  In this case, the 
safety device -- the thermal relay --
actually reduced the equipment relia-
bility because it was not "fail safe". 

In another case, a tube was removed 
from a radar equipment because of an open 
cathode tab, and a new tube installed. 
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The equipment was returned to service. 
Two days later, the unit was again in 
need of repair, the same socket having 
produced the same trouble.  The tube was 
replaced.  The next day the equipment 
failed again for the same reason.  This 
time 8 tubes failed successively in the 
same socket for the same reason before it 
was discovered that the tube had lost its 
bias due to a fault in the associated 
circuitry.  This was a simple trouble 
which should have been found quite easily 
with a voltmeter.  Yet, because the tech-
nician did not understand the function of 
the circuit, he relied on the simple expe-
dient of tube replacement in an effort to 
solve his problems. 

There are many more cases similar to 
these on record.  They come from all 
branches of the military, and include 
such instances as three tube replacements 
in the final stage of a transmitter within 
one week because of a faulty antenna.  In 
another case, all the tubes of one radar 
IF strip were replaced because of a faulty 
mixer crystal.  In all of these situa-
tions, tube replacement temporarily reme-
died the trouble, and there was no outward 
indication of basic trouble that would 
lead an average technician to look fur-
ther; nevertheless, equipment reliability 
was considerably reduced as a result.  If 
maintenance personnel take time to make 
proper use of adequate test points, the 
basic trouble can be found and future 
failures avoided. 

Poor alignment also causes good 
tubes to be removed.  In some instances, 
equipment alignment is so complex an 
operation that rather than go through a 
procedure involving upwards of 50 critical 
adjustments, a technician will hand-select 
tubes which will allow a poorly aligned 
equipment to meet specifications.  This 
is particularly likely to happen when an 
aircraft is being held on the ground 
awaiting the equipment.  Unfortunately, 
the unit will be back in the shop for 
repairs as soon as the tubes drift 
slightly.  Thus, the simple use of tubes 
as a cure-all is dangerous.  It is useful 
to point out here that components other 
than tubes are also needlessly replaced. 
In one case, two transformers failed 
successively because of improper termi-
nation.  Unnecessary tube replacement 
is more common, however, because tubes 
are easier to remove. 

Effects on Reliability 

Improper maintenance can have sev-
eral detrimental effects on equipment 
reliability, in addition to causing ex-
cessive tube usage.  Reliability can be 
reduced by damage to sockets and wiring, 
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which means that new trouble is added to 
the old.  It can also be affected if 
maintenance, instead of curing the basic 
trouble, does nothing but temporarily 
alleviate its symptoms.  This should not 
be interpreted as an effort to discourage 
the testing of tubes or proper replacement 
of malfunctioning tubes.  Checking tubes 
in tube testers can eliminate such unde-
sirables as shorts, opens, defective 
heaters and the like.  Nevertheless, the 
most effective device for testing tubes 
is the equipment itself. 

Complexity and Education 

It is generally agreed that there is 
too large a gap between the educational 
level of the technician and the complexity 
of the equipment.  It should be emphasized 
that this situation can be attributed only 
in small part to the shortcomings of the 
technicians.  Further, it is agreed that 
complexity is here to stay.  As human 
reflexes in more and more cases are inca-
pable of coping with the speed of such 
devices as jets, rockets, and 250-horse-
power autos, additional electronic cir-
cuits are required.  Increased safety 
measures also increase complexity; how-
ever, it seems only reasonable that 
safety measures should not be of such a 
nature as to decrease the reliability 
of the equipment. 

One method of reducing the gap be-
tween equipment complexity and the educa-
tional level of the technician is by 
lengthening the time he spends in the 
electronics school, and -- as a corollary 
-- by being increasingly selective in 
the choice of prospective technicians. 
However, since the average first enlist-
ment of a military technician is for a 
period of four years, as much time as 
possible must be spent in performance of 
his primary mission, which is maintaining 
equipment.  Further, with the shortage of 
civilian maintenance personnel, good mili-
tary technicians are sometimes pirated 
away from the services.  Thus, the amount 
of increased education which is permis-
sible is in part dependent upon an eco-
nomic factor.  Whatever the length of the 
schooling period, however, it seems beyond 
question that the training program should 
make reliability of equipment a primary 
goal, rather than stressing speed in 
repair. 

It might be suggested that one pos-
sible way of closing this gap between 
education and equipment complexity is to 
make the equipments more simple.  As we 
have previously mentioned, however, this 
is almost impossible.  It may be simpler 
to decrease the amount of technical knowl-
edge required by the technicians. I should 

1 



like to outline some suggested methods by 
which this could be accomplished. 

Removable Sub-chassis  

If complex circuits were placed in 
easily removed sub-chassis, their removal 
and installation could be left to rela-
tively unskilled personnel, with actual 
repairs being performed only by a rela-
tively few, highly-trained technicians. 
There are many factors that will deter-
mine the proper number of separate circuits 
to be included in one sub-chassis.  It 
should be convenient, for example, to 
combine all circuits which perform one 
function, such as an entire IF strip or 
a timing chain in a radar.  Of course, 
unless the number of tubes is relatively 
small or the reliability of each tube is 
very high, the reliability of each sub-
chassis will be relatively low.  On the 
other hand, a unit which will absolutely 
not fail within two years would be uneco-
nomical if it became obsolete before that 
time.  The optimum number of circuits 
which can be combined into one subchassis 
depends on these factors, as well as 
practicability and environment. 

The use of sub-chassis could be 
improved by a system of indicators which 
would show a bad sub-chassis.  This might 
take the form of a light indicator which 
would light up when the sub-chassis 
failed to perform its desired function, 
or perhaps an oscilloscope built in so 
that by going through a series of switch 
positions the faulty assembly could be 
easily identified.  Admittedly, this 
would increase the size and weight of 
equipments which, in some instances, are 
already excessively bulky.  A more prac-
tical solution might be to bring out a 
series of easily accessible test points 
so that by means of an external and port-

able test set, the faulty sub-chassis 
could be identified. 

These are methods of determining 
where the trouble is after it happens. 
It would be far preferable if failures 
could be predicted and prevented before 
they actually occur.  It has been found 
in our surveillance program that well 
over one-half, and perhaps as many as 
three-fourths, of all tube failures are 
predictable.  Thus, a system of marginal 
checks should be installed so that at 
intervals the equipment could be tested 
and probable future tube failures removed. 
To a degree, this is what is being at-
tempted when a maintenance routine calls 
for 100% test of all tubes on a military 
tube tester.  In reality, an equipment is 
its own best tester of tubes.  Marginal 
checks have been used with a considerable 
degree of sucess by manufacturers of 
computers..  Marginal checks combined with 
individual sub-chassis failure indicators 
would perhaps constitute the best method 
for improving reliability of military 
equipment.  However, none of the various 
methods suggested would be very effective 
unless the manufacturer of the equipment 
were aware of the problems confronting 
the military maintenance man.  On that 
point I would like to call attention to 
a proposal made by Mr. L. M. Clement  in 
a paper presented at the Radio Fall meet-
ing of the RETMA in Toronto, Canada.  His 
suggestion was that the manufacturer's 
project engineer assigned to a particular 
equipment be sent out to the field so 
that he can educate himself on the use 
and environment of the equipment, thereby 
decreasing the burden of the maintenance 
man and the operator.  This would be a 
forward step offering much hope of greater 
reliability in military electronics. 
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MINIATURIZED CO MPUTER APPLICATIONS OF THE 
HUGHES DIODE 

S. G. Lutz 

Hughes Aircraft Co mpany 

Culver City, California 

Introduction 

Extre mely small co mponents, such as the 

grain-of-wheat-size Hughes diode, present a 
challenge to the engineer who wishes to take full 

advantage of their small size.  Reducing the size 

of co mponents does not generally lead to a corres-

ponding size reduction of the equip ment in which 

they are employed.  There is a natural tendency to 

mount and wire such co mponents in the sa me 

manner as large co mponents and this results in 

the mounting hardware and the wiring consu ming a 
disproportionate share of the volume.  One reason 

for the wiring occupying so much of the volu me is 

that connections cannot safely be soldered closer 

to small co mponents than to large ones.  Soldering 
closer than about 1/4-inch fro m the diodes intro-

duces the risk of effecting a per manent change in 
diode characteristics if the crystal is heated above 
about 150°C. 

Realizing good size-reduction fro m the use of 
miniature co mponents requires breaking away fro m 

conventional practices to the extent necessary to 

miniaturize the wiring along with the co mponents. 

Etched wiring was a step in this direction, but it 
yet involves soldering and its 2-di mensional 

inflexibility often results in waste space. 

Spot-welding offers an attractive means of 

making connections very near the co mponents, 
because capacitor-discharge welds are made in 

milliseconds, with much less heat than required 

for a soldered joint.  Mounting axial-lead co mpo-
nents on end, rather than laying the m flat on etched-

wiring boards or on ter minal strips, also aids in 

miniaturizing the wiring by shortening the inter-
connections. 

The Hughes Diode  

Figure 1 shows the general construction and 
no minal di mensions of the Hughes ger maniu m 

diode.  Its glass envelope provides perfect humi-

dity protection and is so small that, without leads, 
over 400 of the m could be packed into a cubic inch. 
The leads are of dumet (copper-clad nickel), 

chosen because its coefficient of expansion and 
that of the glass are essentially identical, and 
these leads are tinned to facilitate soldering.  As 
an extra advantage, the nickel core in this wire 
makes it much easier to spot-weld than would be 
the case with a solid copper wire. 

If we follow the conservative directions of the 
manufacturer by leaving 1/4-inch between the 
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solder joint and the body of the diode, the 

mounting centers must be spaced about three 

times the length of the diode body as a mini mum. 
Closer spacing can be used at the risk of diode 

da mage unless very rapid soldering is possible 
on each joint.  Contrasted to this, welded 

connections can be made as close to the seal as 

desired, provided that a capacitor-discharge 
welder is used properly. 

Diode Gate Matrices using Etched Wiring  

Large nu mbers of these diodes, along with a 
lesser nu mber of resistors, are employed in the 
"and" and "or" gates of digital co mputers and the 

matrices co mposed of these gate circuits account 

for much of the wiring co mplexity of such a co m-

puter and often account for an appreciable portion 
of its volume.  Figure 2 shows a typical matrix 
employing etched wiring.  So me space was wasted 

deliberately by employing a "universal" etched-

wiring pattern, so that the sa me basic pattern 

could be used for many different matrices  but 

its density of 13 co mponents per cubic inch is 
not much below the maxi mu m generally 
obtainable with etched-wiring.  For the benefit of 

those who still think in ter ms of larger volumes, 

this is 22,464 co mponents per cubic foot.  Fro m a 

.more pessi mistic viewpoint, though, three 

hundred times as many co mponents the size of 
these diodes could be packed into the sa me volu me, 

if their leads could be clipped off.  This for ms a 

good exa mple of the deterioration in volumetric 
efficiency, or ratio of co mponent volu me to total 

volu me, which generally is encountered as the 

size of co mponents is reduced without miniaturi-
zing the wiring along with the co mponents. 

Ce mented Matrix with Spot- Wel,ded Wiring  

One good approach toward increasing the 

volumetric efficiency of a unit always is that of 
fitting the required co mponents together as 

closely as possible, then seeing how little addi-
tional volume can be used for the wiring.  With 
co mputer matrices, one naturally tends to park 
the diodes and their associated resistors into a 

rectangular block, with the leads extending in 
opposite directions.  In figuring how best to wire 
such a structure, one recognizes that a characteri-

stic of gate circuits is that they have cl co mmon 

connection between the resistor and all its diodes, 
so it is logical to make these co mmon connections 

on top of the block, to make ties between gates 
having the sa me inputs at the botto m of the block 

and to employ the re maining botto m leads for the 



. external connections. 

Figure 3 is a matrix built in the manner just 

indicated, as a test to establish the maxi mu m 
co mponent density, to investigate the feasibility of 

spot-welded wiring in such cra mped quarters and 

to de monstrate the short leads required when such 
a unit is wired fro m both ends in this manner. 
This matrix contains 32 diodes, 9 Globar resistors 

and 4 vacant positions where diodes could have 

been placed if required.  The unit occupies only 
1/4 cubic inch, measured over the wiring but ex-

cluding the input and output leads which nor mally 

would connect to a plug.  Thus, the maxi mu m 
co mponent density with this construction is 180 

per cubic inch, which is believed to set a record 
for units co mposed entirely of standard co mponents. 

The ce mented construction of this matrix 

admittedly is impractical, if for no other reason 

than that the entire unit would have to be discarded 
if one co mponent failed, and it contains more 

diodes than one would wish to discard.  This unit 

has served a useful purpose, however, in sti mu-
lating further work and in measuring subsequent 
designs in ter ms of their advantages versus their 

cost in decreased co mponent density. 

Stick-Capsuled Matrix  

Figure 4 shows a subsequent matrix design 

directed toward achieving ease of production.  The 

diodes are molded in long sticks, notched between 

each pair of diodes so that the desired nu mber of 
diodes can be broken off, much like tearing off 

postage sta mps.  This feature per mits the asse m-

blers to handle the diodes in convenient groups of 

five or less.  In the matrix shown, the diodes were 
molded in epoxy resin but tests have established 

that they can withstand the te mperature and 
pressure required for alkyd molding; the latter 

being far more rapid. 

With this construction, etched wiring is used 

for the gate interconnections and for the input and 

output connections, while the co m mon top connec-
tions can be made by a multiple-welding operation 

prior to inserting the diode sticks into the etched 
wiring card.  Top connections to the resistors 
have been soldered, because of the uncertainty of 

welding to their solid copper leads.  These con-
nections also could be welded if resistors with 
weldable leads were available.  All connections to 

the botto m board are dip-soldered si multaneously. 

Though there is but an eighth of an inch between 

the glass seal and this soldered joint, the ther mal 
shunting action of the plastic and the low te mpera-
ture of the soldering bath prevent da mage to the 

diodes. 

In the event of a diode failure, the stick of diodes 

containing the defective one is unsoldered and re-

placed.  As many as four good diodes may be dis-
carded with the bad one, but their cost generally 

will be less than the labor cost of this replace ment. 

If desired, the defective diode may be broken out 
of its stick and be replaced.  A special soldering 

tool has been developed for re moving and replac-

ing sticks of co mponents and consists of a 200 

watt iron with a long grooved tip. 

With this construction , the spacing between 

co mponents isl /4 inch; this spacing being deter-

mined by the mini mu m clearances required for 
the etched wiring.  The height of the unit is 9/16 

inch, so its peak co mponent density is 30 per cu-
bic inch.  Thus, these units are twice as co mpact 

as the flat etched board units of Figure 1, as well 
as being much cheaper to asse mble.  Co mpared 

with the ce mented matrix of Figure 2, this 

repairability and ease of asse mbly have been 
purchased at the cost of a six-ti me reduction 

co mponent density. 

Honeyco mb Technique 

In searching for a way to more of the high 

co mponent-density of the ce mented matrix, 
while retaining repairability and ease of asse mbly, 
it was recognized that the diodes and associated 

co mponents could be ce mented into a honeyco mb 
of holes in a supporting board and that individual 

co mponents could be replaced by softening the 
adhesive with a suitable solvent.  Preli minary 

tests showed that the diodes could be spaced  /8 
inch on centers, or 64 per square inch of mount-
ing board, and that the wiring could be spot-welded 

easily despite this close spacing.  No difficulty 

was experienced in re moving and replacing co m-
ponents other than that it was necessary to clip 

the leads obstructing co mponent re moval and 
later to weld around the clipped-out section.  The 

diode leads were cut to a length of 1/8 inch fro m 

the seal, thus holding their over-all length just 
under 1/2 inch, so that the peak co mponent 

density was 128 per cubic inc h, or 71% of the 

density obtained with the ce mented matrix con-

struction. 

At this stage, it was decided that the honey-
co mb technique should be tried on certain large 
and typical sections of the co mputer gate circuits. 

The sections selected were the reading gate 
circuits for the magnetic me mory drum and the 

gate circuits for a conversion control unit.  Fully-

wired but non-operating units were decided upon, 

since these units were to be built as a packaging 
study only, and since this saved several thousand 

dollars worth of good diodes. 

in 
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Reading Gate Matrix Unit  

The me mory reading amplifier gates were 

ideally suited for this honeyco mb technique because 

of their nearly repetitive nature and si mple binary 
coding under the control of a small nu mber of flip-

flops, leading to si mple and syste matic wiring. 

The Resistor Proble m 

One proble m encountered was the need for a 
resistor suitable for use with this honeyco mb 

mounting technique.  Axial leads and di mensions 

co mparable to those of the Hughes diode were the 

chief require ments, with weldable leads being 
desirable.  The Globar resistors used with the 

earlier ce mented matrix were ruled out by these 

wrapped-around radial leads, which prevented 

their insertion in the mounting holes.  Figure 5 

shows a co mparison between the sizes of the diode 

and of several available resistors and further indi-
cates why none of the m were suitable.  Axial leads 

could have been attached to Globar resistor units, 
if a working unit had been required, but this 

see med more tedious and expensive than justifiable 
for a packaging study; consequently, du m my resis-

tors were fabricated fro m 3/32-inch wood dowel 

l'od, using 0.020-inch nickel wire for the axial 

leads.  There is no apparent reason why resistors 

of this size cannot be produced co m mercially when-
ever the de mand for the m justifies their develop-
ment and there see ms to be a steadily increasing 

need for such resistors for transistor circuits 

and other such applications in which a tenth-watt 
dissipation would be adequate. 

Microfil med Wiring Infor mation  

A feature which has contributed greatly to the 
ease of wiring these very small honeyco mb units 
has consisted of microfil ming the essential wiring 

infor mation on the dural mounting plates.  These 

plates were coated with a white lacquer, over which 

a photographic emulsion was applied.  This 
emulsion was printed in contact with a negative ob-

tained by photographing a large ink drawing to the 

desired scale.  Incidentally, the use of a 1/8-inch 
dural mounting plate provides excellent heat 

equalization and dissipation and leads to extre mely 
rugged units. 

Figure 6 is an enlarged view of a small section 

of the wiring and drilling pattern for the reading 

matrix unit.  The regularly spaced crosses and 
white centers of black squares mark the centers 

of the co mponent holes to be drilled.  The heavy 

lines between crosses denote buss connections. 

The rows of black and white squares denote rows 
of diodes to be connected to either the Q or Q out-
puts of the sa me flip-flop; the particular flip-flop 

being designated by the number beside each such 

row.  Si milar black and white squares also are 

used to indicate the connection of resistors to 

positive or negative bias voltages.  Q leads and 

positive voltage leads are insulated with white 
vinyl sleeves, while the alternate (5 and negative 

voltage  leads have black sleeves.  Thus, most of 

the wiring consists of running black wires to black 

squares and white wires to white squares, and of 

bussing co m mon connections as indicated.  The 

re maining wiring, cabled connections to the plugs, 
is designated by correspondence of numbers or 

letters at the plug and at the circuit.  This use of 

black and white squares and leads si mplifies in-

spection, since a white lead to a black square is 

conspicuous.  Figure 7 shows top and botto m 

wiring patterns for the co mplete unit, reproduced 
actual size. 

Spot-Welded Wiring  

A Uni matic capacitor-discharge welder with 
extension tweezer electrodes was employed for 

the wiring, as shown in Figure 8.  These tweezers 

are unusual in that their points are brought toge-

ther by a spring, so that they serve as a cla mp to 

hold the wires being welded, and so that the pres-

sure always is the sa me.  The operator squeezes 

the tweezer handles to open the points and merely 

releases pressure on the handles to let the points 

close on the work.  These tweezer electrodes 
were found more convenient and produced more 

consistent welds than the nor mally-open type of 

tweezers with which the welding pressure depends 
upon the operator's grip. 

Much of the welder's energy is dissipated in 
the long flexible leads to the tweezer electrodes 

but this is inconsequential because so little energy 
is required to Weld these fine dumet and nickel 

wires.  Lower heat settings would be used to weld 
the sa me wires between electrodes attached to the 

welder.  Nickel wire of 0.010 inch dia meter was 
used for all connections.  One need not worry 

about nickel being a critical material because all 

the wire weighed about as much as a 5-cent piece. 
and iron or stainless steel wire could have been 

used nearly as easily if it had been available. 
One generally need not worry about the resistance 

of these fine nickel wires either, for it amounts 
to about 0.050 oh m per inch and even an extra 

oh m in a gate circuit would be inconsequential. 

Welded connections can be made without 

danger as close to the glass seals as desired. 

Even though the metal is fused at the weld, the 

capacitor discharge is so rapid that the quantity 
of heat liberated is negligible.  One can hold the 
wires and the tips of the welding tweezers between 
their fingers while making a weld, and not be able 
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to feel any heat.  Under certain conditions it is 
possible for "sneak" welding currents to da mage 

the diodes but this cannot occur if the welds are 
made in the proper sequence, if the welding voltage 

is low and if the wires being welded make good 

enough initial contact to prevent the develop ment 

of open-circuit voltages. 

Welded wiring of this type has been done by 

three engineers and by two technicians, none of 

who m had any prior welding experience.  Following 

brief instruction, none of the m experienced signi-

ficant trouble in producing good welds consistently. 
Occasional te mporary difficulties arose fro m acci-

dentally or unintelligently changing the welder ad-
just ments, letting the electrodes get dirty or pitted 

and not keeping the work clean.  One string of bad 
welds was traced to having brushed the work with 

acetone to re move excess ce ment and thereby de-
positing a fil m of the ce ment on the leads.  The 

worst handicap to widespread adoption of spot-

welded wiring, other than the critical adjust ments 

required to weld the copper leads of most present 
co mponents, is the fact that unfa miliarity breeds 

distrust.  An engineer who had grown up with spot-
welded wiring would have even greater distrust of 

soldered wiring, and rightly so.  He would point to 
the danger of cold-joints, burned co mponents and 

insulation, tediousness, lack of strength, danger 

fro m corrosive fluxes and all the other pitfalls of 

soldering which we have learned to live with. 

Statistics Concerning the Reading Gate Matrix Unit 

Top and botto m views of the wired unit are 
shown in Figure 9.  The si mplicity and relative 

"cleanliness" of the wiring is evident.  One would 
not notice anything re markable about the wiring of 

these units if one did not recognize the small size 
of the co mponents and thought that the photographs 

were reductions of switchboard-size equip ment 
with heavy wires and soldered connections.  Such 
an impression is not surprising because it results 

fro m the wiring having been scaled down in pro-

portion to the co mponents. 

The di mensions of the unit, exclusive of the 
plugs and fra me, are 5-1/4 x 3-1/8 x 1/2 inches. 
The unit contains 504 diodes and 209 resistors, so 

its average density is 94.5 co mponents per cubic 
inch.  Sche matic diagra ms for the unit were on 

five sheets, totalling 26 square feet.  The co mplete 

unit weighs only 160 gra ms, or just over a quarter-

pound, plugs and fra me included.  This, inci-
dentally, is appreciably less than the weight of its 

five sche matics ! 

The unit is amazingly rugged and may be 
dropped without da mage because the plugs and the 

alu minum fra me which surround the dural plate 
serve to protect the co mponents and leads. 

Individual co mponents have been re moved and 

replaced many times. 

"Cribbage-Board" Conversion Control Unit  

The conversion control matrices afforded a 

better test of the applicability and versatility of 

this honeyco mb packaging technique because 
their circuits were more diversified, involved 

connections to many more flip-flops and cathode 
followers and were more typical of the arith-

metic and control matrices of a co mputer.  The 

di mensions of this unit are 8-3/8 x 2-1/4 x 1/2 

inches and the appearance of its perforated plate 

prior to inserting the co mponents caused it to be 

dubbed a "cribbage-board".  The unit contains 

587 diodes, si mulated resistors and cera mic capa-
citors, so its average density is 62.3 co mponents 

per cubic inch.  Top and botto m view of the wired 

unit, in Figure 10, show that this reduced density 

resulted fro m separating the individual matrices 

and fro m leaving space down the center for the 

large interconnecting cable.  Though its wiring 
looks co mplicated, no more time need be re-
quired to wire such a unit than to wire a standard-

size unit of equal co mplexity.  Spot-welded wiring 

actually should be faster and cheaper than soldered 

wiring. 

Conclusions  

High co mponent densities and good volumetric 

efficiencies have been obtained in co mputer gate 
matrices employing Hughes diodes and other 

correspondingly small axial-lead co mponents by 
mounting the co mponents on end to provide two 

wiring planes instead of one, and by spot-

welding the connections to per mit miniaturizing 
the wiring in proportion to the co mponents.  Spot-
welding is an ideal method for making connections 

close to co mponents which can be da maged by 

heat, and beco mes a si mple and non-critical 
technique when the co mponent leads and wire are 

nickel, or other readily weldable material. 
Copper-to-copper welding is possible but the 
welding adjustments are apt to be objectionably 

critical. 

Many variations of the above technique have 

been proposed and so me have been tried.  In 
general, variations which tend to si mplify the 

asse mbly and wiring also tend to reduce the 
co mponent density correspondingly, so the 

technique to be chosen for any specific applica-

tion will depend upon what one is willing to pay 
in ter ms of size and weight for the si mplification 

desired. 
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As long as vacuum tubes, rather than tran-

sistors, are used as the active circuit ele ments in 

digital co mputers. there is little to be gained fro m 
miniaturizing the diode matrices to the extent 

made possible by these techniques.  Honeyco mb 

co mponent mounting, spotwelded wiring and micro-
fil med wiring infor mation should beco me useful 

techniques as soon as it beco mes feasible to minia-

turize other parts of digital co mputers by replacing 
tubes with transistors and by replacing magnetic 

dru ms with more co mpact me mory devices.  When 

co mponent densities of the order of 100 per cubic 

inch beco me applicable through digital co mputers, 

it should beco me possible to reduce their volu me 

and weight to that of present mechanical desk 
calculators. 

Acknowledge ments 

Many me mbers of the Hughes Miniaturization 

Group contributed to this work but mention should 

be made of Car men Lives ay, shown in Figure 8, 

who built and wired the first reading gate unit. 

Su m mary 

Reducing the size of co mponents has not 

generally led to corresponding size reduction of 

equipment, through failure to miniaturize the 
wiring proportionately.  "3-di mensional" 

packaging, spot-welded wiring and si milar tech-

niques make it possible to maintain as high a volu-

metric efficiency in subminiature equip ment as in 
standard-size equip ment.  Co mponent densities as 

great as 180 per cubic inch have been attained in 

co mputer gate matrices using Hughes diodes and 

average densities approaching 100 co mponents 

per cubic inch are practicable.  Ce menting co mpo-
nents into holes in a metal plate provides excellent 

heat distribution, great ruggedness, and per mits 

re moval and replace ment of individual co mponents. 

Spot-welding with a capacitor-discharge welder 

and tweezer electrodes prevents ther mal da mage 

to miniature co mponents, despite extre mely close 

connections.  Smaller resistors and other co mpo-
nents with weldable axial leads are needed.  Micro-

fil ming wiring infor mation on both faces of this 

plate si mplifies wiring and inspection.  These 
techniques should assume great usefulness in 

future transistorized co mputers. 

Fig. 1 - The Hughes germanium diode. 
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SUBMINIATURI7ATION TECHNIQUES FOR UHF COMMUNICATION KUIFI‘ENT • 

Gustave Shapiro 
National Bureau of Standards 

Washington, D.C. 

ABSTRACT 

Flibminiaturization techni-ues as they apply to 
uhf transmitting and receiving equipment are des-
cribed. A combination chassis-plug system permits 
convenient air cooling and interconnection (dc, ac, 
and mechanical) of its plug-in •3S 5,3mbl ler. Mere 
their application permits a prcducti on advantare, 

printed circuits are used. Novel time-savint- design 
and fabrication methods are disclosed. Special min-
iature components of wide utility are used in the 
=all assemblies. Many of the techniques described 
can be applied to other subminiature electronic 
assemblies. 
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SYNTHETIC QUARTZ CRYSTALS FOR THE ELECTRONIC INDUSTRY 

Danforth R. Hale and Wilfred H. Charbonnet 
The Brush Laboratories Company 
Division of Clevite Corporation 

Cleveland 14, Ohio 

Synthetic crystals of radioquartz quality, 
showing their natural faces, and well-sized and 
well-shaped for use by oscillator unit manu-
facturers, are being grown on an experimental 
scale under contract with the U.S. Signal Corps. 
Study of the piezoelectric properties shows that 
the material is the equal of natural radiograde 

quartz. 

Introduction  

Millions of quartz oscillator plates are 
manufactured yearly for radio frequency stabili-

zation and for frequency selection in military 
and commercial radio communication equipment. 
These plates, known to the trade by the informal 
name of "quartz crystals", are cut from crystal-
line masses of quartz, usually imported from 
Brazil.  In this paper we are discussing the 
growth of these crystalline masses themselves, 

which are quartz crystals in the mineralogical 

sense.  (Fig. 1) 
Frequency control by quartz crystal plates 

had become so important for communications that 
the Germans in World War II studied various 
substitutes for quartz, as well as the synthesis 
of this crystal' for their access to radiograde 
quartz (almost synonymous with Brazilian quartz) 
was very limited.  Our own Signal Corps made 
some study of substitute materials2 during the 
War and after its close, let five contracts for 
the investigation of the synthesis of piezo-
electric crystals.  Two of the contracts were 
directed at quartz growing, and one of these 
latter went to the Brush Development Company. 
The work to be described is the result of con-
secutive contracts with the U.S. Signal Corps 

over the past seven years. 
The Bell Telephone Laboratories also are 

engaged in exploring the field and recently have 
been under contract with the Signal Corps; the 
process is similar in many respects to ours 
except involving pressures about double those we 

have regarded as the most satisfactory. 3 

Early Experiments  

In the preliminary experiments, suggestions 
were drawn from various mineralogists, and es-
pecially from Giorgio Spezia, 4 who in 1905-1908 
heated a pressure-vessel for six-month periods 
with fluctuating city gas pressure in Turin, Italy. 
He added several grams to a number of crystals 
and thus proved definitely that large crystals 
could be grown. 

During the war years in Germany, Richard 
Nacken, another mineralogist, attempted to grow 
quartz crystals, and came up with a process 
involving vitreous silica as raw material which 

is more soluble than crystalline quartz in an 
aqueous solution held at constant temperature. 
He obtained some fundamental information and grew 

a number of small crystals. 
His process was also tried in England and in 

this country, but has now been abandoned.  It was 
found that the supersaturation of silica increases 

to so great a value that a large quantity of 
spontaneous nucleation occurs, resulting in 
crusts of fine quartz crystals being deposited 
on the walls of the vessel, and on crystal sup-
ports.  Further, the vitreous silica reverts to 
the crystalline form, in place, within a few 

hours and crystal growth stops. 
Two methods using cooling techniques for 

growing crystals from solution are: the bulk 
cooling method, in which a hot saturated solution 
provided with seeds is slowly cooled, and the 
continuous flow method, in which a solution is 
brought to a relatively hot saturated condition 
in one tank and -continuously circulated between 
this and a crystallizing tank at a lower temper-

ature. 
Quartz does not have sufficient solubility, 

even at elevated temperature and pressure and in 
an alkaline solution, for the application of the 
direct bulk cooling method. 

The continuous circulation method was there-
fore developed.  Quartz chunks for nutrient 
material and seed crystals are placed in the 
same pressure-vessel and conditions so arranged 
that the nutrient quartz dissolves in one region 
and crystallizes out in another region over a 
period of days or weeks.  Successful operating 
conditions were found to be an alkaline solution 
at temperatures of 570 to 7500F and pressures of 
5000 to 10,000 psi.  Such conditions require the 
use of heavy wall vessels of special alloy steel. 
Recent experiments have shown, however, that even 
at 4800F and 1200 psi radiograde crystals can be 
grown although the rate of growth is small. 

Our early experiments were made in steel 
pressu.re-vessels (or autoclaves) of about 70 cc 
volume.  (Fig. 2)  For studying solubilities in 
various solvents under isothermal conditions the 
autoclaves were rocked in wire-wound heating 
furnaces.  In order to obtain temperature gradi-
ents, as used in many quartz-growing experiments, 
they were stood upright on hot plates.  One was 
heated by a coil of resistance wire around the 
top; others were operated lying on their sides 
with heating units around one end. 

It was soon found that the use of a temper-
ature gradient produced good results.  Another 
type of autoclave was then designed in order to 
obtain as complete a separation as possible of 
the growing region and the dissolving region, 
that is to say, of the cooler and hotter regions. 
Two heavy-wall tubes are joined at the ends by 
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small cross pipes.  The chambers are provided 
with electrical resistance heaters each with its 
own temperature control.  One chamber is filled 
with the raw material - broken chunks of crystal - 
and the other is provided with a metal rack hold-
ing seed plates.  (Fig. 3). 

Such a vessel was first operated with the 
tube-chambers vertical.  The circulation was 
found difficult to control and much better results 
were obtained by mounting the autoclave horizontal 
and slowly rocking it.  (Fig. 4) 

In current operation the vessel, charged with 
nutrient quartz and seeds, is filled about 2/3 
full with 18% aqueous sodium carbonate solution, 
and closed with special pressure seals.  It is 
made to oscillate about a horizontal axis through 
a displacement of about 20°, three times a minute. 
It is heated to operating temperature, the crystal-
lizing chamber at about 6600F and the dissolving 
chamber at about 50°F higher.  At operating 
temperature and pressure the autoclave contains 
no liquid-vapor interface, and this rocking 
motion produces a small reciprocating flow of 
solution from one chamber to the other because 
of the density difference, which in turn is due 
to the temperature difference. 

By late 1950 the two-chamber rocking auto-
clave was designed, and two were in operation. 
We were getting a growth rate of 0.4 mm/day 
measured perpendicular to the minor r* face, or 
about 3 lbs. in a 5-week run - in more basic 
terms, about 1/4 lb. per week per Cu. ft. of 
autoclave.  The same year a third, larger auto-
clave was acquired.  Each chamber of this one 
has an inside diameter of 6".  The volume is 
3.4 cu. ft. and the unit has a nominal growing 
capacity of 50 lbs. synthetic quartz per run. 

Pilot-Plant Facility 

The Signal Corps was sufficiently well 
satisfied with the results that we were awarded 
a contract for growing an increased amount of 
crystals, and a new phase was entered. 

In August 1951 work was started on the plans 
for this new facility.  Three autoclaves similar 
to the one mentioned above, were acquired, and 
two smaller ones having capacities of 0.7 cu. ft. 
Each chamber of the large autoclaves is a forged 
steel cylinder having a six-inch bore.  To pro-
duce a vessel of this capacity for use at high 
pressure and temperature requires a considerable 
quantity of special steel: 4 1/2 tons per auto-
clave.  Thus we ran into problems of procurement 
and priorities.  (Fig. 5) 

Since these autoclaves were to be maintained 
at high temperatures and pressures for long 
periods of time, a steel having a high creep 
strength at the operating temperature was chosen. 
For the large autoclaves the steel is ASME SA-213 
Grade T-22, containing 2 1/2% of chromium and 1% 
of molybdenum.  Its creep strength is expressed 

*For clarity in referring to the rhcmbohedral 
faces of quartz the term and letter case "major 
R" will mean the major rhombohedron (11.1) and 
"minor r" will mean the minor rhombohedron (10.1). 
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as 22,000 pounds per square inch stress required 
for 1% elongation in 100,000 hours at 900°F. 

The smaller autoclaves are of SAE 4620 steel 
produced as hot-drawn tubing with a cap welded 
on one end. 

Next we had to house these autoclaves.  For 
the protection of the operators in the unlikely 
event of bursting, the autoclaves are placed in 
covered pits.  The general housing for the pits, 
work area, and office is built as an addition to 

an existing building at our Bedford, Ohio plant. 
(Figure 6)  Here again we ran into priorities and 
procurement problems in getting steel for the 
building framework. 

The new facility with its 5 autoclaves pro-
duced 4,136 crystals, weighing 841 lbs. during 
the twenty-seven months of the contract.  It was 
in full operation 15 months. 

Quartz-growing runs last upwards of three 
weeks.  Earlier we had no positive assurance 
that our conditions were suitable for growth 
until the run was completed.  We now radiograph 
two or three of the crystals from time to time 
with cobalt 60. 

The product has averaged Grade 18 (using the 
military specification for natural quartz) which 
means that the quartz is 80% to 100% usable flaw-
less radiograde material.  In isolated instances, 
where the conditions of experimental runs were 
not standard, a few small losses were sustained. 

In 1953 the equipment was transferred to 
pilot-plant status under the Signal Corps Supply 
Agency, for which it is making a 12-month 
Industrial Preparedness Study.  Most of the pro-
duct is being shipped to the Signal Corps Engi-
neering Laboratories and is being largely used 
in their program of having synthetic quartz cut 
in routine production and tested for comparison 
with natural quartz.  The output of this pilot 
plant amounts to approximately 100 lbs. per 
month. 

Synthetic Crystal Forms  

The tyPica,j synthetic crystal, grown from a 
seed cut parallel to the minor r face, and held 
by the edges perpendicular to the X-axis, develops 
into a modified X-block.  (Fig.?)  The flat 
surface on each side of the crystal, while not 
guaranteed to be an X-cut exactly (at this stage 
of the project) varies little from it.  This 
surface is thus ready for cementing to the flat 
mounting plate for cutting into AT or BT wafers. 

Brush synthetic crystals can be made of such 
size, shape, and orientation, that wafers cut 
from them will yield a maximum of oscillator 
blanks with a minimum of waste.  The current main 
interest is in AT-cut plates, 1/2 x 1/2 in. square 
and 1/2 in. diameter discs, for frequencies from 
1 megacycle up.  The seed for this crystal is 
therefore an AT plate or CT plate chosen so that 
multiples of this size blank can be cut, for 
example 6 blanks, with enough area between and 
around them for the saw cuts.  As the seed grows, 
this rectangular cross section is not preserved, 
but decreases as the major R faces build up.  When 
the size of the minor r face has become so small 
that a 1/2 x 1/2 inch AT cut cannot be diced from 



the corresponding wafer, further growth is waste-
ful; hence we attempt to end the growing run at 
this point.  The grown crystal weighs about 90 
grams and requires about 60 days to grow. 

With standard cutting techniques between 
200 and 300 half-inch square AT blanks can be cut 
per lb. cf synthetic quartz.  With better tech-
niques, especially the use of thinner saw blades 
and slightly closer cuts (permitted by crystals 
requiring less than 2 inches of cutting depth), 
the yield per pound will be increased. 

These crystals have major R faces which pro-
vide at each end a well-shaped three sided pyra-
mid.  An important advantage here is that these 
faces can be used directly for assisting in 
orienting the crystals preparatory to cutting. 
For average accuracy, orientation may thus be 

obtained without the use of X-rays. 
For other cuts and blank sizes, the seed can 

be chosen and growth controlled so that similarly 

optimum crystals can be produced. 
A crystal grown on a major R seed again 

closely approximates an X-bar appropriate for 
slicing into AT or BT plates.  (Fig. 8)  However, 
the growth rate on a major R face is relatively 
low - about 1/5 to 1/3 of the rate on a minor r 
face - hence there seems to be no advantage in 
using this cut for seeds.  The crystal on the 
2-cut seed is appropriate for cutting into a 
variety of plates. 

Piezoelectric  Properties 

The Signal Corps has currently an extensive 
prc;7ram for testing synthetic quartz as to its 
piezoelectric behavior through supplying oscilla-
tor plate manufacturers with generous samples of 
synthetic crystals on a no-cost basis in exchange 
for reports on ease of handling, yield per lb., 
and tests of the finished units. 

The ratio of reactance to resistance, or Q, 
for synthetic quartz has been measured by us and 
other laboratories.  Values in the hundreds of 
thousands have been readily obtained, showing 
the material is satisfactory for all frequency-
control uses.  Feasurements must still be made, 
however, to show whether the ultimate value of 
4 for synthetic quartz is lower, equal to, or 
higher than the Q obtainable with natural quartz. 
The  of course varies with the mode of vibration 
ard with the frequency, and is notoriously depend-
ent on the mounting of the oscillator plate. 

For the least influence of temperature on 
frequency, the AT plate of natural quartz must 
be cut at 350 1F' to 21' from the 2-axis of the 
crystal this angle varying with the temperature 
range over which the oscillator is to be used. 

It has been found tentatively that for synthetic 
quartz the optimum angle is about 7 minutes 
greater, and that the shape of the curve express-
ing this dependence is not the same.* 

The reason for this is puzzling.  The 
correct angle for natural quartz obtained any-
where is the angle just given: 350 18 1. to 21'. 
Now this quartz has been grown most probably 
under a variety of temperatures and pressures 
and in the presence of a variety of other sub-
stances.  Yet for synthetic quartz the required 
angle is different.  This is one of the unsolved 
minor problems of the quartz investigation. 

Is synthetic quartz as good as natural? 
Compared with Grade 1 natural radio quartz, 
synthetic quartz is just as good in the following 

particulars: 
It is free of such flaws as milkiness, 
noticeable liquid-vapor inclusions; it is 
clear and water-white; it has very closely 
the same optical and chemical properties. 
It has substantially the same piezoelectric 
properties, with minor differences. 

And in addition, synthetic quartz is better in a 

number of ways: 
It can be guaranteed free of, or with a 
minimum percentage of optical and elec-
trical twinning.  It can be supplied in 
uniform sizes and shapes, thus it is 
adaptable to mass production techniques. 
It is completely faced.  Through its 
pyramid ends it lends itself to lining 
up in jigs for cutting without X-ray 
measurements for use in less critical 
applications.  It can he grown in a 
number of shapes the best to serve the 

various ultimate needs. 
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Fig. 1 
Synthetic quartz crystal weighing 2.2 lbs. 

Fig. 2 
A pressure-vessel with volume of 4.3 Cu. in. 

Fig. 3 
Perspecting view of two-chamber rocking autoclave. 
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Fig. h 
Two-chamber autoclave of 0.7 cu. ft. volume. 

Fig. 5 
Large unit mounted in protection pit. 



Fig. 6 
Creneral view of pilot plant. 
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Fig. 7 
Drawing of crystal grown on minor r seed. 

SEED 

SEED 

Fig. 8 
Drawing of crystals grown on Z-cut 

seed and major R seed. 
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APPLICATION OF PRECISE COMPONENTS IN PERMEA8ILITY TUNED 06CILLATORS 

David Hodgin 
Collins Radio Company 
Cedar Rapids, Iowa 

Summary 

In order that the frequency output of an L/C 
tuned oscillator be made nearly independent of 
environment it is necessary that the best combina-
tion of capacitors, inductors, and tuning cores be 
used.  These components must have repeatable, 
linear, compensating temperature coefficients with 
small absolute drift during and after environ-
mental cycling.  A specially developed ceramic 
plate, hermetically sealed capacitor and its en-
vironmental parameters will be discussed.  The 
propertics of the inductor will be shown.  The 
temperature coefficient of the tuning core will 
be explained with reasons for the requirement 
that the core have other than zero temperature 
coefficient.  The final performances of the com-
bination will be shown and discussed. 

Introduction  

The increasing importance of frequency sta-
bility in every frequency control application has 
made it necessary to obtain the best possible 
components for frequency determining applications. 
When inductance-capacity is used in frequency 
determining circuits even differential changes be-
come measurable and important. 

Component parameters of primary importance 
in permeability tuned oscillator apilication are: 

1.  Tolerance of nominal value 
Temperature coefficient value tolerance 
Linearity of temp rature coefficient 
Aging with envirrnmental cycling 
Freedom from discontinuity of value during 
either differential changes of temperature, 
voltage, or shock and vibration 

6. Small frequency dependence of nominal value 
and differential characteristics, 

2. 
3. 
4. 
5. 

Measurement of differential characteristics 
becomes a problem also, and the solution to this 
problem has had an important bearing upon success-
ful development of the components. 

It is noteworthy that the majority of the 
measuring schemes for measurement of temperature 
coefficient have used a frequency variation method 
for sensing change rather than a direct reading of 
change in absolute value by bridge measurements1,2  

The mathematical relations of differential 
component variations are best kept in chart or 
graphical form since the exact relationships are 
somewhat nonlinear.  The relationship of component 
value to temperature, for example, could be repre-
sented by a simple power series. 

Graphical and tabular presentation will be 

more vivid and descriptive and will be used along 
with numerical differentiation and integration 
where necessary. 

Variations in value due to temperature change, 
aging, and other factors are best referred to the 
nominal value and expressed as a per cent of 
nominal or in parts per million (PPM) of nominal. 

The Capacitorill5 

Figure 1 shows a cross-sectional view of the 
multiple-plate ceramic capacitor.  Simplified, 
the unit is a parallel combination of individual 
ceramic disc capacitors.  The individual plates 
are selected for not only capacitance value, but 
are selected for temperature coefficient charac-
teristics. 

To a certain extent also, the linearity of 
temperature coefficient is controllable, although 
this is a characteristic that is provided by 
ceramic compounding techniques.  It is necessary 
in order to achieve maximum stability that the 
capacitor be sealed to moisture; otherwise the 
capacitance value will not remain constant with 
environmental changes.  Humidity affects the 
temperature coefficient of unprotected ceramic, 
and the Q is also affected.  The cross-sectional 
view (Figure 1) snows how the unit is solder-
sealed. 

Capacitors can be built up with as many 
plates as necessary to make large capacity values. 
While this paper will be confined to the near 
zero temperature coefficient types, it is, of 
course, possible to use materials with high di-
electric constants.  Thus the manufacturer can 
obtain up to several thousand micromicrofarads 
in a reasonable case size. 

The Q factor at 1 megacycle for a N050 is 
quite typical of good quality ceramic bodies and 
has a value of 1000 or more. 

The capacitance value itself is adjusted to 
+1% in production quantities. 

The method of construction is designed to 
give inherently low inductance, and it is gener-
ally possiole to use this type of unit at fre-
quencies well above the frequency that JAN C20A 
types of equivalent size become resonant. 

The change of capacitance with applied volt-
age is almost insignificant for voltages within 
the working rating of 500 volts.  A value of .05 
mmf for 500 volts applied has been measured for 
a 580 mmf unit.  In the precision oscillator it 
is not a desirable circuit design practice to 
apply voltage to the capacitor other than, 
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Table I 

(1) 
Temp. 
Degrees 
Cent. 

- 414 
-20 

+ 1 

+26 

+47 

+66 

+89 

(2) 
Measured 
Capacitance 

mmf 

546.127 

545.367 

544.692 

544• 

543.252 

542.746 

542.055 

(1)  (2) 
Temp. 
Degrees 
Cent. 

-42 

-20 

+ 5 

+25 

+50 

+70 

+90 

(3) 
Capacitance  Temperature 
Change per  Coefficient 
Temperature  PPM/mmf/C° 

Increment 
mmf 

.760 

.675 

.692 

.748 

.506 

.691 

Total  ETTO mmf 
Average .03062 mmf/C° 

Measured 
Capacitance 

mmf 

52.077 

51.378 

50.626 

50. 

49.345 

48.756 

48.210 

Capacitance 
Change per 
Temperature 
Increment 

-.699 

-.752 

-.626 

-.654 

-.590 

-.546 

-58 

-59 

-50.8 

-65.6 

-49 

-55.4 

Table II 

(3)  (4) 
Temperature 
Coefficient 

PPM 

-635 

-602 

-626 

-523 

-590 

-546 

Total  3.867 mmf 
Average  .0293 mmf/C° 

perhaps, grid bias.  Therefore, the actual capaci-
tance voltage characteristic is negligible in the 

application. 

The capacitor of this type shows remarkable 
characteristics in producing smooth non-erratic 
changes in capacity over a wide temperature range. 
Occasionally a "jumpy" unit is found which is 
apparently due to faulty assembly and soldering 
methods.  When used in an oscillator it is pos-
sible to detect capacity erraticism in the order 

of .003 mmf. 

The temperature coefficient (IC) of capacity 

(5) 
Measured 
Capacitance 
Deviation 
(mmf) from 
260C 

+2.127 

+1.367 

+ .692 

0 

- .748 

-1.254 

-1.9h5 

(5) 
Capacitance 
Deviation 
(mmf) from 

25°C 

+2.077 

+1.378 

+ .626 

0 

- .654 

-1.244 

-1.790 

(6)  (7) 
Calculated 
Cap. Dev. 
from 26°C 
@.03062 mmf/ 
Co/mmf 

+2.145 

+1.1410 

.766 

0 

_ .6h4 

-1.226 

1.930 

(6) 
Calc. Dev. 
if change 
were .0293 
mmf/C° linear 

+1.965 

+1.319 

+ .586 

0 

- .733 

-1.319 

-1.905 

Nonlinear 
Deviation 
Meas. from 
26°C minus 
calc. in mmf 

-.018 

-.043 

-.074 

0 
-.104 

-.028 

-.015 

(7) 
Measured 
Capacitance 
Nonlinear 
Dev. mmf   

+.112 

+.059 

+.040 

0 

+.079 

+.075 

+.115 

is one of the most important parameters in the 
oscillator application.  This characteristic must 
compensate the coil and core so that frequency as 
a function of temperature remains nearly constant 
over very wide thermal cycles.  These characteris-
tics will also repeat again and again with little 
or no change in value or linearity. 

Table I shows the measured characteristics 
of a typical 540 mmf unit with specified tempera-
ture coefficient of negative 50 ppm. 

The temperature coefficient is not perfectly 
linear and column No. 7 shows the actual amount 
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of nonlinearity.  This characteristic of linearity 
is shown in Table II, column 7, for a nonsealed 
temperature compensating ceramic capacitor of 50 
mmf N600 specified value.  This value was chosen 
because the actual capacitance change per tem-
perature increment is about the same as for the 
540 mmf N50 sealed capacitor shown in Table I. 

A comparison of linearity results for both 
units is given in Table 111.  This shows that the 
nonlinearity of capacitance deviation at the ex-
tremes of temperature for the nonsealed capacitor 
is approximately seven times worse than the sealed 
type.  (See column 2a and 5a for comparative data) 

The parts per million nonlinear deviation is 
very much worse.  However, the contribution of 

(1) 
Temp. 
Degrees 
Cent. 

J2)a.  (2)b. 
54h mmf N50  Nonlinear 
Sealed Cap.  Deviation 
Nonlinear  PPM/mmf 
Deviation 
mmf 

Table 

this capacitor in temperature compensation would 
be proportional in application to the actual non-
linear capacitance deviation.  The important fac-
tor to note is that for minimum nonlinearity of 
frequency deviation over a wide range of tempera-
ture, the major temperature compensation should 
be built into the sealed capacitor.  If the sealed 
capacitor were the only contributing factor to 
frequency nonlinearity, column (3) of Table III 
would show the deviation thus produced. 

Type test data from twelve (12) production 
capacitors of 370 mmf appears in Table IV. 

Capacitance drift after several wide range 
thermal cycles seldom exceeds 150 ppm.  Capaci-
tance drift due to humidity cycling produces +500 

III 

(3/ 
Frequency 
Nonlinear 
Deviation 
PPM 

(4/ 
Temp. 
Degrees 
Cent. 

(5)a. 
50N600 Non-
Sealed TC 
Capacitor 
Nonlinear 
Dev.  mmf 

(5)b.   
Capacitance 
Nonlinear 
Deviation 

PPM 

-44 

-20 

+ 1 

26 

)47 

66 

89 

-.018 

-.0143 

-.0714 

„LA 

-.028 

-.015 

-33 

-80 

-137 

-192 

-52 

-28 

Mean TC  PPM/mmf/C° 
-50 to 90°C   

Max.  Min. 

-56.e 

Spec. 

-47.1  -50 +10 

+16.5 

+40 

+68.5 

+96 

+26 

+14 

Table IV 

Max.  

-243 

to +700 ppm change6. This is due to the surface 
film of moisture present.  Subsequent baking for 
short periods causes capacitance to return to 
normal. 

From the foregoing data, it can be seen that 
the sealed ceramic plate capacitor does have, to a 
major extent, all the characteristics necessary to 
satisfy the basic requirements for precision osc-
illator applications. 

The Mica Capacitor7 

A hermetically sealed silvered mica of the 
button type construction has been developed 

-h2 

-20 

+ 5 

25 

50 

70 

90 

+.112 

+.059 

+.040 

+.o79 

+.075 

+.115 

Capacitance  Nonlinear 
Deviation  PPM 
Min. 

-108 

Spec. 

+2240 

+1180 

+ 600 

0 

+1580 

+1500 

+2300 

recently.  This capacitor has shown remarkable 
freedom from erraticism, drift of nominal value 
after environmental cycling, and stability of 
temperature coefficient.  It is possible, also, 
to achieve more capacitance in a smaller size 
than is possible in a low temperature coeffi-
cient ceramic. 

The temperature coefficient of the nermeti-
cally sealed mica varies from zero to positive 25 
ppm/C°. The linearity of the T.C. is within +150 
ppm from -50 to +90°C.  Capacitance value can be 
made to +1% tolerance. 

For precision tuned oscillator applications, 
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the major disadvantage in the use of this type 
'unit is its positive temperature coefficient. 
To achieve a desired compensation in a composite 
circuit, additional parallel negative compensa-
tion of a ceramic type is necessary.  This usu-
ally will increase the nonlinearity to a larger 
value than if a sealed type negative TO ceramic 

were used. 

The Induc tor 

In the precision oscillator application 
where permeability tuning is employed, the induc-
tor has many requirements not demanded of a fixed 
inductor.  Primarily, the winding must be placed 
upon the form with a variable spacing so that, as 
the core moves into the coil from one end, the 
variation of inductance produces linear frequency 
increments.  Except for fringing effects at the 
ends of the coil, this would make the variation of 
turn spacing an exponential function of coil 
length.  Because of fringing effects, additional 
turns must be wound on the ends.  Figure 2 shows 

a typical coil. 

The form material that has been found best 
for the application is a phenolic rolled-paper-
base laminated type.  At first consideration 
this would not seem the best choice of material. 
However, with a temperature coefficient of expan-
sion approximately that of copper, a stable, small 
dielectric constant (about 3.6), readily machine-
able, with a good secular characteristic provided 
that moisture is excluded and that preaging is 
employed, the material choice is the best avail-

able. 

The length/diameter ratio of the coil neces-
sary for achieving the required tuning ratio is in 
the order of from 2.5 to 3 to 1.  This is not 
optimum for Q, although the Q of the coil is 
nearly 100 in air.  When mounted and shielded the 

Q is normally from 35 to O. 

The exact turns location must be maintained 
through high and low temperature cycling or cali-
bration accuracy will be impaired.  This requires 
an initial care in winding the coil.  Wire is 
under constant tension while being wound and is 
terminated before removal of tension.  A good 
high temperature impregnation is then coated in 
less than three mil thickness which helps bond 
the wire to the form.  A thin coating is impor-
tant.  Otherwise where the windings are closely 
spaced the impregnation may not successfully get 
to the form and may only act as a plastic matrix 
between wires.  This can cause poor cyclic be-
havior and unpredictable temperature coefficient. 

The temperature coefficient of the coil when 
measured in open air is about positive 25 PPM/C° 
and is quite linear and cyclic, providing it is 
not subject to variations in humidity or high di-
electric constant gasses.  As mounted in the 
oscillator, with no core in the coil, the tempera-
ture coefficient is about positive h6,5 I-PE.  See 
column 1, Table VII, for the coil TC deviation 
curve.  This increase in TO is due to the effects 

of shielding, most of which is because of the ex-
pansion effects of the extruded aluminum cover 
which also provides one of the hermetic seals in 

the oscillator. 

The Core  

Powdered Iron8,9  

Powdered iron cores have been used for many 
years as devices to increase effective inductance 
for a given size coil, to enhance the Q, for tun-
ing, and for trimming application. 

Probably the most exacting application for a 
powdered iron core has been in the Collins Perme-
ability Tuned Oscillator.  In this application 
the effective permeability must be about 2.7 with 
a tolerance of 0.5  or less.  The homogeneity of 
the core permeability through its length must oe 
alike from one core to the next.  The temperature 
coefficient of effective permeability must be 
positive 6 to 7 parts per million over a wide 
range of temperatures, for if it is not, the 
temperature compensation at high and low fre-
quency core positions is not the same.  There-
fore, it is impossible to obtain frequency inde-
pendence of temperature.  The Q is also an im-
portant factor, although the most important 
demand upon Q is its constancy with temperature. 

Cores compounded from many grades of pow-
dered iron have been tested, but the material 
most suited to P.T.O. applications is Carbonyl E. 
This material has relatively high Q in the 500 
kc/s to L mc/s region, has a toroidal permea-
bility of from 10 to 25, and can be molded to 
give the correct temperature coefficient. 

Aging of molded powdered iron cores has 
been a problem that still is not completely 
solved, but the effects have been largely elimi-
nated by treatment similar to the annealing of 
metal and ceramic products.  Additional resis-
tance to aging has been produced by coating with 
impervious resins such as the phenolic and epoxy 

materials. 

Temperature coefficient data of a typical 
powdered iron core as used in the P.T.O. is 
given in Table V.  The measurement was obtained 
by cutting the center section out of the sleeve 
thus eliminating the metal inserts.  This pro-
vided a toroidal shape upon which wire was wound 
to make approximately 25 microhenries inductance. 

The temperature coefficient thus measured 
is, of course, the toroidal IC and to find the 
effective temperature coefficient in the oscil-
lator itself we must do the following.  Measure 
the resonant frequency of the oscillator coils 
and fixed capacitors with no core present, and 
then, since we know the lowest frequency to 
which the oscillator is to be tuned, we can com-
pute the frequency ratio wnich, squared,becomes 
the effective permeability.  In the example at 

hand: 
fH = Frequency no core inserted = 3.63 

mc/s 
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fL = Lowest frequency tuned = 2.5 mc/s 

fH . 3'63  1.b52 4;7  
fL  2.5 

MU = (1.452) 2 = 2.11 

Toroidal permeability is measured at 21.05. 

Now, we can find the factor by which the 
toroidal TO may be multiplied to get the effec-
tive TC of the tuning core at the low frequency 
end of the oscillator. 

2.11  = 0.1002 Effective Factor 
21.05 

Table V 

Temperature Coefficient of Carbonyl E.  PTO Core 

(1) 
Temp. 
C° 

-44 

+ 5 

+30 

+52 

+76 

+97 

(2)  , 
Toroidal 
Temp. Coef. 
PPM/uh/C°  

+5h.3 

+56.9 

+73.h 

+80.3 

+140.0 

(3) 
Effective* 
Temp. Coef. 
PPM/uh/C° 

+5.144 

+5.70 

+7.35 

+8.05 

+14.02 

* Note the linearity of temperature coefficient 
below 76°C 

Ferrite Core* 

The same characteristics necessary in a pow-
dered iron core are needed in a ferrite core for 
use in a P.T.O.  Of course, the reason for using 
a ferrite core is to increase the effective per-
meability or tuning ratio.  The toroidal permea-
biliby must be very much larger than the powdered 
iron permeability to achieve an increase in a 
linear frequency coverage from 1.5/1 to 2.0/1. 
The reason for this is nicely shown by W. J. Poly-
doroff and A. J. Klapperichlo. 

In actual usage the effective permeability 
for tuning a linear range of 1.5/1 is approxi-
mately 2.7 while tuning a 2:1 range requires an 
effective permeability of 4.53.  The toroidal 
permeability of ferrite then must be at least 
130 for safety in production. 

Ferrite has certain advantages, other than 

* Wherever ferrite is mentioned it is the Stack-
pole Carbon Company Ceramag 1848.  This material 
has shown the best overall stability characteris-
tics of any ferrite tested for the application. 

having high permeability, over powdered iron.  It 
is more homogeneous throughout its length.  The 
change of permeability with time is much less 
than powdered iron since there is no further oxi-
dation at operating temperatures.  Disadvantages 
are present also.  They include magnetic unsta-
bility in the presence of even moderate magnetic 
fields, less inherent temperature stability, and 
somewhat less predictability in manufacture. 
Ranking on approximately an equal basis is the Q, 
at least over the range from .500 mc/s to 5.0 
mc/s when used in the sleeve form. 

Table VI shows the characteristic of Ceramag 
1848 over a wide temperature range for both the 
toroidal characteristics and the effective char-
acteristics as used in an oscillator.  Column (4) 
shows the per cent change of toroidal permeability 
from nominal value over the temperature range of 
minus 44°C to positive 97°C.  The effective value 
is obtained by the identical methods used for 
powdered core values. 

,fH 2  3.19 2 
k --)  =(----)  4.53, Toroidal Mu = 160 

1.5 

•0283 112 Effective Factor 12  - 
160   

Comparison of the effective temperature 
coefficient of ferrite and powdered iron shows 
that from room temperature to 52 degrees Centi-
grade the temperature coefficient is nearly 
identical, while at lower and higher temperatures 
the deviation increases.  Work is now in progress 
to eliminate this nonlinear characteristic and 
to straighten out the excessive drop in permea-
bility at cold temperatures. 

Combined Characteristics 

The individual characteristics of the com-
ponents used in a precision permeability tuned 
oscillator have been shown.  The next step is to 
show how these .components perform when combined. 
The columns in Table VII are compiled to show the 
combination effects.  Use of the ferrite core 
data will be made, since the ferrite has less in-
herent stability and will show deviations more 
readily.  In these measurements 40 degrees Centi-
grade was the point nearest room temperature 
where measurements were taken, so throughout the 
discussion 40 degrees Centigrade will be used for 
a zero deviation point. 

Column (1) shows the coil TC in PkM fre-
quency deviation from the reference temperature. 

Column (2) shows the combination of the tank 
capacitor and small temperature compensators, 
and also is dimensioned in PrM frequency devia-
tion from reference temperature. 

Column (3) shows the measured value of the 
coil and tank capacitors in the oscillator with 
no core in the unit. 

Column (4) requires some further explanation 
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Table VI  

Temperature 
Centigrade 
5egrees 

-b6 

-19 

+11 

+40 

+70 

+98 

Temperature 
Centigrade 
Degrees 

-66 

-19 

+11 

+40 

+70 

+98 

(1) 
Temp. 
Co 

-hh 

+ 5 

30 

52 

76 

97 

(1) 
Measured 
Coil T.C. 
Frequency 
Deviation 

PPM 

+2000 

+1350 

+ 700 

0 

-670 

-1300 

(6)   

(2) 
Toroidal 
Temp. Coef. 
PPM/uh/C° 

+683 

+432 

+236 

+103 

93.6 

(3)  (4)   
Effective  Toroidal Inductance 
Temp. Coef.  Deviation from 
PPM/uh/C°  Nominal Inductance, 

Per Cent   

Table VII  

(2)  (3) 
Measured 
Capacitor 
Frequency 
Deviation 

PPM 

-2350  -350 

-1575  -225 

- 825  -125 

0  0 

+ 785  +115 

+1h45  +145 

Measured 
Oscillator 
Freq. Dev. 
at High Freq. 
Endpoint PPM 

+185 

+165 

+100 

0 

Low Freq. End 
Mechanical IC 
Freq. Dev. 
PPM 

+355 

+230 

+115 

0 

-120  -115 

-330  -225 

because it is the mechanical temperature coeffi-
cient element of the oscillator.  In the P.T.O. 
the core is mechanically loaded to a leadscrew 
which is also in turn loaded to a precision 
machined casting, called the head.  To this head 
is mounted the coil.  However, the plane of the 

27 

+19.3 

+12.2 

+ 6.7 

+ 2.9 

+ 2.65 

(4) 
Coil & Captr.  High Freq. End. 
Freq. Dev.  Mechanical TC 

Col. (1) plus  Freq. Dev. 
Col. (2)  PPM 

-.1115 

-.0432 

0 

+.0103 

+.0197 

(8) 
Measured 
Effective 
Core T.C. 
Freq. Dev. 
PPM 

+675 

+h15 

+150 

0 

- 55 

- 85 

+600 

+415 

+205 

0 

-210 

-405 

(5) 
Calculated 
Oscillator 
Freq. Dev. 
at High Freq. 
Endpoint PPM 

+250 

+190 

+ 80 

0 

- 95 

-260 

(9)   (10) 
Sum of 
Col. (7) 
and  (8) 
PPM 

+1010 

+ 6145 

+265 

0 

- 170 

- 310 

Calculated 
Oscillator 
Freq. Dev. at 
Low Frequency 
Endpoint  PPM 

+660 

+420 

+140 

0 

- 55 

-165 

coil reference does not contain the point of the 
leadscrew referencell . Thus, differential ex-
pansions make up the mechanical temperature co-
efficients of the oscillator.  These can be cal-
culated by means of thermal expansion character-
istics combined with tuning rates.  However, the 



best and most accurate way to come by the factor 
is by measurement of frequency variation. 

This measurement is made by subtracting the 
frequency deviations due to temperature in PPM of 
the oscillator wi th coil and tank present but with 
no core as in column (3) from the recorded fre-
quency deviation in PPM at the high frequency end 
point of the oscillator linear tuning range.  This 
high frequency endpoint contains but very little 
of the TC of the core since only 1/16th inch or so 
of the core is in the coil at this point.  By re-
peated measurements of the above nature the value 
has been established as minus 7 PPM/C° frequency 
deviation.  Column (4) shows this mechanical IC 
as frequency deviation in PPM. 

Column (5) shows the calculated PPM frequency 
deviation at the high frequency endpoint.  This 
figure is obtained by algebraically adding column 
(3) and column (4). 

Column (6) is the actual mea ured value of 
the high frequency endpoint deviation.  The error 
between column (5) and (6) is well within reason-
able value and tne small discrepancy is probably 
due to a fractional variation in the value of the 
calculated mechanical IC. 

Column (7) shows the low frequency endpoint 
mechanical temperature coefficient deviation which 

obtained by multiplying the high frequency end-
point mechanical factor by the ratio of length of 
expansion paths at the low frequency and the high 
frequency endpoints.  In our case this is 1.562 x 
(-7) = -3.-19 PPM/C°.  2.812 

Column (8) is the frequency deviation due 
to the effective core temperature coefficient. 

Column (9) is the algebraic sum of column (7) 
and column (8). 

Column (10) is the algebraic sum of the coil-
tank deviation column (3) and column (9).  This is 
the calculated low frequency endpoint.  It was not 
possible to obtain data for the measured tempera-
ture coefficient characteristic for the actual 
core used for measurement.  However, the correla-
tion with other low frequency endpoint tempera-
ture coefficient measurements, where similar cores 
were used, is very good. 

Dols, it can be seen how each component char-
acteristic is matched against the others and in 
the final result the whole is better than the in-
dividual units.  Quality control in manufacturing 
components, quality in assembly, and test is very 
important throughout the entire P.T.O. program. 
A continuing program of development is underway 
to find and utilize components which are even 
better than those shown herein. 
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MAGNETIC-CORE DELAY CABLES 

Dimitri R. Stein 
Columbia Technical Corporation 

New York, N.Y. 

Summary 

Delay cables with impedances between 1000 
and 3000 ohms and time delays up to 0.6 micro-
second per foot are described.  These cables re-
semble conventional RG-type coaxial cables ex-
cept that the inner conductor is a single layer 
coil continuously wound on a ferromagnetic core. 
This construction results in delay elements with 
high characteristic impedance, high time delay 
per unit length and bandwidths up to 16 mc for 
a delay of 1.0 microsecond. 

Introduction 

Delay lines are becoming increasingly im-
portant as circuit elements in modern electron-
ic equipment.  Typical applications are found in 
radar equipment, electronic computers, color TV 
transmitters and receivers, and allied fields. 
In these applications a time delay from a frac-
tion of one microsecond to about five micro-
seconds is often required.  Impedances of the 
order of several 1000 ohms are frequently de-
sirable because of the possible higher gain and 
nigher voltage output available from a given 
tube.  In addition, low attenuation and sub-
stantially linear phase characteristic are 
necessary in most applications. 

Design Data  

A modification of the distributed parameter 
construction is best suited for the design of 
efficient high-impedance delay elements.  Dis-
tributed-parameter delay lines are derived from 
coaxial cables in which the inner conductor 
takes the form of a continuously wound coil. The 
delay and the impedance are determined by the 
distributed capacitance and inductance of the 
conductor configuration.  The coiled inner con-
ductor results in a considerable increase in the 
distributed inductance which in turn raises the 
delay and the impedance of the cable.  A typical 
distributed-parameter delay line is shown in 
Fig. 1.  This illustration represents a high-
impedance cable which was developed by Dr. Kell-
mann1 and which ic known as Type RG-65/U.  The 
electrical characteristics of a distributed-
parameter delay line can be expressed by the 
following equations: 

L = p ff2 d2 n2 10 -11  (h/m)  (1) 

2), x 10-12 k 
C = 

log io Bib 
Trn d)6 log10  a/b ( 

T 41 E=10--'"Trn d 67,77): (usec/m) 

(f/m)  (2) 

(3) 

(h) 

An examination of equations (3) and (L) 
shows that the impedance and the delay of a de-
lay cable is determined by the following design 
constants: 

a = inside diameter of outer conductors, 
in cm 

b = outside diameter of coil, in cm 

n = number of coil turns per meter 

d = diameter of coil, between wire 
centers, in cm 

k = effective dielectric constant of 
spacer 

p = effective permeability of core 

It is obvious that a, b and d are not in-
dependent variables; rather they vary with the 
cure diameter, the wire diameter and the thick-
ness of the dielectric between inner and outer 
conductors. 

Fig. 2 is a design chart showing the im-
pedance and the time delay of a conventional 
distributed-parameter delay cable with a No. 38 
AUTG wire as inner conductor.  A number of in-
teresting conclusions can be drawn from this 
chart.  The delay increases sharply with in-
creasing core diameter and decreases with in-
creasing thickness of the dielectric.  The im-
pedance displays a different tendency, i. e. 
it rises both with increasing core diameter and 
increasing thickness of the dielectric.  It 
should be noted, however, that the impedance in-
creases only slowly with the core diameter. Also, 
it is well to remember that with increasing core 
diameter the length of the inner conductor and 
its resistance become greater which adversely 
affects the electrical losses.  - 

The design chart yields cables with im-
pedance values up to 2000 ohms and delays up to 
about 2.0 usec per meter.  In order to raise the 
impedance further without sacrificing delay, it 
is necessary to increase the inductance of the 
inner conductor assembly.  This can be achieved 
by selecting a smaller wire diameter, e. g. 
No. !JO AWG.  However, No. LO AW wire is already 
rather difficult to handle and presents a con-
siderable problem both to the manufacturer and 
the user.  Furthermore, it should be borne in 
mind that a reduction in wire size by two gauges 
(No. 38 to /40) almost doubles the resistance of 
the inner conductor assembly per unit of length 
and greatly increases the attenuation. 
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Fig. 3 shows a comparison of impedance and 
.delay values for wire sizes No. 36, 38 and h0 AWG. 
The heavy lines indicate impedances of 1000 ohms 
and delays of 1.0 usec per meter, respectively. 
The broken lines designate 2000 ohms and 2.0 usec 
per meter, and the dotted lines refer to 2500 ohms 
and 3.0 usec per meter.  It is apparent that with 
the conventional delay cable construction high 
impedance and long delays can only be obtained 
with an extremely thin inner conductor, large 
core diameters and consequently high losses. 

A solution to this dilemma can be found by 
examining equations (3) and (II) which reveal 
that the impedance and the time delay vary with 

.  In conventional delay cables non-magnetic 
materials are used for the coil core; i. e. 
p • 1.  Yet, it is well known that the inductance 
of a coil can be raised by winding it on a 
ferromagnetic core.  The application of this 
principle to delay cables appeared promising al-
though it was recognized that the magnetic core 
had to meet a number of unusual mechanical and 
electrical requirements, namely: 

1)  Adequate tensile and compression 
strength, 

2)  Flexibility, 

3)  Uniform distribution of magnetic 
particles, 

h) Adequate permeability, 

5) Low electric losses in applicable fre-
quency range, 

6)  Stability of electric properties in the 
applicable frequency and 
temperature range. 

The development of delay cables with magnet-
ic core was initiated several years ago by 
Columbia Technical Corporation, New York City. 
As a result of a very extensive research pro-
gram, a method was developed which made it 
possible to produce, in a continuous process, a 
flexible core loaded with ferromagnetic materials. 
This magnetic core satisfied all the require-
ments mentioned above to a large extent and, 
above all, it afforded a practical manufacturing 
method which, although somewhat intricate, made 
possible the production of the magnetic core 
in virtually unlimited continuous lengths with 
great accuracy and uniformity. 

Types  of Delay Cables  

With the magnetic core construction it was 
possible to develop a series of highly efficient 
high-impedance delay cables.  One of these cables, 
known as Type HH-2500, is shown in Fig. Ii. It 
has an impedance of 2800 ohms and a delay of about 
2.0 usec per meter.  The cable is built around a 
magnetic core of 0./4 cm diameter, over which a 

coil of No. 38 AWG wire is wound.  A polyethy-
lene or teflon spacer of 0.035 an thickness 
separates the inner and outer conductors.  The 
latter are individually insulated and applied in 
one direction only with a long pitch.  The cable 
is protected by a tough PVC jacket.  It has an 
overall diameter of about 0.25".  A cable with 
the same design constants (see Fig. 2) but w ith 
a non-magnetic core would have an impedance of 
only about 1300 ohms and a delay of 1.0 usec 
per meter.  It follows that the effective permea-

bility of the core is about 4. 

The attenuation of HH-2500 for delays of 
1.0, 0.5 and 0.25 usec is shown in fig. 5. The 
resulting bandwidth is 8 mc for a delay of 1.0 
usec.  The phase characteristic of HH-2500 is 
slightly curved downward, i. e. the delay de-
creased with frequency.  This characteristic is 
desirable in such applications where the delay 
element is used in circuits with low-pass filters 
or peaking coils which display an opposite phase 
characteristic.  As a result, a phase compensa-
tion takes place which tends to restore pulse 
shapes.  Fig. 6 shows an oscillogram of a 300 kc 
square wave after passing through 1.0 micro-
second of HH-2500 Delay Cable. 

In addition to Type HH-2500, two other de-
lay cable types were developed which are now in 
commercial production, HH-1500 and HH-2000. 
The physical dimensions of these cables are 
identical with Type RG-65/U, which was mentioned 
earlier; however, the plastic core is replaced 
by a magnetic core and in HH-2000 a serving of 
insulated outer conductors is applied instead of 
the bare copper braid.  As a result, delay and 
impedance are increased and the electrical losses 
greatly decreased.  The characteristics of these 
cable types are listed in Table 1. 

An examination of Table 1 clearly reveals 
the effects of the magnetic-core on the con-
ventional delay cable construction.  In HH-1500 
this design feature resulted in an increase in 
impedance from 950 to 1600 ohms and in a delay 
increase from 0.0h2 to 0.075 usec per foot, 
as compared to RG-65/U.  HH-2000 has an impedance 
and a delay of 2200 ohms, and 0.11 usec per foot, 
respectively.  Column h refers to an experimen-
tal RG-65/U cable with a magnetic core and in-
sulated outer conductors.  It can be seen that 
it is possible to obtain the SBER impedance and 
delay as in RG-65/U by using a No.29 inner con-
ductor instead of No. 32, with a coriesponding 

reduction in losses. 

Fig. 7 shows the attenuation in the dis-
cussed cable types, expressed in db per usec. 
Up to 5 mc, HH-1500 displays less losses than 
RG-65/U; however, at higher frequencies the 
attenuation increases more rapidly than in 
Ro-65/ii.  The experimental RG-65/U is con-
siderably superior to the standard type.  The 
incorporation of the magnetic core and of the 
insulated outer conductors made possible a re-
duction in losses by almost 75% in the fre-
quency range up to 10 mc.  Of particular in-
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terest is Type HH-?000 which has a bandwidth 
(3 db increase) of 16 mc for a delay of 1.0 usec, 
resulting in extremely fast rise times of the 
order of 0.03 usec.  Fig. 8 shows that the delay 
is virtually constant up to 16 mc; i. e. the 
phase characteristic is linear. 

Electrical and Mechanical Terminations 

The high impedance level of the discussed 
magnetic-core delay cables results in a number of 
important advantages; i. e. higher possible gain 
from a given tube, low electrical losses and 
large delay per lineal foot of cable.  However, 
in order to take full advantage of the bandwidth 
of the cables it is of course necessary to ter-
minate the cable correctly, preferably at both 
ends. 

In Fig. 9 a simple termination is shown for 
HH-2500 Delay Cable which is satisfactory for 
most applicstione.  The required inductance values 
for wrious capacitive loads are indicated in 
the graph.  More complex networks, such as 
m-derived low-pass filters may be found pre-
ferable where a good match over a wide frequency 
range is required.  The indicated series in-
ductances may be provided by "self-peaking"; i. e. 
a length of inner conductor assembly is left ex-
posed at both ends of the cable.  A length of /" 
corresponds to about 30 uh. 

The mechanical assembly of the described 
magnetic-core delay cables is simple. HH-1500 can 
be terminpted in the usual manner using conven-
tional coaxial cable connectors and jacks.  How-
ever, since standard connectors have low char-
acteristic impedances, direct solder connections 
between the inner conductor and chassis terminal, 

Fig. 1 
Type RG-65/U high-impedance cable. 

and the outer conductors and ground are prefer-
able.  On HH-2000 and HH-2500 the outer conduc-
tors are insulated with a solderable compound. 
In making ground connections it is merely 
necessary to bunch the outer conductors together 
at the ends and to heat them with a soldering iron 
which will melt the wire insulation.  Special end-
caps have been designed for HH-2500 which greatly 
simplify the assembly of the cable. 

All three cable types are protected by a 
moisture-resistant tough PVC jacket.  The opera-
ting temperature range is from -20° to +80° C; 
howtver, it is possible, by substituting suitable 
materials, to extend the upper and lower tem-
perature limits.  All described cable types are 
very flexible; the recommended minimum bending 
radius is 3".  Where space is critical, it is 
possible to cut the cable into short lengths and 
to lay the individual sections side-by-side, 
connecting the inner conductors in series.  Such 
assemblies may be encased in a metal can and 
hermetically sealed. 
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Fig. 3 
Delay cable design chart for No. 36, 38 and 40 

AUG inner conductors. 

.0644.644ir 

44=4•4.9,  4.14 mmit 

Fig. Ii 
Type HH-2500 delay cable. 
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ATTENUATION  CHARACTERISTICS 
FOR DIFFERENT DELAY  PERIODS 

Fig. 5 
Attenuation of HE-2500 for different delay periods. 
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Fig. 6 
Square wave response of HH-2500 delay cable 

(top: input, bottom: output, frequency: 300 kc, 
delay: 1.0 usec). 
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Fig. 7 
Attenuation characteristics of HE-1500, HH -2000 

and RG-65/1). 



Fig. 8 
Time delay vs. frequency of HH-2000 delay cable. 

ELEC TA IC TEAM/NATIONS or 

NH-2500 DELAY CISBa r 

R-2700 II 

L(.9-365C (1,,,r) 

Fig. 9 
Electrical termination of HR-2500 delay cable. 

Table I 
Comparison of delay cable characteristics. 

Experimental 
RG-65/t  HH-1500  HH-2000  RG-65/11  .., HH-2500 

Impedance  (Ohms)  950  1600  2200  950  2800 

Delay  (psec/ft)  0.042  0.075  0.11  0.042  0.6 

Unit length  (ft/psec)  23.8  13.3  9.1  23.9  1.7 

Inner conductor  (AWG)  #32  #32  #32  #29  #38 

Dielectric 0.D.  (")  0.285  0.285  0.285  0.285  0.185 

Cable 0.D.  (")  0.405  0.405  0.405  o.hc5  0.28 

Attenuation (db/psec) 

at  1 mc  1.3  1.0  0.2  0.3  O. 
at  4 mc  2.9  2.3  0.5  0.7  1.3 
at  10 mc  5.0  7.0  1.7  2.0  h.0 
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IMPROVEMENTS IN THE FIELD OF 
ELECTROLYTIC CAPACITORS 

Dietrich Altenpohl 
Aluminum-Walswerke Singen 

Singen/Hohentwiel, Western Germany 

I,  Introduction  

Electrolytic Capacitors are today produced in 
quantities hitherto unheard of.  Nevertheless, the 

average electrolytic capaoitor offered on the 
market today is, in spite of constant attempts at 
improvement, a rather imperfect structure.  This 
is due to its lack of stability, and the extent of 
its dielectric losses.  Its limited shelf life is 

a particularly disturbing factor.  When an 
average electrolytic capacitor of, say 500 v is 
kept in unconnected storage over a period of 
several months or years, the decomposition of the 
d-' ĉtric can progress to the point where the ca-
pacitor is destroyed by excessive heating when 

suddenly exposed to voltage. 

On the other hand, today's requirements, 

more than ever before, point in the direction of 
*high quality" capacitors.  In recent years con-

siderable progress has been made with tantalum 
anodes, but for general use these capacitors turn 

out to be too expensive1. 

This leads to the question whether everything 
possible has been done to aohieve maximum stabili-

ty in electrolytic capacitors which contain 
etched aluminum foil electrodes.  This question 
must be answered in the negative, for the follow-

ing reasons% 

1.  By using aluminum anodes of an especially 
high purity a decisive improve ment in the stabi-
lity of electrolytic capacitors can be obtained. 

However, up to the present only a relatively 
small percentage of the total output of capaci-
tors contains electrodes made of "super pure" 

aluminum. 

2.  The vital component of the electrolytic 
capacitor - its dielectric (consisting of the 

formation layer) - has never been examined with 
sufficient thoroughness.  In the formation pro-
cess itself there is still plenty of room for im-
provements which can greatly affect the stability 
of the capacitor, or which can otherwise exert a 
beneficial influence on the electric character-

istics. 

II.  Effects of Metallic Contamination  

The following remarks refer to Point 1 
mentioned above.  The majority of anodes in 
electrolytic capacitors (or both electrodes in 
the case of AC capacitors) is made of etched 
aluminum foil of a purity of 99.85%. Actually 
the degree of purity fluctuates between 99.80 

and 99.88%.  This is the highest rkegree of purity 
normally obtained by electrolysis of smelted 

aluminum, which can ordinarily be made available 
for aapacitor purposes.  However, during the 
last two decades a "super pure" aluminum, known 
as *Raffinal" has become available in commercial 
quantities2. This type of aluminum has a purity 
of 99.99% or better3. For many years the 
etching of "raffinal" foil has caused consider.. 
able difficulties, which however have been 
largely overcome in recent years.  Today it is 
possible actually to obtain a greater surface 
gain with "raffinal" than with ordinary 99.85% 
material.  A six-fold gain at 600 v, and a foil 
thickness of .0037" are considered normal for 
"raffinal".  By using an anode of 99.99% purity 
in place of one of 99.85% purity but similar 
surface gain, a marked improvement in the stabi-
lity of the capacitor is achieved, particularly 
due to reduction of leakage currents and de-

formation (Fig. 1). 

Fig. 2 shows that the iron content exerts 
by far the most detrimental influence on leakage 

carrents, whereas the two other natural con-
taminants, silicon and copper, are relatively 
harmless.  In comparing typical analyses of 
99.65% and 99.99% aluminum, it will be seen that 
the iron content of the latter amounts to only 
3 to 8% of that of the former' 

Degree of Purity: 

Iron 

Silicon 

Copper 

99.85%  99.99% 

.05 to .10%  .001 to .004% 

.03 to .12%  .002 to .007% 

.003 to .02%  .0005 to .003% 

Zinc  .01  to .0/4%  traces 

The reason for the damaging influence of iron, 
even in the small concentrations shown above, is 
itE virtual insolubility in aluminum (Fig. 3). 

Figure 3 shows how iron, in the form of 
heterogeneous aluminide crystals, is clearly 
recognizable in the aluminum grid.  Since the 
solubility of iron in aluminum, under technical-
ly applied thermal conditions, is less that 
.o1%, it car be readily seen that even in alumi-
num of 99.85% purity quite some ferric hetero-
geneities are in evidence, whereas in "raffinal" 
they are practically eliminated. 

When a 99.85% pure aluminum foil, smooth or 

etched, is formed, the iron heterogeneities 
exert their damaging influence in two ways: 

1.  The diameter of iron aluminide crystals 
is of the order of 1 11L , while the dielectric 
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film has a muxinvm thickness of at,out .7ii. Where-
ever an iron crystal is reached during the forming 
process, the forming layer develops an abnormal 
oompoeition throughout its entire thickness.  The 
resulting mixed oxide, which contains a large per-
centage of iron, is a semi-conductor and allows 
the passage of electrons.  This of course is tan-
tamount to a deterioration of the leakage current. 

2.  At the same time these iron heterogenei-
ties constitute minute actrolytic cells which 
generate currents giving rise to corrosion.  They 
are less active than pure aluminum by about .03 v 
in the electrochemical series .  In this manner 
the electrochemical decomposition of the forming 
layer and the aluminum, known as deformation, is 
accelerated.  This in turn results in a marked re-
duction of the expected shelf life. 

The above shows clearly that switching from 
99.85% aluminum to "raffinal" will result in a 
considerable reduction of lelkage currents, and 
an extension of shelf life 5su. It is true that 
such a switch results in higher costs, but in 
general these amount to no more than about 1 to 
1.1% of the total cost of the finished capacitor. 
In Europe a good percentage of all electrolytic 
capacitors is today equipped with etched raffinal 
anodes7. 

III.Results of the Composition of the Oxide Layer 

This refers to the second point mentioned in 
the Introduction. 

Even where the anodes of an electrolytic oapa-
citor (respectively both electrodes in the case of 
AC capacitors) are made of 99.99% pure aluminum, 
there is no guarantee that the production methods 
used will in every case result in a capacitor of 
optimal attributes.  Certain rules leading to 
good quality are already universally observed in 
the production of electrolytic capacitors - such 
as avoidance of chloride ions, forming with the 
greatest possible current density, etc. 128,9 . 

The dieleotric constitutes the physically 
decisive component of any capacitor.  Tho struc-
ture of the dielectric films on Ormgd aluminum 
has been repeatedly investigated "' 47 . Generally 
speaking, these investigations showed that this 
film, at forming potentials above about 100 v, 
consists of X A120.  Nevertheless some questions 
of paramount importance concerning the dielectrio 
on formed aluminum remain ununswered to this day - 
especially concerning the behavior of the dielec-
tric film during "deformation" and the composition 
of forming layers after the preforming process. 
In our investigations an attempt was made to clear 
up these problems.  The structure of the forming 
layers was examined, especially by means of 
successive removals of thin films.  This was done 
with a special acid blend which has the property 
of dissolving loossly constructed aluminum 
oxides without at the seine time attacking metallic 
aluminum or stable forms of oxide, such as 
4 A1203 or corundum.  Among others, a mixture of 

chromic and phosphoric acid was used.  Time and 
space does not permit going into further details 
concerning this method. 

When treating the formed electrodes of 
cosm.ercial electrolytic capacitors with this 
acid mixture it becomes apparent that the forming 
layer consists of two strata - (1) an upper, 
readily soluble layer, by us designated as 
'1A1203, and (2) a lower insoluble layer, con-
sisting of X A1203. The thickness of the in-
soluble y layer is easily determined by dissol-
ving the metallic aluminum in methanol bromide 
after removing the Xi layer.  This leaves the 
stab n  layer which is practically insoluble, 
even in hydrochloric acid. 

In this manner a number of different forming 
layers was examined, and the following was found 
(Figs. 5 and 6)1 

The ratio Xs X increases as the forming 
potential is inereased.  However, even in capaci-
tors of equal potentials it can fluctuate greatly. 

On the right hand side of Fig. 5 the methods for 
determining this ratio are indicated.  About 25 
film removals were made under controlled condi-
tions, and the weight loss was determined in each 

case.  As soon as no further weight loss occurs 
mith the chromic-phosphorio acid treatment, the 
metallic aluminum is dissolved in methanol bro-
mide.  There remains only the Z( layer, the 
thickness of which can then be determined.  The 
f:Iickness of the  ?II layer is arrived at by 
adding the weight losses hroqght about by the 
successive removal processes.  All results are 
immediately converted into terms of oxide film 
thickness.  Fig. 5 shows that the persentage 
proportion of  es X 1 can vary considerably, 
even at equal forming potentials.  It will be 
shown later that this is due to variations in 
forming methods. 

Fig. 6 illustrates how the fractional compo-
sition of the forming layer depends upon the 
forming potential.  It will be seen that the 
stable X stratum increases r,...pidly as the forming 
potential is increased.  This coroborates the 
findings in11 . X-Ray films however do not show 
any pronounced difference between the 6 and the 
6 oxide, even though the difference with re-
spect to solubility is very great.  In the follow-
ing remarks we will confine ourselves exclusively 

to high voltage layers, where the forming poten-
tial amounts to 540 v.  In cases where an amor-
phous or a hydrated oxide layer was present prior 
to the forming process, our findings were par-
ticularly revealing.  During formation the 
dielectric is produced underneath these pre- . 
forming layers, which latter are partly consumed 
in the process (Fig. 7). 

The following types of preforming layers 
were tested: 

1.  Boehmite layers (Boehmite is a crystalline 
hydrated aluminum oxide, A1203 x 1 H20 and can 
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.be applied without electTic current, by means of 

other suitable methods)10,17. 

2.  Amorphous oxide layers, largely anhydrous 
obtained by preformation in oxalic acid. 

Fig. 7 shows that the reactior nf crystalline 
Boehmite is entirely different from that of 
amorphous preforming layers.  It will be seen 
that in forming the capacitor (designated as "re-
formed" in the illustration) the share of stable 

oxide is further increased.  This relative in-
crease is partioularlY pronounced where an 
amorphous preforming layer is used.  The "re-
forming" time amounted to thirty hours, at room 

temperature. 

In a further series of experiments, the re-

formed capacitors were exposed to induced defor-
mation, by unconnected storage at 65°C over a 
period of two weeks.  Strangely enough, the 
stable part of the oxide layer reverts to 
approximately the value originally obtained after 
forming in hot watery boric acid solution (Figs. 

8 and 9). 

This tends to indicate that there are 
actually two modifications of the practically 
insoluble 6 oxide.  The 4 oxide developed 
during the extended forming time during re-forma-

tion appears to be less stable than that de-
veloped during formation, and while deforming, 
can easily snap back into the readily soluble 
3 1 modification.  In how far this process is a 
reversible one that can be repeated at will, is 
not as yet established.  Figs. 8 and 9 also show 
the distinct difference between the forming 
layers developed underneath the Boehmite and 
underneath the amorphous preforming layers.  The 
former have a larger share of stable y oxide, 
even after deformation.  By far the most stable 
layers are obtained where an oxide-free aluminum 
foil is formed at high temperatures and with high 

current densities. 

In addition to all this, the capacity was 
determined after each sucoessive film removal 

(Fig. 10). 

The following results were obtained* 

When using an amorphous oxide film as pre-
forming layer, there appears a porous stratum, 
dieleotrioallY inactive, on the surface exposed 
to the electrolyte.  We designate this as 52. 
This is probably the original amorphous oxide 
layer, also known as 0( A120-; in its unchanged 
form.  On the other hand, whgre Boehmite is used 
as the preforming layer, the successive removals 
occur more rapidly at the expanse of the dielec-
tric, as is shown by the immediate capacity in-
crease.  Thus the 52 layer appears to be absent, 

or at least very much reduced, in this case. 

It seems that the  52 film has a very useful 
function in the electrolytio capacitor.  It pro-
toots the dielectric, which it covers, against 

solution but at the same time, due to capillary 
aotion, supports thorough wetting, so that this 
film structure produces a reduction of the de-
forming process, and also a low power factor.  Of 
course the layer reacts differently, according to 
the viscosity and aggressiveness of the electro-
lyte used, but in general its function is a 
beneficial one.  A Boehmite preforming layer 
likewise suppresses the deformation, but generally 
to a lesser extent, since the dielectric is 
practically in direct contact with the electrolyte 

which oases the deformation. 

All of the above shows that it cannot be 
stated categorically that all forming layers 
ought to consist of as small a percentage of 
soluble oxide layer as possible.  Theoretically, 
of course, a forming layer consisting entirely of 
5 oxide is preferred.  Up to the present however 
it has not been possible to produce such a film. 
All dielectrics examined had a 51 stratum of 

varying thickness.  This readily soluble stratum 
should, so far as possible, not be exposed di-
rectly to the electrolyte.  An intervening layer, 
to protect it against solution, appears desirable. 

Thus Fig. 10 shows that the capacity increase 

proceeds much more rapidly with successive re-
movals of the dielectric, than would be expected 
with a presumably uniform removal of the dielec-

tric substance.  This could be explained by 
assuming that the dielectric is attacked more 
deeply in certain weak spots (Fig. 11).  The 
nature of these spots, which have a large 
localized share of X  oxide, is not yet known 

v 1 
with certainty. 

It can be shown that the prtrarential attack 
on these weak spots, as the dielectric film is 
successively removed, increases sharply as the 
degree of purity of the aluminum decreases (Fig. 
12).  Thus locally the iron heterogeneities 
cause an increase in the percentage of the more 
easily soluble oxide within the dielectric film. 
Furthermore there is a systematic difference 
between the reactions of smooth and strongly 
etched aluminum anodes.  It appears certain that 
deeply etched pockets contain a high percentage 
of the readily soluble oxide, since the forming 
field intensity is reduced there, as the narrow 
pores act in the manner of a Faraday cage (Fig. 
13).  Our investigations have shown that there 
exist favorable as well as unfavorable geometric 
etching patterns with respect to the stability of 
the capacitor.  A saw-tooth type of pattern is 

preferable to one having deep pores. 

Another point to be made is that the pre-

sence of a 51 layer is probably closely related 
to the mechanics of building up the forming 
layer, since the  45, stratum represents the 
actual growth zone, into which the anions which 
participate in the construction of the layer can 
penetrate up to a certain depth (Fig. 114).  The 
actual X layer is undoubtedly traversed only by 
the aluminum ions, since due to their small size 

only they are capable of penetrating it. 
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Theoretically this loss of aluminum ought to re-
sult in the formation of empty space underneath 
the g layer.  However this closes up automatically 
due to the extraordinarily high pressures oaused by 

the prevailing high field intensity, since the oxide 
film is firmly pressed against the aluminum grid. 
Actually there is no well-defined line of demaroa-
tion between the aluminum grid and the 6 grid. 
It is much more likely that the lower parts of the 

layer contain an excess of aluminum atoms, 
and thus retain a certain amount of conductivity18 . 

The fact that the ai and the 6- layers are 
indistinguishable in an X-Ray diagram appears 
readily understandable.  Apparently the two 
structures are nearly identical, since they can be 
easily oonverted from one to the other under the 
influence of an electric field, or in deformation 
processes.  Only the 6 part developed during 
high temperature preforming seems to be immune to 
this conversion into 1. 

We have already seen that in the mechanism of 
buildir6 up the forming layer the amorphous or 
hydrated preforming layers are partly consumed. 
At the prevailing high field intensities and 
temperatures a reorystallization into the ?f, 
modification is entirely plausible.  Ie the ease 
of an amorphous oxide film it is true that a 
residual part remains on top, but this results in 
generally benefioial effects, such as suppression 
uf the deformation process (Fig. 15). 

It is particularly when the Boehmite layers 
present prior to formation are too thick that the 
constitution of the forming layer and the suita-
bility of the dieleotrio become problematical. 
For one thing, it is not clear how the water con-

tent, which theoretically amounts to 15%, can es-
cape from the lower strata of the Boehmite layer 
whioh is to be reconstructed.  As the Boehmite 
film increases in thickness, the capacity becomes 
greater by 5 to 15%.  This would indicated that 
the water, which has a dielectric constant of 80, 
becomes incorporated into the dielectric.  Inci-
dentally, on smooth foils the hydrated or amor-
phous oxide film remain virtually unconsumed; 
essentially they are left above the forming layer. 
However in etched foils the consuming effect oan 
be clearly observed. 

While it is true that Boehmite layers re-
duce the deformation in DC capacitors, they can, 
under unfavorable circumstances, increase losses. 
Normally, the crystalline Boehmite layer is not 
nearly as porous as an amorphous preforming layer, 
and the unconsumed upper stratum of the Boehmite 
layer is therefore likely to increase losses, 
acting as a noticeable serils resistance.  To 
what extent this loss- increasi ng upper layer 
merges into the di film is not easily determined, 
particularly since the  g, film may also, perhaps 
even primarily, be the cehter of the dielectric 
losses. 

The search for a suitable equivalent circuit 
for a dielectric, led J. E. Lilienfeld and C. 

Miller19 to the assumption, based entirely on 
electrical measurements, that it is the upper 
stratum in the dielectric which brings about 
losses, and which causes the dependence of the 
capacity upon frequency.  This assumption is 
largely borne out by our own findings. 

Hydrated aluminum oxides of widely differing 
structures can be produced in a continuous series 
16 

Our investigations have shown that for in-
stance the crystalline Boehmite layers are less 
readily soluble in acids than the amorphous pre-
forming layers, even where the latter were sealed 
off.  For a number of capacitor types orystallire 
preforming layers are entirely suitable, provided 
their structure, hydration, and thickness are 
properly chosen. 

IV.  Conclusion 

In order to widen the scope systematically 
along the lines indicated, further investigations 
are of course necessary.  However it has already 
become possible to learn more about the structure 
and the behavior of forming layers, and thus to 
influence them systematically to provide whatever 
physical attributes are desired in the capacitor. 

The surface condition, which for best re-
sults should be decided on prior to the forming 

process, of course represents only one link in a 
whole chain of factors where all links have to be 
properly attuned to one another in order to con-
struct an electrolytic capacitor of optimal 
attributes.  At the same time, the impression 
prevails that the structure of the dielectric has 
often unnecessarily been considered the weakest 
of these links. 

To conclude with, here is a practical 
example: The photo flash capacitor has always 
been a problematic type of condenser.  It re-
quires a series. of characteristics which in part 
are mutually contradiotory: 

1.  Extremely small leakage currents, in 
order not to discharge the battery 
prematurely. 

2.  Good shelf life, so that the capacitors 
can be stored for months on end. 

3. Low power factor, since this has a 
marked influence on the flash intensity. 

Constant capacity.  There is always the 
danger that during a sudden discharge 
the cathode becomes formed. 

5. Very small dimensions, in order to 
produce handy portable equipment. 

At first it was considred extremely difficult to 
fulfill all these requirements simultaneously. 
For example, in order to obtain a low power 
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'.faotor it becomes necessary to employ an eleotro-
lyte of low viscosity. which however results in a 
deterioration of leakage currents as long as ordi-
nary aluminum of 944.85‹ purity is used.  Thus the 
ordinary types of electrolytic oapacitors au en-
tirely inadequate for photo-flash equip ment .  it 
is not surprising that early models of photo flash 
eleotrolytio oapaoitors resulted in many rejections. 
Plwever with a 99.99% pure etched foil of high 
surface rain as the anode, and lightly etched foil, 
as thin as possible of ordinary aluminum foil as 
the cathode, all requirements can be met. 

In using etched foil made of "raffinal." • 
preforming layer oan ordinarily be dispensed with 

. altogether.  However for er;Aoitors exposed to 
unfavorable conditions, such as high temperatures, 
extended unconnected storage, etc.. a preforming 

layer may be adviseable in order to reduce defor-

mation. 
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Theoretically this loss of aluminum ought to re-
sult in the formation of empty apace underneath 
the g layer.  However this closes up automatically 
due to the extraordinarily high pressures oaused by 
the prevailing high field intensity, since the oxide 
film is firmly pressed against the aluminum grid. 
Actually there is no well-defined line of demaroa-
tion between the aluminum grid and the 6 grid. 
It is much more likely that the lower parts of the 

layer oontain an excess of aluminum atoms, 
and thus retain a certain amount of conductivity18 . 

The fact that the 61 and the 6 layers are 
indistinguishable in an X-Ray diagram appears 
readily understandable.  Apparently the two 
structures are nearly identical, since they man 
easily oonverted from one to the other under the 
influence of an electric field, or in deformatio 
processes.  Only the  part developed during 

high temperature preforming seems to be immune t 
this conversion into 51. 

We have already seen that in the mechanism of 
buildir6 up the forming lcyer the amorphous or 
hydrated preforming layers are partly consumed. 
At the prevailing high field intensities and 
temperatures a recrystallization into the t i 
modification is entirely plausible.  In the tiase 
of an amorphous oxide film it is true that a 
residual part remains on top, but this results in 
generally benefioial effects, such as suppression 
of the deformation process (Fig. 15). 

It is particularly when the Boehmite layers 
present prior to formation are too thick that the 
constitution of the forming layer and the suita-
bility of the dielectric become problematical. 
For one thing, it is not clear how the water con-
tent, which theoretically amounts to 15%, can es-
cape from the lower strata of the Boehmite layer 
which is to be reconstructed.  As the Boehmite 
film increases in thickness, the capacity becomes 
greater by 5 to 15%.  This would indicated that 

the water, whioh has a dielectric constant of 80, 
becomes incorporated into the dielectric.  Inci-
dentally, on smooth foils the hydrated or amor-
phous oxide film remain virtually unconsumedi 
essentially they are left above the forming layer 
However in etched foils the consuming effect can 
be clearly observed. 

be 

While it is true that Boehmite layers re-
duce the deformation in DC capacitors, they can, 
under unfavorable circumstances, increase losses. 
Normally, the crystalline Boehmite layer is not 
nearly as porous as an amorphous preforming layer, 
and the unconsumed upper stratum of the Boehmite 
layer is therefore likely to increase losses, 
acting as a noticeable series resistance.  To 
what extent this loss-increasing upper layer 
merges into the  film is not easily determined, 
pa rticularly since the  g, film may also, perhaps 
even primarily, be the center of the dielectric 
losses. 

The search for a suitable equivalent circuit 
for a dielectrio, led J. E. Lilienfeld and C. 

Miller19 to the assumption, based entirely on 

electrical measurements, that it is the upper 
stratum in the dielectric which brings about 
losses, and which causes the dependence of the 
oapacity upon frequency.  This assumption is 
largely borne out by our own findings. 

Hydrated aluminum oxides of widely differing 
:structures can be produced in a continuous series 
lb . 

Our investigations have shown that for in-
stance the crystalline Boehmite layers are less 
readily soluble in acids than the amorphous pre-
forming layers, even where the latter were sealed 
off.  For a number of capacitor types orystalline 

preforming layers are entirely suitable, provided 
their structure, hydration, and thickness are 
properly chosen. 

IV.  Conclusion  

In order to widen the scope systematically 
along the lines indicated, further investigations 
are of course necessary.  However it has already 
become possible to learn more about the structure 
and the behavior of forming layers, and thus to 
influence them systematically to provide whatever 
physioal attributes are desired in the capacitor. 

The surface condition, which for best re-
sults should be decided on prior to the forming 
process, of course represents only one link in a 
whole chain of factors where all links have to be 
properly attuned to one another in order to con-
struct an electrolytic capacitor of optimal 
attributes.  At the same time, the impression 
prevails that the structure of the dielectric has 
often unnecessarily been considered the weakest 
of these links. 

To conclude with, here is a practical 
example: The photo flash capacitor has always 
been a problematic type of condenser.  It re-
quires a series of characteristics which in part 
are mutually contradiotoryi 

1. Extremely small leakage currents, in 
order not to discharge the battery 
prematurely. 

2.  Good shelf life, so that the capacitors 
can be stored for months on end. 

3. Low power factor, since this has a 
marked influence on the flash intensity. 

h.  Constant capacity.  There is always the 
danger that during a sudden discharge 
the cathode becomes formed. 

5. Very small dimensions, in order to 
produce handy portable equipment. 

At first it was considred extremely difficult to 
fulfill all these requirements simultaneously. 
For example, in order to obtain a low power 
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faotor it becomes necessary to employ an eleotro-
lyte of low viscosity, which however results in a 
deterioration of leakage currents as long as ordi-
nary aluminum of 99.85% purity is used.  Thus the 
ordinary types of electrolytic capacitors are en-
tirely inadequate for photo-flash equipment2°.  it 
is not surprising that early models of photo flash 
electrolytic capacitors resulted in many rejections. 
Bowever with a 99.99% pure etohed foil of high 
surface gain as the anode, and lightly etched foil, 
as thin as possible of ordinary aluminum foil as 
the oathode, all requirements can be met. 

In using etched foil made of "raffinal," a 
preforming layer can ordinarily be dispensed with 
altogether.  However for cepacitors exposed to 
unfavorable conditions, such as high temperatures, 
extended unconnected storage, etc., a preforming 
layer may be adviseable in order to reduce defor-

mation. 
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AN INVESTIGATION OF LOWEST RESONANT 
FREQUENCY IN COMMERCIALLY-AVAILABLE BYPASS CAPACITORS 

David T. Geiser 
Sprague Electric Company 
North Adams, Massachusetts 

Examination of paper, mica, and ceramic capaci-

tors for lowest resonant frequency was made of 
samples intended for the mass home-equipment mar-
ket.  The investigation was limited to the ranges 

0.001 to 1.0 microfarads and zero to 100 mega-
cycles.  Effort was made to minimize external cir-
cuit effects, and suggestions are made for stand-
ard methods and jigs.  Application information is 

included. 

Introduction 

The logical place to begin a discussion of 

bypass capacitor characteristics is with defini-
tion ci he term "bypass capacitor".  Literature 
search " ,23  showed that two application defini-
tions covered the common use of the term. 

In Figure I, the capacitor is represented by 
the conventional 4-pole matrix "Black Box". 

ZLz 

Figure I - Capacitor Application As A 4-Pole  

In one desired "bypass" (coupling) applica-
tion, Z21  . Z0,1, Z12  212 , and Zll  = Z22  = ZL1 =. 
Zg 2 = O.  In Ehe second application, Z2a = 0, 
Z12  = 0, giving perfec.6 4Rlation of the input 
and the output circuit'u,i7 . Frequently, the de-
signer combines applications in relatively low 
impedance circuits and encounters serious trou-
ble.  Many times this difficulty may be traced 
to the fact that Zal and Z22 are not zero or 
that Z2a and Z12 are likewise not zero.  Inher-
ent inductance in capacitor manufacture or appli-
cation is frequently to blame. 

The Two-Terminal Capacitor  

The capacitor is often consid9red to be the 
two-terminal element of Figure II°. Strictly, 

rrilfl 

Figure II - Single Frequency Equivalent 

this equivalence (for specified R, L, and c) 
applies only at a single frequency and element 
current.  Assuming that element currents and re-

sistances are negligible, a more accurate equi-
valence can be drawn in the form of Figure III10 . 

Figure III - Lossless Equivalent 

In the commonly-used capacitors the leads 
exhibit more inductance than the capacitor proper. 
Several excellent charts have appeared in the lit-
eraturell ,16,22,23  to show the effect of lead in-
ductance, and, to a certain extent, the charts of 

this paper display this effect. 
A second effect should be noted:  The nearer 

opposite the lead connections, the 4.Rwer the 
effective series inductance becomes '.  This is 
demonstrated by an increase in the two-terminal 
resonant frequency.  Moving the lead connections 
farther apart lowers the effective resonant fre-
quency, a trick that when applied to broadcast 
receiver bypass capacitors allows almost perfect 
isolation of circuits.  Likewise, amateurs and 
others sometimes increase lead inductance22  to 
improve bypass action. 

Resonance in capacitors can be useful, but 
most of the time this effect is only a liabilj.ty. 
How can the resonant frequency be raised? 1°,1°, 3  
First:  Shorten the leads to minimum length.  Sec-
ond:  Widen the leads.  While considering lead 
shortening, the engineer should remember that the 
capacitor body is a lead representing the absolute 
minimum inductance available for those particular 
body dimensions.  Thus, otherwise identical capa-
citors of different shapes will possess different 
resonant frequencies.  The ultimate example of 
lead widening is to extend each capacitor plate 
and use these protruding ends for leads.  This 
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"extended foil" construction is the basis for the 
highest resonant frequency rolled capacitors avail-
able. 

Naturally, inductance in the external circuit 
adds to lead and structure inductance to cause 
further lowering of resonance.  The capacitor 
structure of Figure IV shows a method used by the 
manufacturer to reduce mandatory inductance in the 
external loop.  Here, for example, can be an ex-
tended-foil rolled capacitor, with connections BB' 

Figure IV - Shielded Capacitor Construction 

the edge view of a disc.  For absolute minimum 
inductance, this plate must be continuously con-
nected to ground around its circumference and the 
connection of lead A to this plane must be short 
and wide.  The limit is reached when lead A is 
also a disc.  (This condition has been closely 
approximated in application by the writer.) 

The Investigation 

The portion of the investigation upon which 
this report is based concerned bypass capacitors 
intended for the mass home equipment market.  Thus, 
the preceding discussion has been mostly a behind-
the-scenes glimpse of some of the pertinent vari-
ables that should be considered when less expens-
ive capacitors are not satisfactory. 

Resonance is defined in this work as that fre-
quency, progressing from zero, where the first 
minimum is to be found in the two-terminal imped-
ance.  Unless power absorption or transmission 
methods of measurement are used, making the meas-
urement can be very tedious if the minimum imped-
ance frequency does not correspond to the zero 
reactance frequency. 

Practical considerations compel a decision of 
the part external leads are to play in the gather-
ing of data.  Authors differ in approach and with 
some exceptions either describe unknown or experi-
mental capacitors or do not consider the proximity 
of other objects.  It was decided to conduct 
three "minimum lead" tests, one with a standard 
reasonable wire return path (Figure VA), one with 
a standard composite wire and sheet return path 
(Figure VB), and one with total enclosure sheet 
return path (Figure VC). 

The plate opening shown in Figure VC is to allow 
capacitor insertion and was closed by a covering 
metal sheet during test, yielding a zero (or 
negligible) inductance return path external to 
the capacitor case.  In early tests, the capaci-

tor enclosure was a mercury-filled well.  Subse-
quent use of a tight wrap of aluminum foil 
instead of the mercury bath permitted test non-
destructive to both capacitors and jig while in-
troducing much less than two percent error in 
average resonant frequency determination. 

A 

/cc* 
Figure V - Test Jigs 
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Figure VI-Resonance, Inserted Tab Paper Capacitors 

Figure VI shows the resu.lts obtained by the 
three test methods for inserted-tab wound capaci-
tors.  As with the following graphs, capacities 
plotted are actual capacitance measured to better 
than one percent accuracy at one kilocycle.  Fre-
quency measurement was made to much greater accu-
racy.  It should be noted that these curves each 
show several brands and that almost perfect agree-
ment exists.  Where some disagreement occurred, 
the curves are loaded to indicate approximate 
mean values of resonant frequency and proportional 
production.  Maximum deviation from the curves was 
eight percent of frequency; the five-sigma point 
was close to five percent of frequency.  Should 
these curves be used for design work, please re-
member actual, not nominal or marked capacitance 
is plotted. 

1414 



Figure VII shows similar curves for metallized 
paper capacitors.  These least expensive metallized 
units usually showed higher impedance at resonance 
than paper units generally.  Note the higher res-
onant frequencies caused by smaller case dimens-

1.0 

01 
. 

\WRKPPED 
RETU RN 

Pl.PkT E 
RET. 

WIRE 

RET. 

100 

Figure VII - Metallized-Capacitor Resonance  

ions.  An interesting point about this graph is 
that the only other published resonance curves 
for meta lized capacitors show much higher res-
onant frequencies, leading tqg writer to believe 
the other investigator's work J reflected results 
of interference-filter quality capacitor study, 
rather than the common metallized bypass. 
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Figure VIII - Mica Capacitor Resonance  

Figure VIII shows curves for least expensive 
mica capacitor types.  Note that these curves 
agree almost perfectly with inserted tab rolled 
paper capacitors.  This would indicate that the 
mica type should offer improvement only when 

higher Q is required, but in this cheap form 
offers practically no increase in resonant fre-

quency. 

Figure IX offers composite curves of disc 
and (above 0.02 microfarads) rectangular ceramic 
capacitors.  A fourth curve has been added, show-
ing the effect of mounting the capacitor parallel 
to the return sheet at a distance of one body-
thickness.  There are two general points of in-
terest in these types of ceramic capacitors: 
they have the highest resonant frequency for a 

given capacity and the rectangular types have the 
highest external inductive field. 
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Figure IX - Ceramic Capacitor Resonance  

If the user is choosing by nominal capacity, 
this higher resonant frequency may be more than 
balanced by the common practice of manufacturing 
capacitors with generous excess above nominal 
capacitance.  Some particular sizes and brands 
may show as much as one hundred percent excess 

capacity. 

Test Methods  

The combinations of capacitance, inductance, 
and resistance in each capacitor makes bridge de-

termination of resonant frequency very tedious. 
Time can be saved by locating approximate res-
onance with a grid-dip meter and making a detailed 
bridge examination in that area.  For most engi-
neering uses, however, careful grid-dip measure-

ment is sufficiently accurate.  Wire and sheet 
return measurements were made in this fashion. 
The writer's cylindrical-return measurements 
were made by the four-pole method of Figure X. 

0 SC. 

Figure X - Four-Pole Transfer Impedance Test  

Here the transfer impedance of all effective 
branches were maintained at 50 ohms excepting 
frequencies where the capacitor exhibited rela-
tively low impedance.  Equally valid results have 
been obtained by other workers11) 1 using the cir-
cuit of Figure XI, but those published results 
are carried only to 0.1 inch minimum lead length 
and cannot be directly correlated to these zero 
lead inductance measurements. 
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It should be noted that the electrical cir-

cuit length from the oscillator to the jig should 
be a very small fraction of wavelength to avoid 

standing wave effects.  These last methods in 
their many possible variations offer means of 

checking resonance for virtually any lead length 
and in addition give accurate and quick approxi-

mations of "short-circuit" and "isolation" by-
pass effect. 

Figure XI - "T"  Transfer Impedance Test  

These last methods of test are easily adapted 
to use of a sweeping signal generator and oscillo-
sc,-..pe to visually indicate resonance.  Figure XII 
is a photograph of the response curve of a capaci-

tor undergoing the four-pole test of Figure X. 
The dip to the left shows the network response 
approaching zero frequency, the deep dip shows 
capacitor resonance, and the shallow dip to the 

right shows one of the reasons for this paper: 
a capacitor resonance in the oscilloscope input 
circuit. 

Figure XII - Resonance, Single Capacitor 

The photograph of Figure XIII shows the effect 
of adding a smaller parallel capacitor in a simu-
lated attempt to obtain better high-frequency by-
passing.  As may be seen, that method is of limi-
ted usefulness. 

Figure XIII - Resonance, 
Paralleled Unequal Capacitors  

One last comment about test methods used in 
preparation of this paper: all lead bends were 

made on one-eighth inch radius starting one-
eighth inch from the capacitor. 

Conclusions 

Several general conclusions may be drawn from 
the literature and discussion here.  These may be 
simply summarized: 

1.  Capacitors have inductance and resonance. 
2.  Avoid resonant frequencies unless commer-

cially available resonant capacitors are used or 
unless the job can be hand-tailored. 

3.  Do not parallel unlike capacitors unless 
an anti-resonance is allowable.  Instead use de-

coupling networks or special feed-through capaci-
tors properly installed. 

4.  Do not operate a capacitor above its res-
onant frequency if the circuit is sensitive to 
the presence of inductance. 

5.  When in doubt about any capacitor applica-
tion, ask the manufacturer. 
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RESOLUTION IN PRECISION WIRE-WOUND POTENTIOMETERS 

Robert J. Sullivan, Senior Member IRE 
Potentiometer Division, Fairchild Camera and Instrument Corp. 

Hicksville, 

Summary----This paper describes and defines the 
various types of potentiometer resolution for 
which some standardization has been accomplished. 
Several methods of measuring and analyzing these 
forma are discussed.  Shorting resolution, or the 
"shorting effect" of the brush is described and 
illustrated and a distinction between normal, 
shorting and unshorting resolution is made. 
Effects of contact width, high wires, broad spac-
ing of resistance wire turns, and speed of rota-
tion on potentiometer resolution is discussed and 
illustrated.  Resolution as an important factor 
in determining potentiometer linearity and con-
formity is discussed and a number of design cri-
teria are established.  Limits of resolution for 
various types of potentiometers are given and 
several potentiometer design limitations impos-
ing restrictions on resolution are cited.  In-
finite resolution potentiometers of the deposited 
metal film type are briefly discussed. 

INTRODUCTION 

In the majority of precision potentiometers 
the electrical characteristics of greatest im-
portance to the designer and user of the potenti-
ometer are total resistance, linearity or con-
formity, noise and resolution.  Linearity and con-
formity are basic terms used to define the accura-
cy of the output voltage with respect to mechani-
cal input for linear potentiometers in the case 
of linearity and functional or non-linear potenti-
ometers in the case of conformity.  Both of these 
characteristics are "built-in" characteristics of 
the potentiometer and, as will be illustrated 
later in this paper, their values and limitations 
are primarily related to resolution.  Noise, 1 
which has been defined as the equivalent parasit-
ic, transient, contact resistance, in ohms, ap-
pearing between the sliding contact of the poten-
tiometer and the winding surface, to a very 
slight extent is related to resolution, but it is 
more dependent upon choice of contact materials, 
cleanliness of the winding and contact and other 
characteristics of the potentiometer which are 
more definitive of the quality of the unit rather 
than any "built in" mechanical or electrical 
feature, such as resolution. 

Resolution or "granularity" of the potenti-
ometer was recognized early in the development of 
the precision potentiometer as we know it today 
by the Potentiometer Group of the Radiation Lab-
oratories M.I.T. as an important factor contribu-
ting to the accuracy of potentiom ters developed 
and produced during World War  Rad Lab de-
fined voltage resolution as the change in voltage 
from one step to the next for unit voltage.3 
Basic contact design studies which led to the 
theory of rod contacts and their advantage in ob-
taining and maintaining the utmost of accuracy 
from a potentiometer of given resolution were 
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carried out by the M.I.T. group, and the results 
successfully applied to improve by a factor of 
nearly 100% the average linearity characteristics 
of so-called semi-precision linear potentiometers, 
the only type in large volume production during 
the early and middle stages of World War II.4 

Terms defining other forms of resolution, 
such as ohmic resolution and angular resolution, 
were also defined by Rad Lab but with the tremen-
dous changes in potentiometer design and perform-
ance resulting from post war development and pro-
duction, most of these terms have subsequently 
proved to be inadequate to define the variety of 
forms of resolution existing today.  Two standard-
ization groups, the RETMA potentiometer sub-com-
mittee G2.1 and a committee of the AIA (Aircraft 
Industries Association) are currently working on 
the standards of definition, measurement and in-
terpretation of all electrical and mechanical terms 
related to precision potentiometers, and have 
established tentative definitionsfor resolution 
terms as follows: 

AIA Electrical Resolution The electrical 
resolution is a measure of the accuracy to which 
a potentiometer may be set.  (The potentiometer 
wiper is moved through the smallest, finite angu-
lar displacement which will produce a change in 
resistance or voltage.)  The maximum incremental 
change in resistance or voltage output observed 
arr.:here in the total mechanical rotation of the 
potentiometer shaft or specified portion thereof, 
when multiplied by 100 and divided by the total 
variable resistance or voltage, or specified por-
tion thereof, is the percentage resolution of the 
potentiometer. 

AIA Angular Resolution The angular resolu-
tion of the T;otentiometer is the angular rotation 
of the shaft required to produce the increment 
output change as defined under electrical resolu-
tion. 

The RETMA committee, which generally has atr 
tempted to obtain more complete coverage in its 
standardization work, defines five different terms 
related to resolution as follows: 

Resolution Figure The resolution figure is 
the maximum value of any form of resolution over 
the entire resistance element or any specified 
portion thereof.  (Note:  For linear windings, 
specify a resolution figure.  For non-linear wind-
ings, specify one or more resolution figures and 
the zone or zones over which they apply.) 

Theoretical Voltage Resolution The design 
change in voltage per turn in a particular portion 
of the shaft rotation with unit voltage applied 
between the end terminals. 
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Theoretical Angular Resolution The design 
number of degrees shaft rotation per turn in a par-
ticular portion of the rotation. 

Actual Angular Resolution The actual number 
of degrees shaft rotation per voltage step in a 
particular portion of the rotation. 

Actual Voltage Resolution The actual change 
in voltage per angular step in a particular por-
tion of the shaft rotation with unit voltage ap-
plied between the end terminals. 

As yet the RETMA committee has not attempted 

to define a form of ohmic resolution, as did the 
Radiation Laboratory, since their definitions have 
been confined for the moment principally to poten-
tiometers rather than precision rheostats.  In the 
rheostat application, this is, of course, of de-
cided interest and actual ohmic resolution might 
be appropriately defined as the actual change in 
resistance per angular step in a particular por-

tion of the shaft rotation. 

You will note that the RETMA committee de-
fines both theoretical and actual forms of resolu-
tion, which implies that there may be considerable 
difference between the resolution designed into 

the potentiometer and the amplitude of or the 
angular separation between the resolution pulses 
appearing in the voltage output of the potentiome-
ter.  The magnitudes of these differences and a 
number of the controlling influences will be ap-
parent as we proceed. 

ANALYSIS OF RESOLUTION  

For a clearer picture of what resolution ac-
tually is, let us examine the typical output curve 
of a linear wire-wound potentiometer.  Consider 
the theoretical voltage output of a potentiometer 
of 1,000 turns of resistance wire, having a volt-
age E applied across the terminals and assume that 
the shaft is rotated at a constant speed of 1 RPM 
over a function angle of almost 360 degrees, Fig. 
1(a).  At time = 0, the wiper has a potential dif-
ference of 0 volts to ground, as seen in Fig. 1(b). 
At t = 30 seconds, the wiper potential has changed 
to 50 volts, and at t = 60 seconds, the wiper po-
tential has reached 100 volts.  Superficially it 
appears as though the varying potential from wiper 
to ground assumes the form of a continuous saw-
tooth wave, but closer examination of the wave 
form shows it to be made up of a discreet number 
of voltage steps, and very close examination shows 
these steps to be variable in both amplitude and 
duration but apparently following a definite pat-
tern, as seen in Fig. 1(c).  These steps are what 
is identified as resolution in the potentiometer. 

For a further analysis of the characteristic 
wave form, let us consider a very simple wire-
wound potentiometer having a total of only ten 
turns of resistance wire, as illustrated in Fig.2. 
Assume that the wires are equally spaced and that 
each turn of wire has a resistance of one ohm and 
that the sliding contact, C, alternately shorts 
two turns together for 251! of the time as it moves 

uniformly from terminal A to terminal B and re-
mains on a single turn of wire for the other 75% 
of the time.  You will note that in the initial 
position the contact C is shown shorting the 
terminal position to turn 1, and in position 2 
it is shown only contacting turn #4. With a po-
tential of 10 volts across the winding, the po-
tential drop across each turn is, of course, one 
volt.  If we were to place a vacuum tube volt-
meter between terminal A and the wiper C and con-
secutively record the output voltage for each of 
the possible postions as the wiper moves uniform-
ly from terminal A to terminal B, we would obtain 
a total of 19 different reading and 18 increments 
of change starting with 0 volts and ending with 
10 volts.  The amplitude of each voltage varia-
tion recorded with the VTVM would be as shown in 
table I.  At a position on the terminating point 
A, the output voltage is, of course, 0 and as the 
wiper moves towards terminal B, in its first po-
sition, turn #1 is shorted to the terminal and 
the output voltage remains at O.  As the short is 
broken and the wiper moves to a position only on 
turn #1, a distinct step increase in the output 
is observed.  Since there are ten equal resistors 
in series across the 10 volts input, the potential 
drop at this point is one volt.  As the wiper 
moves into the position where turns 1 and 2 are 
shorted together, one ohm of resistance is short-
ed out leaving -only 9 ohms across the 10 volts, 
and the potential drop is now 2/9ths of 10 volts, 
or 1.1111 volts.  As the wiper moves on to turn 
#2 in the unshorted position, the voltage is 
again distributed across ten turns and the output 
voltage of the potentiometer increases to 2.0000 
volts, an increase of .8889 volts, etc. 

If we were to plot the cutput voltage as 
the wiper is moved uniformly from one end of the 
winding to the other, it would follow a theoreti-
cal curve as illustrated in Fig. 3.  Note that as 
we progress from turn 1 to turn 10, the amplitude 
of each voltage step varies depending upon the 
position of the wiper on the winding.  This can 
perhaps more clearly be seen in the pictorial 
representation shown in Fig. 4.  Note that the 
amplitude of the longer duration pulses resulting 
from unshorting of turns gradually decreases as 
the amplitude of the shorter duration pulses re-
sulting from the shorting position of the wiper 
gradually increases, and that as the center of 
the winding is approached, the amplitude of the 
pulses becomes nearly equal. 

To differentiate between the two, the pulse 

which occurs as two adjacent turns become shorted 
has been identified as the minor resolution pulse, 
and the pulse which occurs as the turns unshort, 
the major resolution pulse.  From table I and 
Fig. 3 it can be seen that the sum of amplitudes 
of any major pulse and the minor pulse it follows 
is always theoretically equal to the voltage drop 
between turns, or normal resolution.  The number 
of normal resolution pulses is of course equal to 
n, the number of active turns of the winding, and 
in linear units its theoretical voltage amplitude, 
6, may be determined from  = Vin where V is 
the total voltage drop across the active portion 
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of the winding.  For a 1000 active turn linear po-
tentiometer with 100 volts applied across the ac-
tive portion of the winding the normal resolution, 
for example, would be 0.1000 volts or as usually 
expressed, 0.10%.  Whereas the total number of 
major resolution pulses resulting from the con-
tact moving to the unshorted position is also the-
oretically equal to n, the total number of minor 
resolution pulses is equal to n-2, since as the 
first two and last two active turns become short-
ed, no change in the output voltage occurs.  The 
total number of theoretical resolution pulses 
therefore is equal to 2n-2, and for our 1000 turn 
potentiometer, 1998 increments, or nearly twice 
the number of active turns, will be theoretically 
observed in the output voltage. 

To determine the amplitude of any minor reso-
lution pulse,  4A mi , as we short turn x to turn 
X+1 in a linear potentiometer the following may be 
used: 

(1) 

The amplitude of apy major resolution pulse, 
as we go from the shorted condition turn X 

to turn X+1 to the condition where a single turn 
of wire X+1 is contacted, can be determined for a 
linear unit from the following: 

(2) 

or: 

(3) 

6,s  

,6 0na  v vx  (1 _ 12/) 
n-1  .171 

As noted previously, resolution is also of-
tentimes expressed in terms of angular degrees. 
The theoretical normal angular resolution of a 
linear potentiometer can be determined by divid-
ing the active electrical angle by the total ac-
tive number of turns.  The increase in angular 
resolution resulting from the shorting effect be-
tween turns, Fig. 3, unlike the increase in volt-
age resolution is theoretically a constant, but 
to compute this increase involves detailed knowl-
edge of the resistance wire diameter and spacing 
as well as contact surface configuration, dis-
cussion of which is beyond the scope of this 
paper. 

At Fairchild, a dynamic study of the resolu-
tion steps in the output of a great number of lin-
ear and non-linear potentiometers has shown that 
the increments due to the shorting effect between 
turns have a relatively much higher frequency 
than the pulses from normal resolution.  This 
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suggests that in dynamic applications of potenti-
ometers of high resolution, the shorting resolu-
tion may be of very little practical advantage. 
However, in potentiometers of inherent low reso-
lution, such as sector potentiometers, very low 
resistance units, some special types of non-linr 
ears, and in high resolution applications in-
volving static voltage balance or division, etc., 
consideration might be given by the systems de-
signer to the added resolution due to the short-
ing effect as a means of improving system perfor-
mance or accuracy.  Several means are occasiona-
lly employed by the circuit engineer to "improve" 
the resolution of a potentiometer.  One of these 
is most commonly used when the circuit values 
are such that a very low resistance potentiometer 
is required and their inherent lower resolution 
is not desired.  A potentiometer of much higher 
resistance, with its attendant higher resolution 
is specified, and a fixed or variable shunt re-
sistor is tied between its input terminals to 
reduce the resistance to the desired value.  By 
using a variable resistor, the paralleled re-
sistance of the two may be more exactly estab-
lished and so long as little or no current is 
drawn through the potentiometer wiper, the ac-
curacy of the output function will be unaltered. 

SOME PRACTICAL CONSIDERATIONS OF RESOLUTION 

From some of the previous discussion, it 
may be apparent that the theoretical design lim-
its of resolution may be restricted by a number 
of other specified potentiometer characteristics. 
The total number of turns in the active portion 
of the potentiometer winding is oftentimes pre-
determined by: 

1.  The physical size of the potentiometer 
2.  The specified or desired electrical or 

function angle 
3. The total resistance requirement of the 

potentiometer 

L.  The choice of winding mandrel material 
or shape, as predetermined by operatr 
ing or environmental specifications 

5. The choice of the alloy of the resis-
tance wire, which in turn may be limit-
ed by other performance characteristics 
required such as long life, temperature 
coefficient of resistance, or noise 
limitations. 

Linearity or conformity, as will be seen a 
little later, have a significant influence on as 
well as are greatly influenced by resolution. 
Generally it can be said that better resolution 
is inherent in the larger diameter potentiome-
ters, longer electrical angles and the higher re-
sistance values.  The highest resolution theoret-
ically might be obtained by the winding of the 
finest size of lowest resistivity wire on a man-
drel of minimum cross sectional area, but other 
practical limitations as well as performance re-
quirements seldom make it possible to achieve 
this ultimate.  The lower resistivity wires, for 
example, are high in copper content and as a re-
sult are both difficult to draw and wind in the 
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fine sises.  They also have rather poor life ex-
pectancies, inferior oorrosion resistance, high 
temperature coefficients and poor noise character-
istics.  To obtain the desired low ohms per turn, 
!modally drawn and insulated copper mandrel wire 
which is both strone and tough, and in small di-
ameters easily wound and formed, is used as a 
mandrel in the manufacture of the majority of the 
high resolution high accuracy potentiometers of 
today.  Single turn potentimmeters of 1.021 reso-
lution (5,000 turns) and lower are not unoommon, 
and multi-turn potentiometere with resolution less 
than  0.0041 (25,100 turns) for the ten-turn 

types are readily available.  For even lower 
voiles multi-turn potentiometers of up to forty 
turns have been produced. 

So far, resolution has been discussed prin-
cipally in ter m of the theoretical considera-
tions and values.  Referring back to Fig. 2, it is 
readily apparent that the shape and size of the 
sliding contact must be given very important con-
sideration if high and uniform actual resolution 
in the potentiometer output voltage is to be a-
chieved.  Other considerations such as uniformity 
of wire spacing, uniformity of the length and 

cross sectionel area of each turn, uniformity and 
smoothness on the contact surface of the turns, 
absence of shorted turns, etc. are all Umportant 
factors contributing towards good "effective" or 
actual resolution.  erally, in the design of 
the contact shape every attempt is made to avoid 
shorting more than two turns of wire as the con-
tact moves from one end of the winding to the 
other, and to preserve this condition for as great 
a number of operational cycles as possible by 
proper choice of contact material and deflection 
properties of its supporting spring.  Fig. 5(a) 
illustrates the type of wiper designed by Radia-
tion Laboratories group for their R1270 series of 
precision linear potentiometere.2 The contact 
was cut from a length of Paliney Or wire and had 
the shape of a small cylinder or rod.  This type 
of contact became identified as • rod type of con-
tact and is still in widespread use in the same or 
similar form.  Firs. 5(c) and 5(d) illustrate sev-
eral current variations of the rod contact now in 
use.  Note that they all have one common charac-
teristic, the cylindrical shape in the area where 
the resistance wire is contacted.  It is this 
shape in combina tion with a properly designed 
spring which results in the optimum resolution 
and linearity characteristic commensurate with 
the other performance requirements of the potenti-
ometer.  With an improperly designed wiper the 
contact wears very rapidly and a flat is develop-
ed on the bottom of the con tact.  The result is a 
rreater tendency for the wiper contact to skip 
turns, short out a variable number of turns, 
"reach back" and re-touch turns already passed, 
and generally produce an erratic resolution effect 
in the potentiometer output.  Fig. 5(b) illus-
trates a most recent Fairchild low deflection 
sensitivity wiper design developed to reduce the 
contact mass concentrated on the end of the cone 
tact assembly with a resultant increase in the 
natural frequency of the spring.  It permits the 
low noise higher speed operation of the potenti-

ometer for many hundreds of thousands of cycles 
without any appreciable degradation in potenti-
ometer resolution at reduced wiper pressure. 

Perhaps the most impor tant consideration in 
the design of the contact for optimum resolution 
characteristics is the choice of the contact di-
ameter in the area where the resistance wires are 
contacted.  If the contact diameter is too large 
with respect to the wire diameter and spacing of 
the turns, • flat develops very rapidly on the 
contact with resultant erratic resolution.  If 
the con tact diameter is too small, catching and 
teari ng of the turns of wire will occur with a 
resultant rapid deterioration over a relatively 
short period of life.  At Fairchild as many as 
twelve different basic contact variations of size 
and physical characteristics are standardized for 
a single type of linear potentiometer and "con-
tact matching" is employed to the fullest extent 
to preserve the optimum resolution,linearity and 
noise Characteristics of the potentiometer 
throughout life.  Actual voltage resolution to 
some extent varies with several other factors 
such as wiper current, noise in combination  
with wiper current, etc.  The tendency to skip 
turns and for the con tact to resonate and produce 
erratic resolution, for =Ample, increases as the 
speed of the potentiometer shaft is increased. 
For extremely high speed potentiometers, i.e. 
)/0 to 1Rei.0 RPM, specially shaped and lightened 
contacts are employed to minimize these tenden-
dee. ° 

RELATIONSHIP OF RESOLUTION 
AND LINEARITT OR CONFORMIAT  

The potentiometer designer must give ex-
tremely impor tant co nside ration to resolution 
with respect to the linearity or conformity re-
quirement of the potentiometer.  Since resolution 
produces a stepped effect in the output of the 
potentiometer, it can be seen that it automatica-
lly imposes a limitation upon the theoretical ac-
curacy of the potentiometer function.  Referring 
to Fig. 3, it can be seen that the normal resolu-
tion jumpe are one volt and since linearity tol-
erance is expressed as a plus and minns limita-
tion, i.e. 1.5%, or a 11 spread, it follows that 
the best possible linearity obtainable from the 
potentiometer illustrated would be ± 1/2 volt or 
= 5%.  For a potentiometer with 1000 active turns 
of resistance wire (resolution 0.101), the beat 
possible linearity obtainable would be ±.051, or 
a total tolerance spread equal to the resolution. 
Fecause of the many other factors contributing to 
error in the average precision potentiometer such 
as mechanical eccentricity, variations in mandrel 
dimension, lack of uniformity in the resistance 
wire, etc. a much greater number of turns must be 
designed into the winding to achieve a desired 
linearity.  Several "rules of thumb" have been 
evolv ed, as follows -- For potentiometers of the 
single turn type employing mandrels of circular 
cross sectional area, at least twice as many 
turns of wire must be employed to meet a given 
linearity tolerance, i.e. a potentiometer having 
a linearity requirement of 1.101 must have a 
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resolution of at least .05% or a minimum of 2000 
turns of resistance wire.  For mandrels of other 
than circular cross sectional area, such as the 
phenolic card type of winding, this factor is more 
nearly three to one, and in the multi-turn poten-
tiometers approaches four to five to one.  In ad-
dition, it can be generally stated that with the 
very fine sizes of resistance wire (.0007 to .0015) 
these factors must be increased slightly, and with 
the very heavy resistance wires (.0030 to .0060) 
they may be reduced slightly.  It is assumed, of 
course, in applying these rules proper tolerance 
consideration has been given particularly to the 
factors controlling eccentricity and thata correct 
selection of contact diameter ratio to resistance 
wire diameter and spacing has been made.  Fig. 6, 
for example, illustrates the poor linearity ob-
tained from a winding of approximately 2500 turns 
(.011% resolution) in which a contact of improper 
diameter has been utilized to contact the winding. 
The erratic behavior of the contact and its effect 
on the resolution may be seen by the variable band 
width of the pattern and the linearity is ±.10%. 
Fig. 7 shows the linearity pattern resulting from 
the same potentiometer in which only the contact 
has been changed to the proper diametric ratio 
with respect to winding wire size and spacing. 
Note the uniform resolution band width and apprec-
iable improvement in linearity to ±.06%, a gain 
equal to the resolution. 

MEASUREMENT OF RESOLUTION 

While most potentiometer resolution require-
ments are generally stated or designed in terms of 
the theoretical resolution, others require that 
the actual resolution shall not exceed certain 
specified voltage, percentage or angular limits, 
entailing a measurement of these values.  As seen 
in Figs. 6 and 7, a fair idea of the quality and 
average amplitude of the voltage resolution can be 
obtained by observation of the varying band width 
of the linearity pattern.  By employing an accur-
ate protractor, a bridge circuit and observing the 
angular and voltage increments from various nulled 
positions over the potentiometer winding, a more 
accurate measurement of conformance to the speci-
fication can be obtained.  This method is both 
arduous and time consuming, but it is currently 
used by many inspection departments. 

Fig. 8 illustrates a method successfully em-
ployed at Fairchild to obtain qualitive and to 
some extent quantitative resolution data on both 
linear and non-linear types of precision potenti-
ometers.  The voltage appearing at the input to 
the condensor will consist of the characteristic 
sawtooth wave (for a linear potentiometer) upon 
which is superimposed the voltage resolution 
steps.  The wave form appearing at the input of 
the D.C. amplifier depends, however, on the ac-
tion of the RC network.  This RC network will act 
as a differentiator if its time constant is very 
much smaller than the period of the applied wave. 
With a potentiometer of 1000 turns spread linear-
ly over approximately 360 ° and being turned at 1 
RPM, the sawtooth wave has a period of £0 seconds. 
If the RC network is adjusted to have a time con-

stant of for example I second, thd sawtooth wave 
will be completely differentiated while the reso-
lution pulses, having a period of from 0.06 sec-
onds or less will come through with practically 
no change in wave shape.  As a result, the record-
er will show the turn to turn changes arising 
from the resolution of the potentiometer.  The 
use of a pen recorder is particularly advantage-
ous since a permanent record of the resolution 
trace is obtained for reference or study purposes, 
and a voltage calibration marker can be intro-
duced on the tape prior to recording.  Care must 
be taken not to exceed the high frequency re-
sponse characteristics of the recorder.  For the 
measurement of resolution at higher rotational 
speeds, an oscilloscope may be substituted and if 
desired, a permanent record made with an oscillo-
scope camera. 

Fig. 9 illustrates a typical section of a 
resolution trace of a linear potentiometer, and 
Fig. 10 that of a non-linear unit.  Note the pips 
due to the shorting effect between adjacent turns 
and uniform turn spacing in ',Ale linear unit. 
Fig. 11 shows the characteristic curve obtained 
with a poorly designed or excessively worn con-
tact.  Note the very erratic amplitude of the res-
olution pulses and the apparent wide spacing be-
tween turns as a result of the contact skipping 
turns. 

In most well designed linear potentiometers 
no particular problems will be encountered in ob-
taining smooth and uniform resolution characteris-
tics within the usual limits specified and these 
characteristics can be retained within reasonable 
tolerance throughout many hundreds of thousands 
of cycles of operating life.  With some non-line-
ar potentiometers, particularly those of high 
slope ratio, obtaining the specified actual reso-
lution or the theoretical resolution required to 
obtain the desired functional accuracy (the lat-
ter rather than the former is almost invariably 
specified), some design problems are occasionally 
encountered.  For the majority of windings a much 
greater number of turns than needed are designed 
into the winding and the checking of actual po-
tentiometer resolution becomes more a matter of 
assuring the quality of the unit by observing the 
resolution trace for absence of turns skipped by 
the contact, shorted turns, and wide spaces be-
tween turns.  Each of these defects have a char-
acteristic appearance on the resolution trace, as 
illustrated in Fig. 12.  Widely spaced turns show 
up as an abnormal separation between resolution 
pulses, as seen in Fig. 12(a).  Shorted turns show 
up in the same manner, and while it is difficult 
to differentiate between a wide space and a sin-
gle pair of shorted turns, shorts generally-occur 
in groups, and their appearance is usually as in-
dicated in Fig. 12(b).  Skipped turns are readily 
identified by the characteristic double or triple 
amplitude pulse as shown in Fig. 13(a).  As a 
rule, these large pulses are preceded by a wide 
space.  Fig. 13(b) illustrates the appearance of 
a low frequency noise pulse and the resolution 
pulse resulting from the contact "reaching back" 
to touch a turn it had already passed over.  In 
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most cases the noise pulse will cause the pen to 
deflect off scale whereas the amplitude of the 
pulse caused by the contact reaching back will be 
proportional to the number of turns skipped.  Both 
types of pulses will oftentimes be followed by er-
ratic amplitude pulses and spaces, as seen in Fig. 

13(b). 

Figures for typical maximum resolutions found 
in present wire-wound potentiometers were cited 
earlier, and they generally can be supplied in 
large volume to meet the average current systems 
requirements.  With the present emphasis on com-
ponent miniaturization and the need for continued 
high accuracy, the physical limits are becoming 
such that high resolution potentiometers can only 
be obtained in the higher resistance values.  Man-
ufacturers of miniature sector or segment type po-
tentiometer units in some instances have found it 
necessary to wind wire as fine as 0.00040 inches 
in diameter in order to meet existing specifica-
tions.  To meet the increasing need for miniature 
potentiometers of high resolution as well as high-
er operating temperatures, Fairchild recently an-
nounced the development of a 3/4 inch diameter 
FiImpot having an infinite resolution character-
istic and capable of operating in ambient temper-
atures exceeding 450 °F.  The "infinite" or "zero" 
resolution feature of the unit stems from the use 
of a resistance element consisting of a high temp-
erature non-conductive inorganic disk upon which 
has been vacuum deposited a thin film of highly 
non-corrosive metals of the desired resistance. 
The output of the Filmpot is a continuous stepless 
curve whose functional accuracy is almost entirely 
dependent upon other mechanical factors in the po-
tentiometer.  While they are presently unavailable 
in large volume production, they show promise of 
becoming an important factor in contributing to 
the improved resolution and accuracy of tomorrow's 

electronic equipment. 
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EVALUATION OF CORE MATERIALS FOR MAGNETIC AMPLIFIER APPLICATIONS 

R. D. Teasdale 

Magnetic Metals Co mpany 
Ca mden, New Jersey 

Introduction 

In order to produce useful and econo mical 

magnetic amplifiers, the engineer must tailor 
his design to the characteristics of co mmercially 

available ferro magnetic materials.  Unfortunate-

ly, at the present time, there is little standard-
ardization as to what infor mation is most 

important and as to how the pertinent data can 

best be presented to aid the designer in selecting 

suitable core materials.  Further, the data which 
is available is restricted al most entirely to 

wrapped cores and neglects the characteristics of 
other shapes, such as sta mped rings, DU la mina-
tions and El la minations which are attractive 

econo mically and which are quite adequate for 
many applications. 

It is the object of this paper to present data 

on co m mercially available alloys and shapes in 

the for m of useful nor malized control character-

istic curves and tables.  These data are obtained 

fro m 400 cycle measure ments on a half-sine 
wave self-saturating magnetic amplifier circuit 

employing the so-called constant current flux 
reset type of measure ment.  These curves and 
tables are used: 

1.  to co mpare various magnetic alloys 

(79% nickel, 50 % nickel, 3% silicon-iron) with 
and without strong grain orientation, 

2.  to co mpare the perfor mance of these 

magnetic materials in various shapes, such as 
wrapped cores, sta mped rings, DU la minations, 
and EI la minations, 

3.  to co mpare the perfor mance of these 
magnetic materials in various thicknesses, fro m 
2 mils through 14 mils, 

4.  to deter mine the effect of a suggested 

modification in the di mensions of the DU la mina-
tion for silicon-iron alloys. 

It is felt that designers can use these curves 
to make reasonable esti mates of perfor mance 
for a wide range of specific applications. 

Measure ment Method, Materials Tested 

The criteria for a suitable method of 
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measure ment are nu merous.  The method se-
lected should give infor mation which is useful 

both to those who design magnetic amplifiers and 
to those who produce magnetic alloys.  It should 
give results in a for m which per mits calculation 

or esti mation of the response of magnetic ampli-
fiers using the material being tested.  The test 

circuits should be reproducible and inexpensive 

enough to per mit widespread use of the method. 

The method chosen should provide for periodic 

checks on accuracy and should be si mple and 
fast enough to be useful for production testing. 

Further, it is axio matic that the best ana-

logue of a device is the device itself.  Failing 
exact correspondence, the test circuit should be 

as close to a typical operating magnetic ampli-

fier circuit as time and econo my per mits.  In 

addition, the results, inasfar as possible, should 
depend only upon the core material of the sa mple 

being tested and not upon the associated circuitry. 

The test method which was selected as best 
satisfying these criteria follows quite closely a 
method first described by Conrathl and dis-

cussed in considerable detail by Roberts in an 

excellent conference paper 2. As illustrated in 

Figure 1, in this method the core is tested in a 

si mple self-saturating magnetic amplifier cir-
cuit which employs an excitation current of half 

sine waves in conjunction with a variable DC sup-
ply for control.  Thus, the excitation is gated on 

and off at the repetition rate of the test frequency 

here 400 cps.  This method has been referred to 
as a constant current flux-reset method, in the 

sense that the DC control current strives to 

reestablish a flux level after each excitation 
pulse.  For a fixed excitation amplitude A. high 
enough to insure that the particular core is 

driven well into saturation, values of the  average 
rectified output voltage are recorded as the DC 
control current is varied through zero to a iralue 
large enough to produce saturation.  The record-

ed values are nor malized and plotted to yield a 
curve si milar to that shown in Figure 2. 

Neither the test method nor the type of pre-
sentation used here has been adopted definitely 
as a standard by the industry; however, this test 
method involving a self-saturating magnetic 



amplifier circuit, or a variation of it, is now in 

use by so many co mpanies who work with magne-

tic amplifiers, that it has been selected as the 
most useful for obtaining test data on magnetic 

core materials. 

Tests were made on the following magnetic 

materials: 

Carpenter Hy mu 80 alloy, non-oriented 

(Molybdenum Per malloy) 

(4% Mo, 79% Ni, 17 % Fe) 

Carpenter 49 alloy, non-oriented 

(49% Ni, 51 % Fe) 
Orthonic alloy, rectangular loop oriented 

(50 % Ni, 50 % Fe) 
Microsil oriented silicon-iron alloy 

(3% Si, 97 % Fe) 
Crystalligned oriented silicon-iron alloy 

(3 % Si, 97 % Fe) 

For these different alloys, tests were made 

on the following shapes in various thicknesses: 

Wrapped Cores 

Punched Rings 

1DU La minations 

37DU La minations 

37DU Modified 
La minations 

75E1 La minations 

1 x 1. 375" x 0.25 toroid, 

path len th 3. 72-, area 

.0469 in 

1. 125'' x 1. 5, x 0.1875" 

toroid, path length 4. 15", 

area . 0338 inZ 

rectangular shape shown on 

Fig. 6.  Outside di mensions 

0. 875' x Z. 5", path length 

5.25", area .045 inZ 

rectangular shape shown on 
Fig. 8.  Outside di mensions 

1.  x 3.0", path length 

6.75', area . 141 inZ 

rectangular shape shown on 

Fig. 8.  Outside di mensions 

1. 25' x 3. 0' , path length 

6.5 -, area . 0625 inl 

rectangular shape shown on 

Fig. 6. Outside di mensions 
1. 875 - x 2. 25', path length 

4. 5-, area .090 inZ 

These area values are no minal.  Before actual 

measure ments, each sa mple used was weighed; 

the actual area of each sa mple was co mputed 

from the weight and recorded for use in nor mal-

izing. 

Figure 2 shows a general layout of the test 

equip ment.  Three separate windings were used, 
oriented to mini mize coupling.  A voltage co m-

pensation method was used in calibrating and 
checking the amplifier and output equip ment, i.e., 

what is actually plotted is that (nor malized) aver-

age value of voltage into the amplifier which pro-

duces the sa me output reading as was recorded 
with the peaked wavefor m fro m the core. 

Because of the high peaks in the wavefor m of 

induced voltage fro m the core, the output circuit 

requires so me care.  It is necessary to use a 

wide band audio amplifier and to guard against 

peak clipping by observing patterns on an oscillo-
scope.  The amplified voltage is fed through a 

bridge rectifier into a load resistance, and the 

output voltage read with a DC millivolt meter. 

Method of Presenting Data 

For convenience in design, the test results 

are presented in the for m of nor malized control 

characteristics as illustrated in Figure 2.  The 
average value of the output voltage per turn per 

square inch of Core cross-section is plotted 

against the DC control ampere-turns per inch to 

yield a curve which is characteristic of the core 
material in this particular circuit for the particu-

lar amplitude of excitation employed. 

For purposes of nu merical tabulation, quality 

control, and production testing, it is convenient 
to associate nu merical values with each curve. 

With reference to Figure Z, these nor malized 

values are: 

Vo,  the zero intercept in millivolts per turn 

per square inch 

s, 

Vs, 

the maxi mu m slope of the linear region 
in volts per turn per square inch 

ampere turns per inch 

the saturation value of average output 

voltage corresponding to a specified Hs 
in millivolts per turn per square inch 

HA, VA  coordinates of point A, the lower limit 

of the linear range 

HB, VB coordinates of point B, the upper limit 

of the linear range 

D  100VB - VA , 

Vs 

the length of the linear range 

as a percentage of the satura-

tion value 
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Vc • VA + VB. 

2 

the output voltage value corres-

ponding to the center of the linear 
range 

Hc • HA + HB , the coercive force at 400 cps 

in ampere turns per inch 2 

It is evident that the knowledge of the six 

nu mbers Vc„ S. Vs, D, Hc and Vc (in conjunction 
with the specified values of Hs and of the per mis-

sible deviation fro m linearity) is sufficient infor-

mation to plot the characteristic curve.  Tables 2, 

3, 4 and 5 give these six nor malized values for 

high-nickel, low-nickel and silicon-iron alloys. 

The values listed in these tables would per mit one 

to draw the corresponding core characteristic 

curves, if desired, but this is not necessary, as 

the tabulated values give sufficient infor mation to 

per mit design of a large class of magnetic ampli-

fiers directly. 

For production testing, it is possible as a re-

sult of experience to specify two voltage levels V1 
and V2, equally spaced about Vc, which are sure 
to fall on the linear region for the material and 

shape being tested.  It is then not necessary to 

draw the co mplete curve but merely to record 
values: 

Vo ,  the zero intercept 

H 1 

Hz, 

the DC control level corres-

ponding to a specified Vi 

the DC control level corres-

ponding to a specified V2 

Vs,  the saturation value; 

then two additional values can be co mputed 

S = Vz - Vj, 

H2 - Hi 

Hc F11 + HZ, 

2 

the slope of the linear region 

the coercive force at 400 cps. 

If the testing is confined to toroidal cores it 
is possible to nor malize the results still further 

by multiplying the slope S by the ratio of the outer 
to the inner dia meter of the toroid. 

Because these numerical values depend upon 

the excitation level A, and upon H,, Vi and V2 , 
the selection of proper values for these para-
meters is important.  Curves such as those shown 

in Figure 3 were plotted to deter mine suitable 
values of excitation level A.  The other three 

para meters were selected as a result of test ex-

perience with many cores.  The final values se-

lected are given in Table I. 

A certain degree of arbitrariness is inevita-

ble in deter mining points A and B, the limits of 

the linear range.  Here points A and B are se-

lected as those points at which the characteristic 
curve deviates by a specified amount fro m the 

straight line through the linear range, as shown 

in Figure 2.  The deviation is specified as 0.02 

AT/in for the high-nickel and low-nickel alloys 

and as 0.1 AT/in for the silicon-iron alloy.  In 

every case choices were made to yield conserva-

tive results for the nu merical data. 

Interpretation of Curves 

Fro m Figure 2, it is seen that the character-
istic curve is si milar to the right hand side of a 

dyna mic hysteresis loop.  For data on magnetic 

materials: 

Vo corresponds to Bm  - Br.  Low values of 

Vo correspond to rectangular loop 
materials. 

(0. Vc) are the coordinates which correspond to 

the origin of the dyna mic hysteresis loop 

Vs corresponds to 2 Brn  

corresponds to the slope of the linear por-

tion of the dyna mic hysteresis loop, or to 
the maxi mu m value of lid. 

corresponds to the limits of the linear 
range 

Hc corresponds to the coercive force of the 
material at the test frequency. 

It is also possible to relate the design of a 

large class of magnetic amplifiers to the infor ma-
tion given by the characteristic curves and the 

tables.  Roberts2 has obtained close agree ment 

between calculated and measured curves for a 

half-wave magnetic amplifier whose load imped-

ance is high with respect to the inductive effect 

of the gate winding when the core is saturated. 
With reference to magnetic amplifiers, it is evi-

dent that Vo corresponds to the level of out-put 
voltage at zero control current and Vs corres-

ponds to the maxi mu m output voltage or the power 
handling capacity of the magnetic amplifier.  S 

corresponds to the gain of the magnetic amplifier 

using this core material.  The greater the slope 
the higher the gain.  For magnetic amplifiers 
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with high impedance control windings the slope 

should be directly proportional to the gain. 

Co mparison of Magnetic Alloys 

Detailed co mparisons of different alloys are 

not justified, because of differences in processing 

and in te mperatures of anneal.  However, several 

general co m ments can be made. 

So me major di.f- -ences among the vario = 

magnetic alloys are s. ,wn in the curves of Figure 

3.  Thus the Hy mu 80 alloy saturates at low 

values of DC control (low He), with a high gain 

but a low value of saturation voltage.  The 

Orthonic alloy saturates at inter mediate values of 
DC control with a lower gain but at a higher sat-

uration voltage.  The Crystalligned silicon-iron 
alloy saturates at high values of DC control with a 

high value of saturation voltage, but the gain is 

quite low. 

Reference to tables II, III and V substantiates 

these conclusions.  One can use Hy mu 80 and get 
increased sensitivity (gain) at the expense of 

power handling capacity.  Or one can use silicon-
iron alloy and sacrifice gain to obtain high power 
handling capacity.  (Note that the modified 37DU 

lamination of silicon-iron is particularly favor-
able in power handling capacity.) Orthonic co m-

bines the better features of both alloys at the ex-

pense of higher He and lower gain than the Hy mu 

80 alloy. 

The Hy mu 80 and Carpenter 49 alloys give 

the lowest values of He and also the highest gains 
in the Z mil thickness.  The Orthonic alloy gives 

the longest length of linear range D and, in the 

wrapped cores, the lowest value of Vo.  The 

silicon-iron alloy exhibits the highest saturation 

voltage Vs, particularly for the modified 37DU 

laminations. 

Tables III and IV per mit a co mparison of the 

effect of orientation on 50% nickel alloys. 
Orthonic alloy (Table III) shows strong grain 
orientation while Carpenter 49 alloy (Table IV) 

does not.  The principal effect of the orientation 

see ms to be in higher value of saturation voltage 
and in the higher gains for the Carpenter 49 alloy. 

The other differences in the tabulated values are 
largely explained by the lower te mperatures used 

in annealing the Orthonic material. 

Comparison of Wrapped Cores, 
Sta mped Rings, and La minations  

Figures 4 through 7 illustrate the effect of 

various shapes upon the nor malized characteris-

tic curves of different alloys, and tables II 
through V give more extensive data. [It should be 

emphasized that all these curves represent re-

sults on material now available in co m mercial 
production and are not values obtainable only 

fro m materials specially selected in the labora-
tory.  As such, these curves do not, of course, 

represent the ulti mate results obtainable] To 
per mit valid co mparisons, all the sa mples listed 

in each table and represented on each curve 

sheet were given the sa me type anneal at the 

sa me top te mperature. 

In general, the curves and tables show that 

the wrapped cores have the highest gain S, the 
highest saturation voltage Vs, the lowest inter-

cept Vo, and, for Orthonic only, the longest 

linear range D.  The rings have the longest 
linear range D, (except for Orthonic), the lowest 

Hc, and gains al most as high as the wrapped 

cores. 

For the DU la minations, the corresponding 

values are higher than was anticipated -- an 

indication that iuch la minations are feasible 

wherever high sensitivity is not a pri mary re-
quire ment.  The DU la minations per mit easy 
adjust ment of stack height and are less expen-

sive.  Figure 6 shows that the DU la minations 
are superior to the EI la minations; further, the 

variations after restacking are much greater for 

the EI la minations than for the DU la minations. 

Effect of Material Thickness 

It is evident that as magnetic material be-

co mes thinner, it beco mes more subject to sur-
face conta mination and to mechanical distortion. 

For thicknesses below 4 mils, in particular, it 

is al most impossible to isolate the mechanical 
and magnetic properties.  This fact tends to 

limit the use of la minations, which must be 
stacked, to thicknesses of Z mils and greater. 

Conversely, when it is necessary to use material 
thinner than Z mils, as for high frequency appli-

cations, the use of wrapped cores is indicated. 

As a matter of practice, the opti mu m 
anneals for the sa me alloy in different thicknesses 
are so mewhat different. 

The curves and tables indicate several im-

portant trends in the design variables with 
changes in thickness.  In general, as the ma-

terial beco mes thinner, the gain S increases, 

the saturation voltage V, increases, and He 
decreases -- all desirable trends, counter-
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balanced in part by the increased cost and the 

mechanical weakness of thinner materials.  (The 

few exceptions to this general trend are for the 2 

mil la minations, and, therefore, are probably 

due to mechanical distortion.) 

For thinner sa mples of the Hy mu 80 and 

Orthonic alloys, the length of linear range D 

does increase slightly, but no corresponding 

general increase is evident for the Carpenter 

49 and silicon-iron alloys. 

Effect of Modifying DU Di mensions 

It has been suggested that a more desirable 

flux distribution and better saturation character-

istics can be achieved by modifying the di men-

sions of the DU la mination.  To test this sugges-

tion, several sa mples of silicon-iron alloy were 

modified as shown in Figure 8 to change the leg 

cross-sectional area considerably while reduc-

ing the path length only slightly. 

Many sa mples were prepared and tested. 

Typical results, as given in Table V and 
plotted in Figure 8, show that this modification 

does indeed produce superior perfor mance for 

silicon-iron alloy.  For exa mple, as co mpared 

to the regular DU la mination, Table V shows 

that the modified DU la minations exhibit higher 

gain S. higher saturation voltage Vs, and a 

longer linear range D, the only disadvantage 
being an increase in Hc. These conclusions 

apply for both thicknesses investigated. 

Conclusions 

1.  The constant-current flux reset test method 

is described and used to obtain data for 

co mparison of co mmercially available mag-

netic core materials in various shapes and 

thicknesses. 

2.  Test results are nor malized for greater 

usefulness in the design of magnetic ampli-
fiers, and typical characteristic control 

curves are plotted. 

3.  For purposes of tabulation, quality control, 

and production testing, the essential fea-

tures of the characteristic curves are co m-
pressed into six nor malized nu mbers:  Vo, 

S, V5. D, Hc, and Vc, as illustrated in 
Figure 2.  These basic nu mbers are tabu-
lated for Hy mu 80, Orthonic, Carpenter 49, 
and silicon-iron alloys. 

4.  Three different alloys are co mpared in 

Figure 3.  The Hy mu 80 and Carpenter 49 

alloys have the lowest Hc vales and, in the 
2 mil thickness, also exhibit the highest 
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gains S.  Orthonic alloy gives the longest 

length of linear range D, and, in wrapped 

cores, the lowest values of Vo.  The sili-

con-iron alloy has the highest saturation 

voltage Vs (particularly for the modified DU 

la minations) but the lowest value of gain. 

In general, it is necessary to sacrifice 

power handling capacity to get increased 

sensitivity, and conversely. 

5.  In selecting shapes, the following general 

state ments apply:  All else being equal, 

wrapped cores have the highest gain S, the 

highest saturation voltage Vs, the lowest 

intercept Vo , and, for Orthonic only, the 

longest linear range D.  Punched rings have 
the longest linear range D (except for Or-

thonic), the lowest Hc and gains al most as 

high as the wrapped cores.  Values for the 

DU la minations, while lower, are co mpeti-

tive for many applications. 

6.  In general, as a magnetic material beco mes 

thinner, the gain S increases, the saturation 

voltage Vs increases, and Hc decreases; 

however, cost increases, and surface con-

ta mination and mechanical distortion be-

co me serious proble ms. 

7.  It is possible to obtain superior perfor m-

ance fro m regular 37DU la minations of 
silicon-iron alloy by modifying the di men-

sions as shown in Figure 8.  The modified 
DU la minations have higher gain S, higher 

saturation voltage V. and a longer linear 

range D, at the expense of an increase in 

Hc.  Co mparison curves are plotted in 

Figure 8, and nu merical values are given 

in Table V for both thicknesses investigated. 
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TABLE I 

SPECIFIED PARA METERS FOR VARIOUS ALLOYS 

400 Cycle Tests 

Alloy 

79% Nickel 

50 % Nickel 

Ampere Turns Per Inch  Millivolts per turn per inl 

DC Control  Departure 
Peak  for  fro m  Production Test Values 

Excitation  Saturation  Linearity  Lower Voltage  Upper Voltage 

A  Hs VI  V2 

500  800 
4.0 

(2 oersteds) 

4.0 

(2 oersteds) 

1.2 0.02 

1.2  0.02 

Silicon-Iron  8.0  3.0 

(4 oersteds 

63 

700  1100 

0.1  700  1300 



TABLE II 

NOR MALIZED DATA FOR HY MU 80 ALLOY IN 
VARIOUS SHAPES AND THICKNESSES 

Shape Thickness  Vo D (%) 

(mils) 

Vc 

Wrapped Cores  2  280  32.0  1200  51  o. 11  600 
6  290  6.0  1100  48  0.12  600 

Rings  2  290  40.0  1280  59  0.10  700 

6  310  5.8  1230  55  0.12  700 

1DU La mination  2  410  4.4  1130  39  0.15  700 

6  360  3.6  1150  41  0.15  650 

TABLE III 

NOR MALIZED DATA FOR ORTHONIC ALLOY IN 

VARIOUS SHAPES AND THICKNESSES 

Shape  Thickness  Vo S  Vs D (%)  Hc  Vc 
(mils) 

Wrapped Cores  2  135  7.1  1850  73  0.66  950 

4  143  5.6  1800  71  0.67  990 
6  130  4.9  1750  75  0.82  950 

Rings  2  300  6.6  1750  61  0.58  1000 
4  275  8.2  1660  60  0.55  920 
6  260  4.8  1630  58  0.62  880 

1DU La minations  2  320  2.3  1450  63  0.77  950 

4  330  3.1  1600  49  0.73  970 

6  225  3.3  1800  54  0.70  1050 

37DU La mination Reg.  4  325  4. 8  2100  45  0.55  1200 
37DU La mination Mod.  4  345  4.6  2120  45  0.55  1200 

TABLE IV 

NOR MALIZ ED DATA FOR CARPENTER 49 ALLOY 
IN VARIOUS SHAPES AND THICKNESSES 

Shape  Thickness  Vc.  S  Vs  D (%)  Hc  Vc 
(mils) 

Wrapped Cores  2  265  13.0  1920  57  0.27  910 

6  245  5.6  1510   60  0.34  815 

Rings  2  320  10.5  1800  57  0.23  950 
6  260   6.0  1820  59 0.34  945 

1DU La minations  2  460  5.0  1850  45  0.24  1015 
6  405  4.3  1510  35  0.40  980 

75E1  6  360  2.6  1300  43  0.26  740 

614 
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TABLE V 

NOR MALIZED DATA FOR SILICON IRON ALLOY 
IN VARIOUS SHAPES AND THICKNESSES 

Shape Thickness 

(mil) 
Vo  S  Vs  D( %) Hc Vc 

Wrapped Cores  4  390  3.4  2030  44  . 82  1100 

14  200  Z. 1  2090  51  1.02  900 

Rings  4  270  1.4  1880  64  .96  950 
14  300  .80  1640  60  1.10  920 

1DU La minations  4  690  .88  1700  35  .72  1100 
14  510  .68  1690 61  .92  1050 

37DU La minations Reg.  4  590  . 73  1970  48  . 78  1085 
14  590 .40  1780  42  1.42  1270 

37DU La minations Mod.  4  450  1.4  2300  67  . 99  1340 
14  660  .53  2160  53  1.55  1530 
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THE HOLLOW CATHODE IN CYLINDRICAL GEOMETRY 

B. D. Kumpfer and Herbert Brett 
Signal Corps Engineering Laboratories, Belmar, N. 

Summary--A form of the hollow cathode is described 
which provides a radial electron team of small axial 
extent.  Experimental investigation of such cathodes 
ineicates that emission densities of several amperes 
per square centimeter are obtainable and that such 
emission is stable because the shielded position of 
the coating renders it immune to ion bombardment and 
electron back bombardment.  Evidence is presented 
which indicates that all parte of the hollow cathode 
contribute to the total emission observed from hol-
low cathodes. 

The so-called "hollow cathode", in which elec-
tronic emission is produced from a small aperture 
in a heated metal enclosure coated on its inner sun-
face with a thermionic emitting material, has been 
investigated both theoretically and experimentally 
by several workers.  Pencil beams having current 
densities of tens of amperes per square centimeter, 
when calculated on the basis of the aperture area, 
have been produced.  The behavior of emitters of 
this type differs fundamentally from that of con-
ventional space-charge limited emitters as given 
by the well known Child-Langmuir three-helves power 
emission law in that the current varies linearly 
with voltage over the major portion of the charac-
teristic, end true temperature-limited saturation 
is not reached in practical cases.  Another peculi-
arity of hollow cathodes is that the beams so pro-
duced conform to the shape of the orifice in cross 
section and are hollow under some conditions.  Typ-
ical geometries investigated previously are indi-
cated in Fig. 1.  These include the hollow sphere 
and the hollow cylinder.  Analytically, the hollow 
sphere has been subjected to the closest scrutiny 
because of its mathematical simplicity. 

To date, the mechanism of thermionic emission 
from such cathodes is even less perfectly under-
stood than conventional emission phenomena.  The 
cross-section of the beams suggest that emission 
occurs principally from the periphery of the hole 
and is enhanced by the increased electric field 
gradient at the edges.  According to this simple 
concept, the role of the structure behind the aper-
ture is merely to act as a dispenser to replenish 
the emitting material as it is depleted in the 
region of the edges.  In this case, the geometry of 
the enclosure is relatively unimportant. 

A more sophisticated theory to explain the be-
havior of the hollow cathode has resulted from an 
analysis by H. S. Wu, Von Foerster and others at 
the University of Illinoiak  This approach postu-
lates the generation of 8 stable electron gas cloud 
within the isothermal sphere having a maximum elec-
tron density adjacent to the surface, a potential 
maximum at the center of the enclosure, and en eleo-
tric field intensity of several hundred volts per 
square centimeter at the inner surface of the sphem 
Wu computes the total pressure acting on the walls 
of the sphere as the sum of the electrostatic pres-
sure and the pressure due to the kinetic energies 
of the electrons and shows that if a hole is made 
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through the surface of this "thermionic teakettle", 
a copius stream of electrons will flow from the 
aperture.  It is also shown that the apparent depth 
of the electron shell within the sphere is rela-
tively small; being only 3 x 10-4  centimeter in an 
example considered. 

The hollow cathode of the pencil beam type 
just described has possible applications in cathode 
ray devices such as klystrons, traveling wave tubes, 
and display tubes.  Its advent suggested the possi-
bility ofcther types for other purposes.  Workers 
at the Signal Corps Engineering Laboratories at 
Belmar, N. J., recently became interested in a 
form of the hollow cathode to produce a radial 
electron beam.  This type is of interest because of 
its potential application to magnetrons, resnotrons, 
radial beam klystrons, and radial beam display 
tubes.  An experimental investigation of the char-
acteristics of hollow cathodes for producing such 
teams is the subject of this paper. 

The geometry of the radial beam hollow cathode 
is shown in Fig. 2.  As indicated, this shape may 
be thought of as being generated by revolving a 
spherical pencil beam hollow cathode about the axis 
shown.  The result is a toroidal enclosure with a 
circumferential slot around the outer surface. 
When an electron gun of this kind is used in con-
junction with a cylindrical anode, a radial stream 
of electrons which is thin in the axial direction 
results.  Actually, in the experimental embodiment 
used, a half-torus with a slot in the outer flat 
surface was employed for ease of fabrication.  A 
practical tube incorporating this form is shown in 
Fig. 3.  The cathode is divided in the plane of 
the slot to facilitate spray-coating the inner sur-
face.  The emitter is heated indirectly by a con-
ventional alumina insulated tungsten wire heater in 
the base. . A heat shield was employed to conserve 
heating power.. 

A cylindrical anode of 80 x 80 nickel screen 
was used in these experimental diodes and the inner 
wall of the glass envelope was coated with willi-
mite to permit inveatipation of the beam cross-
section.  The magnified image.of the screen mesh 
made obse rvation of the beam dimensions possible. 

In order to study the effects of aperture 
geometry, experimental diodes were constructed with 
gaps of .005, .010 and .015 inch.  Also, since the 
electric field distribution near the aperture was 
assumed to be important, some tubes were built with 
outwardly flared edges to enhance the gradient. 
Gaps of .010 and .015 inch were tried. 

The tubes were processed in accordance with 
modern vacuum techniques.  Rigorous oven bake-out 
at 450°C. followed by the outpsasing of internal 
metal parts by radio-frequency heating was employed. 
Getters were incorporated in all tubes.  The acti-
vation of the hollow cathodes was normal except 
that there was a marked absence of poisoning effects 



usually encountered during activation at higher 
voltngov.  Stable emiseion was rapidly reached. 

Fig. 4 shows the thermionic performance of a 
typical radial team hollow cathode.  The slot width 
is .005 inch and the cathode diameter is .2c0 inch 
as indicated in the figure, raking the aperture 
area .025 square centieeter.  Fission current den-
pity as a function of anode voltage is shown for 
severel cathode terperaturee.  It eill first t-a 
noted that the chnrectorietic is essentially linear 
over cost of the range investigated here rather 
than following the three-halves power law dictated 
by space-charge limitation.  Secondly, the current 
density is considerably greeter than that predicted 
by the Child-Iangruir law for an equivalent diode, 
as shown dotted in the figure.  It will alto Is 
noted that a change in writter temperature changes 
the elope of the esitsion line, rather than extend-
ing the current value at which saturating, is renche 
as in the conventional space-charge netted case. 
In this respect, the emission of the hollow cathode 
resembles the tem perature-limited portion of the 

normal diode curve. 

Within the limits of experirental (error and 
discounting the variation from tube to tube due to 
differences in thermionic activity, the total cur-
rent obtained was nearly independent of elot area 
and shape.  Therefore, the greatest current densi-
ties were observed in tubes with the smallest gaps. 
There was no measurable irprovement in esirsion in 

tubes with flared apertures. 

The electron boar produced by the cylindrical 
hollow cathode, as viewed on the willerite screen, 

appeared double at low current densities and low 
cathode teeperstures.  Small mechanical irregulari-
ties in the aperture edges were visable in the 
image.  At higher current densities, the hollownese 
of the electron stream could not be verified due to 
smearing of the irage by stray secondaries.  The 
width of the team at the anode could be measured 
since the irage of the screen mesh was clearly vir-
ale on the willemite.  The team for the .00  inch 
slot tube was approximately twelve tires that width. 
It war not deterrined if this divergence is due to 
the inherent ballistics of the cathode or the diver-
gence of the electric field.  The team width was 
essentially independent of current density, indi-
cating that external space charge does not play an 
important part in producing the observed divergence. 

Since the two most prevalent concepts as to the 
mechanism of emission frau hollow cathodes differ 
principally in the relative roles of the eeiseion 
fror the aperture edges as compared to that from 
the reraining parts of the structure, as experimen-
tal effort was made to isolate these regions. 
First, several tubes were constructed in which the 
coating was omitted from the flat surfaces adjacent 
to the apertures.  Such tubes behave poorly when 
processed in the manner described above.  Activation 
was slow and there was a rarked tendency toward 
eeission poisoning during activation.  Current den-
sities observed were consideratly below the theoret 
ictl performance of an equivalent diode. 

Another experimental tube was then constructed 

in which it war possible to observe the emiesion 
from the slot alone, without electron contribution 
from the back structure.  The construction of this 
tube is illustrated in Fig. 5.  The emitter is a 
directly hented alanar strip filament of thin 
nickel foil with a slot aperture of the rare area 
used in the cylindrical tubes.  Emitting raterial 
was applied only on one side in a thin strip on 
either edge of the slot.  A planar anode is dis-
posed on the uncoated side of the heater element 
and a concave element intended to simulate the back 
part of the hollow cathode was placed on the coated 
side.  Current could then te drawn through the slot 
to the anode or directly to the unheated "reflector" 
electrode for comparison purposes. 

Fig. b compares the current drawn directly to 
the tack electrode with that through the slot on a 
relative current density basis, assuming that the 
area of the coated portion is approxieutely ten 
tires that of the slot.  These data were taken at 
low cathode temperature to produce reflector cur-
rent saturation before the dissipation of that elec-
trode was exceeded.  At this temperature, the cur-
rent to the anode behaves in a manner similar to 
the direct emission to the reflector.  The moat 
striking difference observed was the absence of 
poisoning during activation when current was drawn 
through the slot to the anode.  Poisoning was ex-
perienced when current was drawn directly to the 
tack electrode.  Evidentiy, the shielded positi on 
of the costing renders it t une to ion bombardment 

from the cathode-anode region. 

The effect of impressing an electric field be-
tween the reflettor and the emitter is shown in Fig. 
7.  Holding the anode voltage cons tant, it was 
found that the anode current increased when the 
flector was made positive with respect to the 
emitter, and decreased when it was made negative. 
This effect is shown in another form in Fig. 8, 
where anode current is shown as a functi on of anode 
voltage for various reflector conditions.  Here it 
is seen that the characteristic tecoees rore linear 
when -urrent is drawn to the reflector.  This bar 
nearly the rare effect as raising the cathode tem-
perature as shown by the straight line above.  A 
three-halves power curve is also shown dotted for 
coeparieon and the theoretical curve for an equiva-
lent planar diode is shown below.  Note that the 
emission through the slot is about ten tires the 
theoretical current based on the aperture area, in-
dicating that the entire coated area is contributing 
to the total emission. 

rw - 

Frog there exper iments one can dame the follow-

ing conclusions: 

a. 
vides a 
density 

That the radial tear hollow cathode pro-
source of electrons of moderate current 
in a radial team of small axial extent. 

b.  That the activation of cathodes of this 
tyre is simplified by the fact that the emitting 
surface is essentially shielded from ion tomterd-
rent and that this feature should also make it use-
ful in magnetron tubes where tack boetardrent of 
the emitting surface by electrons is a problem. 
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c.  That, although emission from the edges of 
the aperture plays a dominant part in causing the 
emission curve to depart from the three-halves power 
law, it does not account for the high current den-
sities observed. 

d.  That the contribution of electrons from 
the tack structure is important in providing high 
current densities. 

Fig. 1 

Fig. 2 

S. 
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BOX80Ni MESH 
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Fig. 3 - Construction of radial hollow cathode. 

e.  That emission from the hollow cathode re-
sembles temperature limited emission more nearly 
than space charge limited emission. 

1H. S. Wu and H. M. Von Foerster, "Thermodynamics 
and Statirtics of The Flectron Gas", Part I, Uni-
versity of Illinois Technical Report No.3-1;Oct. 195( 
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Fig. 5 - Construction of planar slot tube. 
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rHE MACHINING OF TUNGSTEN AND ITS APPLICATION IN THE 
FABRICATION OF PHILIPS DISPENSER CATHODES 

Roberto Levi 
Philips Laboratories,Inc. 
Irvington-on-Hudson,New York 

In a paper1.) presented by this author 
at last year's National Convention of the 
Institute of Radio Engineers, some of the 
advantages of the new "impregnated" cathode over 
the "L" cathode were discussed.  A comparison 
of the two cathodes, in both their planar and 
cylindrical versions, is shown in Figures 1 and 
2.  The most important component of both the "L" 
and impregnated cathodes is a tungsten part which 
has been sintered to a high density and has 
accurately controlled dimensions, porosity and 
gas permeability; its outer surface is the em-
itting area. 

In the past, tungsten sintered to the 
required high density, that is in the neighbor-
hood of 80 - 85% of the theoretical value,could 
not be machined; the combination of hardness and 
brittleness of the material at ordinary temper-
ature plus the difficulties inherent to the 
machining of most sintered porous bodies made 
this impossible.  Therefore the parts, depend-
ing on their size and shape, were preformed 
either by pressing tungsten powder in a die, 
or by machining them from a partly sintered 
and very porous bar having a density of the 
order of 55% of the theoretical value.  In the 
latter case, because of the very weak bond be-
tween the particles, these were torn out in 
clusters during the machining operation rather 
than cut and therefore smooth surfaces could not 
be obtained.  Whether preformed by pressing 
tungsten powder in a die or by machining from a 
presintered ingot, the parts were then sintered 
to the required degree.  During this final 
sintering operation, considerable shrinking and 
warping occurred making it exceedingly difficult 
in most cases to attain the required shape and 
dimensions. 

The author has developed a technique2) 

for machining tungsten ingots sintered to a high 
density by which parts of specified porosity,can 
be made in shapes and with tolerances comparable 
to those possible with steel or brass.  Since 
the tungsten has been sintered to the required 
degree before machining, the problem of shrinking 
and warping is eliminated. 

Basically, the technique consists in 
first infiltrating the fully sintered porous 
ingot with a metal which complies with the follow-
ing requirements. 

a) at a temperature somewhat higher than its 
melting point it must be capable of wett-
ing tun sten and of penetrating the porous 
body by capillary action; 

b) both the infiltrant and tungsten should 
be mutually insoluble not only below but 
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also above the melting point of the in-
filtrant and should form no alloys in the 
metallographic sense; 

0) it should act as a lubricant during the 
subsequent machining step. 

Gold, copper and alloys of the two in all pro-
portions appear to conform best to the above 
requirements. 

The second step in the process is 
the actual machining of the impregnated body. 
Since the infiltrant acts as a filler and as 
a lubricant, it will prevent the tearing out of 
particles, burnishing and extremely high tool 
wear which would otherwise occur. 

Finally, the infiltrant is removed 
by volatilization, thus restoring the density 
and porosity of the machined part to the original 
values established for the tungsten during the 
sintering operation. 

While the infiltration step is 
similar to that employed in the manufacture of 
certain types of electrical contact materials, 
its purpose, as we have seen, is quite different. 
Moreover, the successful practice of the entire 
technique imposes a number of additional require-
ments. 

For example, the impregnation must 
be carried out with the greatest care, for if a 
small portion of the body is not properly in-
filtrated, breakage of the tungsten or of the 
tool may result.  Furthermore, in order for 
the machined hart to retain dimensional stability 
and proper porosity the tungsten ingot must first 
be sintered for a sufficient length of time at a 
temperature considerably higher than the highest 
temperature to which it will be subjected during 
infiltration, evaporation of the infiltrant or 
other required steps such as dathode activation 
and operation.  This is achieved by the proper 
combinstion of factors such as characteristics 
of the tungsten powder, pressure used in forming 
the bars and dew point of the sintering atmos-
phere, so that the required sintering temper-
ature will be within a convenient range. 

It should also be noted that not 
all the metals used as infiltrants in contact 
materials are best suited in connection with 
the technique described in this paper and vice 
versa. For instance, while the high electrical 
conductivity of silver makes this metal highly 
desirable in contact materials, silver is not 
as satisfactory as copper or gold in our case, 
since at temperatures above its melting point 
it shows a slight solubility for tungsten. The 



peprocipitation of tungsten onto the larger 
grains, which takes place upon cooling,changes 
somewhat the desired porosity attained during 
the sintering operation.  On the other hand, the 
use of gold as the infiltrent in contact materials 
is normally prohibitive in view of its cost, but 
for our application it is probably the most suit-
able metal; since the gold is subsequently re-
soved by volatilisation and nen be recovered, 
its cost factor hecoeos negligible. 

Details of the technique are illus-
trated by the following typical example: 

1) Tungsten powder having the characteristics 
shown in Tales 1 is pressed into bars at 
2,000 Kg/ca  and presintered for teenty 
minutes at 1100°C Br to permit subeequent 
handling; its density at this stage is 
about SS% of the theoretical value. 

2) The ingots are Ilhen sintered for twenty 
minutes at 2400 C Pr in an ataosohere of 
cracked anhydrous saaonia.  During this 
stage considorahle shrinkage and warp:meat 

occurs and the density of the ingot 
reaches • value of It - R41. 

The sintered ingots are nett ispregnatod 
with copper at 11S0°C Br for • period of 
not less than 10 *Sautes in the nage cf 
ingots 1/As  1/R°: larger ineots require 
a longer ierregnating time.  This is 
carried out in a hydrogen atmosphere by 
plecine the ingot horisontally on top of 
a weighed amount of OFIIC coprer.slightly 
in excess of the asount which nen in-
filtrate the pores: in this particular 
oas• 81 to 1(1 of the weight of the 
tungsten.  The temperature is slowly 
raised to • point slightly below the 
melting point of the isprognant and hold 
there • few minutes to permit the in-
terior of the ingot to attain the same 
teaperature as the surfa-o.  When the 
temperature is finally raised to llsOct 
Br the solten copper will penstreto the 
tungsten body from' the bottoe by capillary 
action, • vro.!ess facilitated by the flua - 

ing action of the hydrogen. 

4) After cooling the isprognated her is 
machined with carbide or high speed 
steel tools and all normal machining 
operations are possible. 

No tungsten grains can be detected under 
aicroscopic examination cf a freshly 
machined surface since a thin copper 
film has s.eared over the entire area. 
If, however, the copper file is 
chemically removed frog the surface 
of the machined grains the smoothness 
and flatness of the grains indicate 
that they have actually been cut out 
by the tool and not ..rely torn out. 

5) Finally the copper is volatilised by 
heating the machined parts in a vacuum 

1) 

furnace at 1800 - 10100°C Br.  The re-
sulting parts under spectroscopic ex-
amination show only an w.tresely faint 
trace of copper and no shrinkage has 
taken place since the tungsten franc 
had previously been sintered at • wuch 
higher temperature,namoly, 2400°C Pr. 

The.. various stages are illustrated in Figure 1. 
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Referring now to Figure 4, there 
is illustrated therein a photomicrograph of a 
polished section of the tungsten surface, after 
resoval of the copper.  As can be seen, the 
 re pore size is of the order of • fee 
microns and .hen the material Is used in Philips 
Dispenser Cathodes all of the surface should 
contribute to the eeission since the maximum 
distance beteleen pores iq very small compared 
to the migration length 'of barium on tungsten. 

The technique described allows the 
fabrication of tungsten parts having • density 
up to slightly less than 0101 of the theoreti cal 
value.  While all normal machining operations 
can be carried cut with relative ease in the *ass 
of 'material of density up to about B$, further 
increases in density will make the machining pro-
gressively sore difficult, because of • rapid 
Inc rease in the percentage of non-conneeting 
pores which cannot be infiltrated.  However, 
since in cathode applications • tungsten part 
suet here • large pereentago of intereonnecting 
pores, the technique is atequmte for the fabri-
cation of mathodos having the highest densities 
which say be required. 

It is also interesting to note that 
this process allows the asseebly of magnetron 
cath odes of the °Ispregnated ° type by screwing 
directly the tungsten omitting sleeve to the 
solybdenum end pieces as can be seen in Figure 5. 
Furthersore, the emitting surface of planar type 
cathodes can be looped to • flatness within • 
few fringes of sodium light which arrears to be 
quits advantageous in • nueber of arplications. 
Since the lapping operation is carried out before 
volatilisation of the filler aetal, the pores 
of the tungsten body have no tendency to close 
up.  In addition the now technicue allows 
fabrication of evtreeely fine parts which 
coull not previously be made either by pressing 
in a die or by machining the presintered ingot 
because of the inherent weakness of the 

material. 

While the min application of the 

technique described has so far been in the 
fabrication of Philips Dispenser Cathodes, it 
is expected that new uses will develop in 
other fields. 

1) 
R.Levi, 'New Dispenser Type Thermionic 
Cathode  1053 I.R.E. Convention Record, 

Part 6, pp,40-42. 



2)  3) 
R.Levi, U.S.Patent No. 2,669,008 Feb.16,1054.  E.S.Rittner and R.H.Ahlert, Private communication. ' 

(a) (u; 

Fig. I 
(a) planar type L-cathode; 

(b) planar type impregnated cathode. 

(a) 

Fig. 2 
(a) cylindrical type L-cathode; 

(h) cylindrical type impregnated cathode. 

ELUTRIATION ANALYSIS 

FRACTION NO.  PER CENT  EQUIV. PARTICLE RADIUS 

29  )6p. 

2  25 

3  II 
4  13 

5  22  (2/4, 

SCOTT DENSITY 68.4 GRAMS PER CUBIC INCH 

Table I - Characteristics of tungsten powder. 

Fig. 3 
(a) pressed and presintered tungsten ingot; 

(b) similar ingot after high temperature sintering; 
(c) copper impregnated sintered ingot; 

(d) pure tungsten mcahined part made by new 
method shows turning, drilling and threading. 
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Fig. 4 
Photomicrograph of tungsten surface after 

removal of filler metal. 

Fig. 5 
Threaded magnetron cathode parts and their 

assembly by screwing. 

THE GE POST ACCELERATION COLOR TUBE 

C.G. Lob 
General Electric Company 

Syracuse, New York 

ABSTRACT 

The tube to be described is a high brightness, 
high-definition color tube using three electron 
guns and a viewing screen consisting of vertical 
phosphor stripes alternating red-green-blue, red-

1 

'r 

green-blue, etc. 
Performance data obtained from developmental 

models of this tube will be presented and many of 
the advantages of such a device pointed out. 
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AMPEREX TYPE ElT DECADE COUNTER TUBE 

Irwin Rudich 
Amperex Electronic Corporation 

Hicksville, L.I., N.Y. 

The ElT is a cathode-ray tube having roughly 
the dimensions of radio receiving tube and opera-
tion with a supply voltage of only 300 V. Accord-
ing to the number of counting pulses applied, its 
ribbon-shaped electron beam is shifted in a hori-
zontal plane. and passes in succession through the 
ten apertures of a cylindrical anode, thus imping-
ing on the fluorescent layer with which the envel-
ope is lined. The number of pulses can thus be 
read on the outside of the envelope, by means of a 
rectangular luminescent spot appearing opposite 
one of the figures 0 to 9 indicated on the circum-
ference of the bulb. 

As the last position is passed, the beam is 
reset to its zero position and a counting pulse is 
applied simultaneously to the following tube. With 
several ElT tubes in cascade, any number can thus 
be read directly, the first tube counting the units, 
the second the decades, the third the hundreds, etc. 

In this paper the basic operation of the ElT 
is described, as well as the principles of 30 kc, 
100 kc and 2 megacycle counting circuitry. A note 
on predetermined counting and resolving time for 
random pulses is also included. 

This tube was developed at the Philips Re-
search Laboratories in Eindhoven, Holland, by Dr. 
J.L.H. Jonker and co-workers. Amperex Electronic 
Corporation is distributing and furnishing tech-
nical service on this tube in the United States. 

The electrode system used in this tube and 
its symbolic representation, may be seen in Fig. 1. 
We see it has a cathode, control grid, beam form-
ing electrodes, accelerating electrode, deflection 
plates, a slotted screen,. anode and fluorescent 
coating on the inside of the glass wall. We also 
notice 2 screen grids, used to suppress secondary 
emission as in an ordinary pentode. The cathode, 
control grid, beam forming electrodes, accelerat-
ing electrode, and deflectors constitute an elec-
tron gun which forms a ribbon-shaped beam focused 
on the slotted screen. The deflection plates serve 
to position this beam on the slotted screen. The 
screen has 10 slots from one edge of the screen to 
the other. The currant which passes the screen 
then is adjusted by the slot area to vary accord-
ing to which slot the beam is focused on. This 
current is received by the anode and thus a de-
pendence of anode current on the deflector plate 
voltages is established. The anode itself has 
small apertures which allow a portion of the beam 
striking the plate to pass on to the fluorescent 
screen and give a visual indication of the elec-
tron beam position. 

In Fig. 2 we can see a representation of the 
mechanism of the formation of the anode current 

characteristic. Fig. 2(a) is obtained when the 
slots in the screen are as shown in the sketch, 
while Fig. 2(b) shows what will occur when a hori-
zontal slot is placed in the slotted screen under 
the vertical slots on the lower left side. 

Now let us connect the tube as shown in Fig. 
3 and measure the anode current la as a function 
of the common voltage applied to the anode and de-
flector plate D' while deflector D is held at a 
fixed voltage. The curve, shown in Fig. 4 is ob-
tained when these results are plotted. It may be 
seen that the current increases with an undulatory 
motion as the deflector voltage is decreased. If 
in addition we insert a resistor of appropriate 
size in the anode lead, supply it from the 300-
volt line and draw its load line as in Fig. 4(a) 
all the undulations are intercepted. There are ten 
stable and nine unstable intersections. It may 
easily be seen that such a position as a is stable, 
for if the beam moves slightly to the left, the 
current decreases, and the voltage on the deflector 
anode increases. This change in voltage is of the 
right nature to return the beam to its original 
position. Just the opposite happens in an unstable 
position, b. 

The current to the auxiliary anode A' as the 
deflector plate voltage varies is also shown at 
the left of the figure. 

One other point may be noted on this curve. 
That is the differences in voltage between two 
stable points on the curve. This is approximately 
lh volts and is the voltage which is necessary to 
move the beam from one slot to the next slot, that 
is to count onc. 

In Fig. h(b) we see that by increasing the 
right deflection plate voltage 14 volts, the beam 
is in the stable position C' corresponding to num-
ber I while the anode and right deflection plate 
voltage are still at the value corresponding to 
point a or number 0 (230 volts). 

If the voltage on left deflection plate D is 
slowly increased, the beam will move in such a 
direction as to decrease the anode current. In 
turn this will cause the voltage on the anode and 
right deflection plate D' to increase and try to 
maintain the voltage difference between D and D' 
constant. This keeps the beam in the slot. This is 
simply a restatement of the stability criterion. 
Turn now to Fig. 5. Because there is a shunt capa-
citance associated with the anode, a rapid rise in 
the potential of D cannot be followed by D' and 
the beam will jump to the next slot. In order to 
maintain the beam in this position, the pulse must 
not decay faster than the anode voltage can change. 
As the pulse on the left deflection plate decays 
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the anode current increases causing the voltage on 
the anode and D' to decrease. As D returns to its 
rest potential of 156 volts, D' decays to a new 
value roughly 114 volts lower than its value before 
the pulse. Thus a permanent change in deflector 
voltages has been accomplished and the beam is 
stably located in the next slot. 

The value of the anode interelectrode capa-
city, the load resistance and the peak of the 
available current "hump" determine the require-
ments of the pulse shown in Fig. 5(b). For the 
average pulse of 11.A volts the rise time should 
be less than .7 microseconds and the fall should 
take longer than 7 microseconds. 

he now turn to Fig. 6 which shows one ElT 
counting stage and its reset multi-vibrator. 

On the tenth pulse the beam falls on the aux-
iliary reset anode and causes a voltage drop in H5 
which is coupled to the reset one shot multi-vi-
brator. The components of this circuit are so pro-
portioned as to generate a pulse at point 0 pro-
perly shaped to operate the next decade stage. 
From the plate of the right half of the twin tri-
ode a negative going pulse is available for the 
grid of the Ell% This negative pulse cuts off the 
beam current long enough to allow the anode A2 and 
D' to return to the voltage which corresponds to 
zero count. These wave forms are shown in Fig. 7. 

The reset time in this circuit is determined 
by the anode load resistor of 1 megohm and the 
anode and deflection plate capacity of 16.5 maxi-
mum. There is an anode voltage difference of ap-
proximately lhS volts between the zero and 9 posi-
tion. A time of around 21 microseconds is required 
for the capacity to discharge this voltage through 

the 1 megohm load. 

This time is the main limit on the counting 
rate using this circuit - which is limited to 10 
ice, because of necessary tolerance' on associated 

circuitry. 

We can see in Fig. 9(a) the "Stairca se Waves" 
on the anode of the ElT tube when pulses of a uni-
form frequency of 3,000 cps are counted. At 30 kc, 
as in Fig. 8(b) the reset time takes up most of 
the time that the voltage would be at zero position. 

It is interesting to note that the resolving 
time of the tube proper is very low during the 
count from 0 to 9. However, in the 10-kc circuit 
the dead time of the pulse shaping circuit that 
generates the pulse shown in Fig. 5(b), is neces-
sarily greater than 7.7 microseconds. 

:t can be shown that the resolving tire for 
random pulses in the simple circuit shown in Fig. 
6 is shorter than the 30 kc continuous counting 
rate would indicate. Since the dead time is a max-
imum of for 11 microseconds for only one out of 
ten counts, the averaee contribution is only 3.3 
microseconds. This in many instances will contri-
bute little error to counting, especially when 
used with customary geiger counters that have a 

dead time of more than SO microseconds. 

If there is the necessity to count contin-
uously up to 100 kilocycles, a modified first 
stage circuit (Fig. 9) has been developed. To the 
ElT and the reset multi-vibrator we add two twin 
triodes and two twin diodes. Instead of cutting off 
the grid of the KlT for flyback he cut off the nor-
mally heavily conducting paralleled twin triode. 
The fast rise in plate voltage of this tube is 
communicated to the 111T anode through the diode 
and rapidly increases the anode voltage and beam 
position from the nine value to the zero value. In 
other words, the ElT anode capacity is rapidly dis-
charged through a low impedance path in parallel 
with the 1 megohm normal load. Because of the 
greater complexity of this 100 kc circuit it has 
been found necessary to select ElT tubes for this 
first stage use. However, it can be said that a 
good percentage will work reliably 90  this is a 
practical circuit that requires no more tubes than 
an equivalent performance stage using all twin 
triodes. It offers an advantage in that Err tubes 
can now be used in all stages of a decade scaler 
that operates with a dead time of 10 microseconds. 

Extending the above technique using such high 
1m, low capacity tubes as the EFP60 (a secondary 
emission pentode) it has been possible in the lab-
oratory to obtain a maximum counting rate of 2.2 
megacycles. 

In Fig. 10 can be e'en basic additional cir-
cuitry that permits predetermined counting. The 
remainder of the circuit is the same as in the nor-
mal 10-kc circuit of four decades. 

Suppose we wanted to count 7236 pulses. We 
first determine the complimentary number for a 
four decade counter that is 10,000 minus 7236 
equals 2764. 

If we close switch S and adjust the potentio-
meters, Pl, P2, P3, PL, the anode and right de-
flection plate voltages of each can be set at any 
DC values. For example, we can set stage one so 
that the beam is opposite  on the fluorescent 
screen of that ElT, !tape two to read 6, stage 
three to read 7 and stage four to read 2. On the 
face of the counting unit to then read 2764 since 
the actual number is in inverse order to the pro-
gression of signal through the unit. 

We can now open switch  and the 27614 still 
will remain on the counters since the beams of the 
tubes are in stable positions and the diodes will 
not conduct. The cathode of the diodes are mons 
positive than the preset voltages when the switch 

is opened. 

If we now introduce 10,000 minus 2764 equals 
7236 pulses into the first stage, all the stages 
will switch to zero. *en this occurs the last 
stage will deliver a pulse whi-h can trigger a re-
lay to actuate a sorter or packaging device or 
stop a timer. The pul=e can also close switch $ 
(which is actually a high conduction triode) and 
start the preset cycle over again without the need 

75 



for further adjustment of the potentiometers. 

Due to the additional capacity introduced by 
the diodes the maximum counting rate of the prac-
tical circuit is 12,500 counts per second. 

Designed and manufactured using long life 
computer tube technique the ElT has low heater 
power, using 6.3 volts and .3 amperes. The drain 
on the 300-volt B supply (which incidentally does 
not have to be regulated) is less than one milli-
ampere for the tube proper. The unusual advantages 
can be seen by the fact that a scaler capable of 
counting and. indicating up to 10 million with a 
maximum counting rate of 30,000 counts per second 

AMP% 

can be built in a cabinet less than 17" wide by 
6-5/8" deep by 6-1/8" high with a total power con-
sumption of only 77 volt-amperes. 

The features of the ElT render this decade 
counter tube particularly suitable for those ap-
plications where small dimensions, high counting 
speed, direct indication and reliability are re-
quired. 

Typical applications include radio-active ra-
diation counters such as decade scalers, business 
machines, electronic computers, totalizers, dif-
ferential analysers, batch counters, production 
counters, timers and frequency meters and checkers. 

ANODE-a, 

RESET ANODE -A 
SUPPRESSOR GRID 

LEFT DEFLE MON ELECTRODE -0 -

ACCELERATING EL ECTRODE-92 

NEATER - 9 HEATER 

95 - SuevaL S SOO GRi0 

• 94 -SLOT ,E0 EL EC,RODE 

-0 -RIGHT OE,LEC T.ON ELECTRODE 

9, -CONTROL GR.0 

- CATHODE 

Fig. 1 
Cross section and diagramatic representation. 
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Fig. 5 
(a) ElT counting circuit; (b) limits on 
counting pulse on left deflection plate. 
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Fig. 6 
One ElT counting stage and reset multivibrator. 
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(a) 
27 so ••C 

Fig. 7 
Waveforms generated by reset multi vibrator: 

(a) reset pulse to cut off grid of previous ElT. 
Point C of Fig. 6; (b) pulse to be applied 
to left deflection plate of next ElT. Point D 

of Fig. 6. 
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Fig. 8 
Anode and right deflection plate voltage: 

(a) oscillogram at 3,000 cps; 
(b) oscillogram at 30,000 cps. 
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Modification of input circuit to allow 100-kc continuous counting. 
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Fig. 10 
Basic circuit of a four-decade predetermined counter. In order to obtain a cycle of 7236 counts 
(i.e. the complementary of 10,000-7236 = 2764), the potentiometers P1-P14 must be so adjusted 

that the counter tubes I - IV are preset to Figs. 4, 6, 7 and 2, respectively. 
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A DEVELOPMENTAL THYRATRON CAPABLE OF 
CURRENT INTERRUPTION BY GRID ACTION 

E.O. Johnson 
RCA Laboratories Division 
Princeton, New Jersey 

J.A. Olmstead 
RCA Victor Division 
Camden, New Jersey 

W.M. Webster 
RCA Victor Division 
Princeton, New Jersey 

ABSTRACT 

-ibes a new type of thyratron 
.se  -.7upt as well as initiate con-
duction. In a..7-:=1:L to having an essentially zero 
recovery tic  -:velopmental tube has the added 
featare of  of noise and oscillations 
con7lnlv  conventional hot cathode gas 
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tubes. With respect to initiation of current flow, 
arc drop during conduction, and other salient 
characteristics, the tube is similar to convention-
al thyratrons. Design aspects, performance, and 
principles of operation of this tube will be pre-
sented. 



TRANSISTORS FOR HIGH MOWER APPLICATION 

John S. Saby 
Electronics Laboratory 
General Electric Company 
Syracuse, New York 

Introduction and Summary 

The advent of junction transistors has prom-
ised reliability for complex systems and great 
economy of space, weight, and power - all of vital 
interest to modern electronics.  But transistors 
designed for milliwatts cannot deliver the watts 
which are needed somewhere in nearly every system. 
It has been found possible to use power transis-
tors for outputs of watts, tens of watts, even 
more than 100 watts; but to do this with stability 
at high ambient temperatures, yet with a minimum 
of heavy fins or other bulky cooling equipment, 
requires transistors designed specially for high 
power and applied with full regard for thermal as 
well as electrical characteristics. 

Power transistors must be designed to meet 
three nearly independent conditions: 

1.  The maximum permissible output current 
must be high enough to provide the required output 
without exceeding the maximum voltage limits im-
posed by power supply or transistor. 

2. 
termined 
these in 
low) the 
ate with 

Since maximum power output is usually de-
by maximum voltage and currents, and 
turn specify load impedance, (usually 
power transistor must be designed to oper-
reasonable gain into low impedance loads. 

3.  The transistor must be designed to safely 
dissipate the required power under ambient con-
ditions imposed by the user.  Developmental tran-
sistors have been constructed which have been used 
in amplifiers delivering good quality audio output 
above 20 watts, and d.c. cont rol output above 100 
watts. 

Maximum Output Requirements  

For transistor circuitry in which Irc max  is 
the maximum collector voltage (whether this limit 
is imposed by power supply or transistor specifi-
cations), and Ic max  is the maximum co llector 
current per transistor, minimum values being 
negligible, the relations between these quantities 
and ideal maximum output dissipation and load re-
sistance RL are summarized in Table I, where the 
quantity M = (Vc max lc max) , representing "maxi-
mum output volt amperes", constitutes a figure of 
merit for transistor output. 

Where minimum values of Ic and Vc  are not 
negligible with respect to maximum values, maximum 
values minus minimum values must be substituted 
wherever maximum values appear in the table.  In 
any case, the values in the table represent abso-
lute upper limits on output, as they are based on 
extreme possible variations of voltage and current 

across load lines, as illustrated in Fig. 1 and 
Fig. 2.  Note that the load lines and, hence, RL 
for maximum output are determined entirely by 
Vc max  and Ic max . Hence. RL is often far below 
the optimum value for maximum gain.  "Impedance 
matching" for maximum output has no direct rela-
tion to transistor parameters when the limiting 
factors are maximum values of current and/or 
voltage for a transistor. 

It will be noted that Class B push-pull 
operation provides the same maximum output ar 
transistor as Class A single ended operation, but 
with less distortion, due to even harmonic cancel-
lation.  However, RL for maximum output is only 
half as great for push-pull, resulting in lower 
gain.  Even under the most conservative assump-
tions, Class B push-pull operation requires 3 - 5 
times less dissipation per transistor than 
Class A. 

The output limitations of transistors have 
been discussed here primarily to emphasize the 
amount of current-voltage range required for 
reasonable output.  For example, a type of tran-
sistor for which Vc „ x 9° volts, Ic max  = 1 
ampere has M = 50 volt amperes.  Yet the abso-
lute maximum sine wave output per transistor for 
this type would be 50/8 or 6.25 watts regardless 
of use - single ended, push-pull, or parallelled 
units.  The maximum dissipation required (i.e., 
Class A) for the output current-voltage range of 
50 volt amperes would be 12.5 watts.  However, 
as will be seen below, it may be desirable to de-
sign for .more than 50 watts safe dissipation at 
room temperature in order to permit operation at 
a useful dissipation at higher ambient tempera-
tures. 

Gain Requirements  

Table II illustrates how the usual expres-
sions for power gain are affected as re becomes 
negligible at high Ie. 

The small signal power gains at high level 
operating points as given there are not precisely 
equivalent to the large signal power gain; how 
eve, these expressions are very useful for-ap-
proximate calculations.  Observe that at high 
levels, the factor 1/(1-c) appears even in the 
grounded base expression.  The grounded emitter 
circuit has more gain than the grounded base 
circuit, but generally causes much more distor-
tion in large signal use, unless alpha decreases 
only negligibly at high currents - conditions 
which normally would require specifications of a 
smaller maximum current and, hence, would result 
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Circuit 

Condition 

Grounded 
base 

Grounded 
emitter 

TABLE II 

Low Level  High Level 
Power Gain  Power Gain 

HL  a2 ( 4)(12)(  1 

re'rb 1(1-a)  1-a) 

a2  HL 62 V  1 \ 

(1-ak• e•rb !(1-a))  ;17.) ik 1-a) 

Grounded 
Collector 

1 

b. less maximum output than grounded base oper - 
tion with the same distortion.  The grounded col-
lector circuit appears interesting principally in 
cases where the load resistance must be much less 
than rb'.  The grounded base and grounded emitter 
circuits both require rb' as low as possible.  It 

has been possible to successfully construct power 
transistors with rb' of the order of one ohm  and 

less. 

Dissipation Requirements 

The basic dissipation limit for all junction 

devices is set by thermal runaway arising from 
their characteristic increase of current with 
junction temperature, the resulting increase in 

dissipation, which leads to still higher junction 
temperatures, etc.  The condition for thermal 
stability for junction transistors (namely, that 
the increase in dissipation due to temperature 
increase must be less than the corresponding in-
crease in heat flow from the junction) can be 

writtenkl) 

vc(dic/dTi) < lie  Eq.(1) 

where T1 is the collector junction temperature, 

and 6 the total thermal resistance, i.e., the 
junction temperature rise above ambient per watt 
dissipation.  If the thermal increase in collector 
current is assumed to be independent of total 
current, and if the rate of increase of junction 
current with temperature is assumed to be approx-
imately 7% per degree, the stability condition 
for low impedance circuits can be written: 

for grounded base operation c<  15  Eq.(2) 
eico 

and if the current multiplication for low imped-
ance grounded emitter operation is relatively 

independent of current: 

for grounded emitter operation 

eI co  
Eq.(3) 

High impedance circuits are more stable to 
the extent that increased collector current re-

sults in decreased collector voltage.  The 
grounded emitter circuit is seen to be much less 
stable than grounded base for simple low imped-
ance circuits.  by special bias circuits, however, 
it is possible to improve the grounded emitter 
stability to some extent, particularly for small 
signal amplification.  However, suitable stabili-
zation circuitry presents major problems in prac-
tical applications of large signal grounded 

emitter circuits. 

The dotted lines in. Fig. 2(a) show the locus 

of thermal instability in a transistor.  Note 
that at higher voltages the dissipation must be 
smaller (so that Tj and, hence, Ico  will be lower) 
for stabilitar, i.e., for a given collector dis-
sipation, a high voltage-low current operating 
point is closer to thermal runaw v than a high 
current-low voltage point.  The emitter dissipa-
tion is larger for high currents, resulting in an 
effect, usually small, in the opposite direction. 
This is not in strict agreement with the widely 
accepted belief that thermal breakdown in trazn4s - 
tors is a simple function of dissipation only ; 
however, this discrepancy is ordinarily well 
within the bounds of the safety factors which 
must be applied in practice.  The specification 
of a conservative maximum junction temperature, 
as shown in the figure, corresponds to the speci-
fication of maximum dissipation at any one ambient 
temperature and fo llows the actual shape of the 
breakdown characteristic fairly well.  Such sleci - 
fication of maximum permissible junction tempera-
ture maintains this relationship independent of 
ambient temperature, as illustrated in Fig. 2(b) 
and 2(c).  There is less safety factor at the 
hi gher voltages, but this, of course, is the 
fundamental reason for the existence of practical 
independent specifications for maximum collector 
voltage.  Whenever closer ratings are desired, it 
may be desirable to establish higher values of 
Ve for lower ambient temperatures.  This rat-
ingmax system (first applied to the Genera), Electric 
2N43 -44 -65 transistors by A. F. Perkinsk 3)) fol-
lows the actual thermal behavior of transistors, 
and is simple to apply, using the relation: 
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Tj • T„b • OW 

The transistor manufacturer specifies value 
of Tj max  and the thermal resistance of the 
transistor.  The user substitutes a required 
ambient temperature and obtains the maximum per-
missible dissipation for his conlitions.  The 

Eq. (4) 

(1)  The author acknowledges valuable discussion 
on this point with Dr. Johannes S. Schaffner, 
who has independently obtained a relation similar 

to Eq. (1). 

(2)  On the other hand, Eq. (1) applied to the 
inverse-biased junction diode yields the simple 
dissipation condition  VbIb < 15/e. 

(3)  C.H. Zierdt, "hermetically Sealed Redium 
Power Fused Junction Transistors", PGED 
TRANSACTIONS of the ME, Vol II, Feb. 1954. 
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total thermal resistance, of course, is composite 
but usually can be roughly divided into two parts: 

e = ei 00 Eq. (5) 

The internal thermal resistance 91 is the 
temperature rise from transistor case to collector 
junction per unit dissipation.  This is built into 
the transistor.  The external thermal resistance 
80 is the case temperature rise above ambient per 
unit dissipation.  The manufacturer can evaluate 
this quantity approximately for free convection, 
for example, but the user may bury the transistor 
in a poorly ventilated location, resulting in 
higher 80, or at the other extreme, might locate 
the transistor in a circulated oil bath, or other 
"infinite" sink, and reduce 80 practically to zero. 
The external thermal resistance, therefore, depends 
almost entirely upon the user.  For the General 
Eledtric 2N43-44-45 transistor, for example, 
T1 max = 1000 C, 91. = 0.2° C/mw, 80 = 0.3° C/mw 
(free air convection).  The values of Ai and 80 
are extremely important to the user.  The rating 
system expressed by Eqs. (3) and (4) can be ex-
pressed graphically as shown in Fig. 3. 

The maximum safe junction temperature is 
often in the range 100  - 150' C.  It is, there-
fore, apparent that dissipation ratings at 2 watts 
and above require total thermal resistance below 
50 degrees per watt, even for use at moderately 
low ambient temperatures.  The region of smallest 
thermally conducting area, which often accounts 
for most of the thermal resistance, is that closest 
to the collector junction.  For this reason, the 
internal thermal resistance is one important 
criterion of the thermal design of a transistor - 
the lower its value, the less external cooling 
must be provided by the user.  Low total thermal 
resistance can be achieved only by careful design 
since, for example, even a heavy copper strip can 
easily account for 10 degrees rise per watt, and 
the heaviest gauge aluminum chassis is far from 
being an infinite heat sink.  In all eases, the 
total thermal resistance must be included in the 
transistor rating, just as the total weight of 
conductors, fins, and any other cooling equipment 
must be included in the total weight of the 
system. 

Experimental Results  

Developmental high power p-n-p alloy diffusion 
junction transistors have been constructed using a 
large construction designed for minimum decrease 
in alpha at high currents and for low base resis-
tance.  Characteristics obtained by V. P. Mathis 
are shown in Figs. 4, 5, and 6.  Units of this 
type have operated continuously above 75 watts in 
cases having very low thermal resistance.  The 
permissible dissipation in practice depends, of 
course, upon the thermal resistance of the case. 
For example, in an ordinary medium size (6A07) 
metal tube bulb, mounted on an open chassis 
(00 12° C/w) the room temperature continuous 
rating is approximately 5 watts.  The internal 
sealed-in liquid-vapor cooled construction (having 
9i less than 5° C/w) provides sufficient heat 
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capacity, however, that more than 50 watts dis-
sipation can be maintained safely for intervals 
of a half minute or so, greatly increasing the 
control switching capacity.  Correspondingly 
higher ratings are obtained using larger cases 
or forced ventilation.  An external heat sink 
clamped to any portion of the external case is 
effective in raising the dissipation rating still 
further. 

The available gain at high currents into 
matched impedance loads is more than 30 db, cor-
responding to rc > 5,000 ohms and rb' <  2 ohms. 
However, as pointed out above, maximum output 
requires a load resistance usually of the order 
of 100 ohms, much lower than the match for maxi-
mum gain, so that practical gains at maximum out-
put are more commonly in the range 10 - 20 db, and 
are almost independent of collector resistance. 

The operating characteristics of a practical 
push-pull amplifier using these units are listed 
in Table III: 

TABLE III 

MEASURED PERFORMANCE DATA 
CLASS P PUSH-PULL GROUNDED BASE PCWER AMPLIFIER 

Power Output 

Power Supply Voltage 

Load Impedance 
(seen by each transistor) 

Power Input from Driver 

: 23 watts 

: 45 volts 

: 40 ohms 

: 2.3 watts 

Collector Efficiency  : 60% 

Collector Dissipation at Full Output : 7 watts 
(per transistor) 

Total Distortion at Full Output  : 3% 

Although the dissipation at full sine wave 
output is more than 7 watts, the 6AG7 cased 
transistors are ample for voice or music appli-
cation since the dissipation averaged over any 
half minute period is usually less than 2 watts 
even in fortissimo passages.  The amplifier 
chassis and its current are depicted in Figs. 7 
and 8. 

The maximum d.c. switching output is over 
100 watts per transistor, based upon V c  max= 75V, 

Ic max - - 2 A as implied by Table I.  The peak 
dissipation required for 100 watts peak d.c. 
output is approximately 25 watts, well within the 
intermittent ratings noted above. 

These results do not represent ultimate ob-
tainable performance - merely an example of 
progress to date.  Although the kilowatt transis-
tor is not as yet a reality, these early results 
justify our confidence that transistors will 
eventually be designed to handle the entire range 
of reliable high power operation required by 
electronic communication and control. 
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A NE* HIGH TEMPERATURE 
SILICON DIODE 

by 
C. G. Thornton and L. D. Hanley 
Sylvania Electric Products, Inc. 

Electronics Division 
Ipswioh, Massachusetts 

Summary 

A method of preparing high back voltage 
silicon by bombarding the surface with oxygen has 
been devised' and a new type of point contact 

diode prepared.  The diode is characterized by: 
(1) very low saturation currents of the order of 
1 microampere, (2) high inverse operating voltages 
(70-200v), (3) very low barrier capacitance 

(4.141e) and rapid recovery times, and (4) 
operation at elevated temperatures up to 200°C. 

Introduction 

Microwave mixer crystals for radar and video 
applications have been satisfactorily produced 
from heavily doped silicon for several years, 

however, most attempts to produce high back 
voltage point contact silicon rctifiers by 
similar techniques have resulted in units which 
were far inferior to germanium point contaot 
rectifiers. 

This paper desoribes the preparation and 
properties of a new type of high back voltage 

point oontact diode.  the diode is oharaoterized 
by: (1) very low saturation currents of the order 
of 1 micronTpere, (2) high inverse operating 

voltages (70-200v), (3) very low barrier capaci-
tance (4:.3Alpf) and rapid recovery times, and 
(4) operation at elevated temperatures up to 
200°C.  The diode is produced by a surface 
bombardment technique which produces the desired 
rectification properties and leaves the silicon 
surface with a thin protective layer. 

The use of silicon in high back voltage 
rectifiers is predicated on the fact that it will 
withstand a considerably higher tempe -ature rise 
than germanium without losing its rectification 
properties.  Ihereas the upper limit of satis-
factory operation for germanium reotifiers is 
reached in the range of 75 to 100°C, silicon 

junction rectifiers have been constructed which 
operate at temneratures up to 300°C without 

suffering a serious loss of rectification 
efficiency. 

Preparation 

The techniyue to be reported here was 
developed, after an investigation of the ionic 
bombardment procedure described by R. Ohl  of 

Bell Telephone Laboratories in 1952.  The 
apparatus used is shown schematioally in Figure 
The filament, grid, and heated support for the 
silicon are all enclosed in a suitable high 
vacuum system to which a given gas is introduced 
to a predetermined pressure through a oontrolled 

1. 
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leak.  When the system is energized, electrons 
from the heated filament will pass through the 
grid structure into the space above the silicon 
sample where collisions with moleoules of the 
ambient gas will take place resulting in ion 
formation.  These ions are accelerated through 

a potential field of several kilovolts and 
uniformly bombard the silicon surface. 

Several different gases were used in the 
initial investigation including helium, argon, 
nitrogen, and hydrogen.  Suitable steps were 

taken to obtain a good (<10-5  mm.) vacuum in 

the system, and the purity of the incoming gas 
was carefully assured.  Under these conditions, 

only a very slight change could be detected 
with bombardment.  It was decided to try oxygen 

as a bombarding gas in contrast to the inert or 
reduoinr gases mentioned above.  The results 

are shown in Fig ure 2 as obtained first with 
helium and then oxyren on the same starting 
material.  The surprising result was obtained 
that the peak inverse voltage could be increased 
more than an order of magnitude by this treat-

ment when oxygen was used as compared with 
helium with reverse resistances as high as 10 

merohms up to -40 v.  It was discovered that the 
process was readily reproducible and that similar 
results could be obtained with both high and low 
resistivity silicon.  The chief difference 

between the two resistivities is the time re-
quired to complete the bombardment, and with 
lower resistivity silicon a loser forward 
resistance is obtained.  On the basis of this 
observation, it was concluded that the reverse 
characteristic is relatively independent of the 

carrier concentration in the silicon substrate. 

In view of the extremely large increase in 
the peak inverse voltage, it is believed that 

the effect of the bombardment is to reduce the 
effective carrier ooncentratlon at the surface 
through the introduction of new trapping levels 
in the forbidden region.  Possible mechanisms 
include: (1) actual bombardment damage as 
desoribed by Lark-Horovitz2 for bulk semioon-
duotors tending to shift the Fermi level toward 
the center of the forbidden region, and (2) an 
effective change in the chemical composition 
(formation of an oxide or an adsorbed oxygen 
layer) at the surface which could function as a 
trapping site.  Additional experiments are 
presently being carried out whichshould shed 
further light on this aspect of the problem. 

A typical point contact rectification curve 
for oxygen bombarded silicon is show: in Figure 3 
The initial material was about .5 ohm cm. p-type 
silicon with a peak inverse voltage of about 10v. 
Although the forward resistance of the diode is 



increased slightly by the treatment, the increase 

in resistanoe in the reverse direotion is 
considerably greater causing an increase in 

reotifioation ratio at 5v from 60 to 105. 

An additional advantage accrues to the faot 

that after oxygen bombardment the surface is 
found to be extremely inert with respect to the 
offeots of humidity and other surface oontarninants. 

This is attributed to the possible formation of 
a thin oxide protective layer which appears to 
passivate the silicon surface.  It was found early 

in the investigation that the effects of the 
bombardment could be annealed out at temperatures 
above 500°C and, therefore, the time durinr which 
effective bombardment can be carried on in this 
temperature range is limited to tho time required 

for equilibrium to he established between the 
annealing end bombarding processes.  At temper-

atures below 250°C the bombarded surfaoes are 
found to be oompletely stable.  For this reason 
lower temperatures are presently used and the 
bombardment can be carried on to advantare for 

several hours at the rate of 6 microamperes per 

square centimeter. 

In the actual process of preparin.- the diode, 

single crystals of boron doped silicon having 
the appropriate resistivity are used.  These 
ingots such as shown in Figure 4 are sliced to 

ootain wafers about 20 mils in thickness which 
are then brought to a high metallorraphio polish. 

on the sides to be bombarded.  The reverse sides 

of the  slices are P lated to obtain a rood ohmic 
contact.  These slices are then diced and assent:1mi 

into diodes as shown in Figure 5.  Both glass and 
ceramic type packages are shown.  The latter is 
useful where it is desirable to avoid photo-

sleotrio effects. 

Applications  

The rectification characteristics of the 
finished diode and the effect of temperature up 
to 150°C is shown in Figure 6.  The ohanres in 

diode -haraoteristics with temperature should not 

be interpreted as resultinr entirely from changes 
in the silioon surface as there is unavoidable 
expansion in the pa-ka -e at elevated temperatures. 

FILAMENT — 

GRID 

SILICON 

THERMOCOUPLE 

HEATER 

It is to be noted that the diode adequately covers 
a range of operating temperatures where germanium 

has lost its useful semiconductor properties. 
Such diodes have been operated at temperatures 
of 200° or higher without serious changes in the 

rectification properties. 

In view of the recent development of several 
types of silioon junction rectifiers, it is useful 

to oompare their electrical properties and 
applications.  The capacitance of silicon junction 
rectifiers prepared in this laboratory are the 

order of 19•Af compared with measured values of 
less than .100f for diodes of the point contaot 
variety.  The frequenoy response of the two types 

of rectifiers are shown in Figure 7.  The 
frequency cutoff for the bombarded point contact 
diodes is approximately 400 megacycles and could 

probably be extended further by a special package 
design of the type used in microwave circuits. 

This may be compared with a frequency outoff 
of from .1 to 15 megaoyoles for junction units. 

In many computer type circuits the recovery 
time of a switohing diode is of considerable 

importance.  The recovery time may be specified 
as that time required to regain 904 of the initial 

reverse resistance after switohinx, from the 

heavy forward ourrent obtained with a forward 
voltage to • voltage in the reverse direction. 

Characteristics for germanium and silicon point 

conteot rectifiers are sho wn in Figure B.  The 
recovery time obtained for germanium point 
contacts varies from .5 microseconds in a very 
favorable 7ase to as long as 5 microseconds. 
For the silicon diodes deslribed in this paper 

the measured recovery time averages less than 
.1 microsecond.  The diodes also have very 
marked photoelectric effects and may find con-
siderable application in the field of photo-

electric devices. 
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Fig. 1 - Oxygen bombardment apparatus. 
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SMitL1,-SIGNAL PARPETERS OF GROWN-JUNCTION TRANSISTORS 
AT HIGH FREQUE WIES* 

R. L. Pritchard and W. N. Coffey 
General Electric Research Laboratory 

The Knolls, Schenectady, N.Y. 

_3 urari__ 

Results of measurements of the four 
small-signal h parameters as a function of 
frequency for grown-junction transistors in 
rmnirded -base operation are described in 
some detail.  In particular, the results for 
open-circuit voltage-feedback parameter hi2 

and for short-circuit input impedance hil 

at high frequencies indicate that the grown-
junction transistor can mi. be represented 
by the usual theoretical model of an ideal 

one-dimensional transistor in series with 
a lumped constant base spreading resistance 
r'.  A theoretical analysis of a new model 

is described in which account is taken of 
the distributed nature of the transistor 
paremeters and of the spreading resistance 
of the base region.  Under simplifying 
assumptions, results of the analysis are in 
fairly good agreement with ex perimental 
results for the grown-junction transistor. 

A new approximete equivalent circuit based 
on this analysis also is described, in which 
the lumped constant base spreading resis tance 
is replaced by a complex base impedance whose 
magnitude decreases with increasing frequency. 

Introduction 

During the past year, there has been 
a great deal of interest in the subject 
of the freq.ency variation of junction-
transistor parameters.  Several writerel, 20 
have calculated independently a theoretical 
variation for a model consisting of an ideal 
one-dimensional transistor with an added 
external base spreading resistance.  Several 
equivalent circuits based on these analyses 
have been described. 1- ',4I c Furthermore, 
experimental measurements of transistor 
parameters for fused-junction (or alloy) 
transistors appear to be in reasonably good 
agreement with results predicted from this 
theoretical model. 

The purpose of the present paper is to 
describe experimental results of the measure-
ment of small-signal parameters for a number 
of grown-junction transistors.  These results 

This work was supported by the Air Material 
Command, Signal Corps and Bureau of Ships 
under contract KF33(600)17793. 
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showed that the concept of a lumped constant 
base spreading resistance ri") in series with 

an ideal transistor is =I valid for these 
units.  Accordingly, a new model was devised 
which takes into account the distributed 
nature of the transistor parameters. 

The parameters chosen for measurement 
we re the series- parallel or h parameters, 
defined by the equations 

"1 '  hie2 

i2 = h2111 

(1) 

A grounded-base configuration of the 
transistor was employed.  In general, these 
paremeters are easily measured for a junction 
transistor with its low impedance and high 
output impedance.  For convenience at the 
higher frequencies, the short-circuit output 

admittance y22 = h22-h12h21/h11 was measured 

in place of h12 . 

Experimental Measurenente and Resulte  

Method of Measurement 

The short-circuit input impedance hil  

was measured by means of a General-Radio 
type 916-A R.F. impedance bridge.  On the 
other hand, open- and short-circuit output 
admittances h22 end y22 were measured on 
the General-Radio type 8214. Twin-T 
impedance measuring circuit.  For the measure-
ment of hil l d-c bias to the emitter was 
supplied through a high-impedance shunt 
feed system, and the measured values of 
impedance then were corrected for the a -c 
shunting effect of the d-c feed system as 
necessary.  The short-circuit current 
amplification factor h21  (= - a) was measured 
in amplitude and phase with a heterodyne 
system devised and built by one of the 
authors (ww). Amplitude and phase measure-
ments were made at a fixed frequency oflOkc,43 
with a variable carrier frequency to correspond 
to the desired signal frequency.  Finally, at 
low frequencies the magnitude of 1212 was 



measured with a simple transmission system 
employing a high impedance tuned circuit 
to effectively open circuit the emitter-
base circuit of the transistor. 

Et22112 Expected for Old Theoretical Model 

Before describing the results of the 
measurements, it might be well to review 
briefly the results that might be expected 
for the ideal one-dimensional theoretical 
model plus a constant external base spreading 
resistance, as shown in Fig. la. 

The frequency variation of the current-
amplification factor a is well known7 and 
needs little comment.  In general, a decreases 
in magnitude very much like the response of 
a simple low-pass RC circuit.  However, the 
phase shift associated with a generally is 
somewhat greater than that obtained with 
the simple RC circuit, e.g., the Phase Shift 
of a may exceed 900. The frequency for which 
lal has decreased to 0.707 times its low-
frequency value ao is defined as the a-cutoff 

frequency. 

If the collector-base diffusion capacity 
due to space-charge layer widening4 is 
negligible, as it generally is in a grown-
junction transistor at moderate values of 
d-c emitter current, then the collector= 
base circuit for an open-circuit emitter 
consists essentially of the collector= 
barrier capacity Cc in series with the base 

spreading resistance rt.  Consequently, the 
output capacity C22  at low frequencies is 
constant and is equal to C.  However, C22  
decreases slowly at high frequencies when 
r becomes comparable with (1/&Cc).  On 

the other hand, the output conductance g22  

increases as the square of the frequency 
from a constant low-frequency value to an 
ultimate high-frequency value of 1/rt. 

The open-circuit voltage feedback parameter 
h12  also can be determined from this simple 
piCture of Cc and rt in series as the voltage 

drop across rt  for a constant unit a-c 

voltage applied between collector and base. 
However, at low frequencies, 1112  has a 
limiting value determined by an inherent 
voltage-feedback mechanism8 and by collector 
conductance, neither of which is indicated 
in the simple circuit of Fig. la.  As 
frequency is increased, the open-circuit 
emitter voltage, and hence 1112, increases 

linearly with frequency, as shown in Fig. lb. 

Ultimately, at high frequencies4h12  
reaches a limiting value of unity. 

Finally, the short-circuit input 
impedance 1111  consists of the impedance of 

the forward-biased emitter-base junction 
in series with the impedance rt(1-a).  At 

moderate d-c emitter currents, the former 
impedance normally is negligible with 
respect to the latter.  Since the phase 
shift associated with a is negative, i.e., 
lagging, up to approximately five times 
the a-cutoff frequency, the term (1-a) 
has a positive reactive part.  Hence, the 
impedance rt(1-a) should behave as an 

inductance in parallel with a resistance 
for frequencies well beyond the a-cutoff 
frequency, as shown in Fig. lb. 

Results of Measurements on Grown-Junction 
Transistors 

Measurements of the four h parameters 
were made on a large number of grown-
junction transistors having many different 
types of internal properties.  Consequently, 
there was no one set of results that could 
be called truly typical.  However, certain 
types of behavior were found to be common--
at least qualitatively--to most transistors. 
Accordingly, the experimentally observed 
variation for each h parameter is shown 
below for one particular transistor.  The 
relationships between results for this 
transistor and corresponding results for 
other transistors are discussed briefly. 
It should be emphasized that whereas 
there was considerable variation among 
transistors in the magnitudes of the 
parameters, the relative variation with 
frequency was common to many transistors. 

The behavior of -h 21 = a is shown 
in Magniimde and phase in Fig. 2 for two 
values of d-c emitter current I.  For 
either value of k , the shape of both 
amplitude and phase curves is in excellent 
agreement with theoretical curves for a 
of a one-dimensional transistor.  The 
dependence of the a-frequency curves upon 
Ic is relatively small and can be considered 
a second-order effect.  Many of the other 
transistors that were measured also dis-
played this type of frequency variation. 
However, an equally large number of 
transistors displayed a distinctly different 
type of a-frequency behavior.  In these 
cases  the phase shift of a was considerably 
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less than the theoretical value and exhibited 
a maximum with respect to frequency. 
Furthermore, in such cases, the a-frequency 
variation generally was quite dependent 
upon d-c bias.  This type of variation 
will be discussed below in somewhat more 

detail. 

In Fig. 3 is shown the frequency 
variation of the open-circuit output 
conductance g22  and capacitance C22 . The 

capacity c22  is essentially constant with 

frequency, although a slight decrease is 
noticeable at higher frequencies.  Note 
that C22 is somewhat dependent on d-c 

emitter current Ic; this indicates that 

collector-base diffusion admittance is not 
negligible for this transistor.  Consequently, 

the open-circuit output conductance also 
quite dependent upon I.  An equally strong 

dependence of g22  upon d-c collector voltage 

Ec for a fixed value of Ic = -1.0 ma also is 

shown by the curves in Fig. 3.  This is to 
be expected as a result of the well-known 
dependence of C22  upon Ec and since g22  and 

C22 are directly related for a collector-

base circuit that is approximated by a 
collector capacitance in series with a 
base spreading resistance r'.  Over the 

lower range of frequencies shown, g22  varies 

approximately as the 1.6 power of the 
freqlency.  This rate of frequency variation 
is in fair agreement with that predicted for 
the simple Cc-rt series representation for 
the collector-base circuit.  However, in 
general, quantitative agreement between 
measured g22  and g22  calculated in terms of 

is not very good. 

Also shown in Fig. 3 is the Ahort-
circuit output conductance 6. In general, 
in the frequency range near the a-cutoff 
frequency 4 2 is more or less constant as 

shown.  Note that g22  approaches 4 2 at the 

higher frequencies.  On the other hand, at 
lower frequencies, 4 2 must decrease to a 

considerably smaller value, e.g., the order 

of 10 H mho. 

All of the other transistors measured 
showed a similar variation of h22  with 

frequency.  In some cases, C22 and g22 were 
quite independent of d-o emitter current so 
that collector-base diffusion capacity could 

be assumed truly negligible.  For many 
transistors with relatively high values of Cc, 

a fairly appreciable decrease of C22 was 

observed at increasing frequencies.  Again, 
this would be in agreement with the simple 
series Cc-ri, model. 

The variation of the magnitude of the 
open-circuit voltage-feedback parameter 1112  
over a wide range of frequencies and the 
variation of the phase of 1112 over a smaller 
range is shown in Fig. 4.  A linear variation 
with frequency that would be associated with 
constant base spreading resistance rt is 
shown by the dotted curves.  Note that the 
departure of 'hid from a linear frequency 

variation occurs at values of 111121 that are 

very much less than unity. 

All of the other grown-junction transis-
tors that were measured showed a similar 
departure of 11212 1from a linear frequency 
variation at Irequencies of the order of the 
a-cutoff frequency.  In general at these higher 
frequencies, 11112 1 varies as the 0.4 to 0.7 

power of the frequency.  Also, the phase 
shift of 1112  at these frequencies generally 
is of the order of  30° to  50°. 

It should be quite obvious that these 
results can not be explained by the simple 
picture of a constant base spreading 
resistance r' in series with collector 

capacity.  To explain the experimental 
results, it would be necessary to replace rt 

by a complex base impedance having a magnitude 
that decreases with frequency. 

Finally, the frequency variation of the 
short-circuit input resistance and reactance 
r11 and x11 respectively is shown in Fig. 5 

for two values of d-c emitter current I. 
For both values of I6, the resistance ril 
increases with increasing frequency until 
a maximum is attained at about 4-5 Mc/s.  On 
the other hand, the reactance xi' attains a 

maximum at a lower frequency, decreases 
through 0 at approximately the frequency for 
which r11  attains its maximum, and becomes 

distinctly capacitive reactive at higher 
frequencies.  The similarity between the 
curves of Fig. 5 and corresponding curves 
for the driving-point impedance of a parallel 
RIL circuit is quite striking and suggests 
a sort of resonance in the input circuit of 

the transistor. 
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This general behavior for h11 was typical 
of all grown-junction transistors measured. 
Furthermore, with transistors having a fairly 
wide range of "resonance" frequencies, the 
resonance frequency always occurred at 
approximately 0.8 to 1.0 times the a-cutoff 
frequency.  It should be emphasized that the 
observed capacitive reactance xi' can not be 
explained with the model of the ideal one-
dimensional transistor plus constant 21. 
In particular, for a d-e emitter current 

;c = -1.0 ma, the impedance of the forward-

biased emitter-base junction is of the order 
of 20 ohms at the a-cutoff frequency.  Hence, 
in that model, h11 is determined solely by 
rt(1-a)  which should be inductive reactive for 

frequencies well beyond the a-cutoff frequency. 
Consequently, it should be obvious from these 
results for h11, as well as those for 1212, 
that the concept of a constant base spreading 
resistance rt can not be applied to grown-

junction transistors. 

New Theoretical Distribute4 Model 

Description of Model 

In an attempt to explain the behavior of 
the experimental results obtained, an analysis 
was made of a new theoretical model which takes 
into account the distributed nature of the 
transistor parameters and of the base spreading 
resistance.  A sketch of this distributed 
model is shown in Fig. 6a.  Electrical contact 
is assumed to be made uniformly over the upper 
and lower surfaces of the base region and 
uniformly over the cross-section areas of 
emitter and collector regions, i.e., these 
surfaces are assumed to be equipotential. 

For purposes of analysis, this two-
dimensional problem is separated into two 
one-dimensional problems.  Thus, diffusion 
current is assumed to flow only in the 
direction (y) perpendicular to emitter and 
collector barriers.  Alternatively, the model 
can be considered as comprising an infinite 
number of elementary transistors having a 
common emitter and common collector terminal 
but with successive base terminals connected 
by elementary resistances r as shown in 
Fig. 6b. 

At any value of transverse distance x 
the a-c voltage-current relations of the 
appropriate elementary transistor can be 
written simply as 

Al t =  Ju )  es 4- 51.2 g  Ax  

(2) 

Ai c = i?L eE + (312  Juc C]  Ax  

The parameters yl i are diffusion admittances 
per unit length Mr the elementary transistmr, 
while cl  and c are, respectively, emitter-

base and collector-base barrier capacitances 
per unit length.  Each of the diffusion 
admittances can be expressed in terms of 
physical parameters such as base thickness, 
carrier concentration, etc.  In general, 
each y'  is complex and frequency dependent. 

ij 

By solving the differential equations 
(2) subject to appropriate boundary conditions, 
as in the case of the conventional transmis-
sion line, d-c terminal voltage-current 
relations can be calculated for the over-all 
distributed model.  From these relations, 
the small-signal parameters of the distributed 
model can be determined readily.  Unfortuna te]i 
the diffusion-admittance parameters yij in 
general are complicated functions of trans-
verse distance x, for the following reason. 
The d-c base current, which exists in any 
practical transistor, flowing through the 
distributed resistance r of the base region 
produces a transverse voltage drop across 
the base.  Hence, with a constant voltage 
applied between emitter and base terminals, 
the voltage appearing between emitter and 
base of any elementary transistor depends 
upon the position of (x) of that transistor. 
Therefore, the d-e current per unit area 
for an elementary transistor, which depends 
in an exponential manner upon emitter-base 
voltage, may vary considerably with distance 
x.  Consequently, the value of each 
diffusion admittance parameter y'i t . which is 

i 
directly proportional to d-c current per 
unit area, may be quite dependent upon 
position x.. 

Note that as terminal d-e emitter-
base voltage is increased, the d-c base 
current will increase, and hence the d-c 
current distribution through the base 
becomes increasingly non-uniform.  In 
particular, an increasing amount of d-c 
current between emitter and collector tends 
to flow through the region of the base near 
the base terminal contact.  Thus, a junction-
transistor triode effectively behaves as an 
internally biased tetrode transistor9 as 
d-c emitter current is increased.  Experi-
mental verification of this effect is 
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given below. 

If the emitter-base voltage distribution 

is non-uniform, the diffusion-admittance 
parameters ylj are functions of transverse 

distance, and a simple solution for the 
terminal voltage-current relationships 
is not possible.  However, if it is assumed 
that the emitter-base voltage distribution 
is essentially uniform, the parameters y' ij 
may be considered constant, and a relativelj 

simple solution may be obtained for the 
small-signal parameters of the distributed 
model.  Due to space limitations, only a 
brief description of the results will be 

given here. 

As might be ex pected from consideration 
the relnted RC trnnsmission line problem, 

the smell-signal parameters of the over-cul 
theoretical distributed model each involve 
hyperbolic functions of a complex argument 
r h, where h is the base-hase distance 
and r is a sort of proparation constant 
for the three-terminal transmission line. 

In particular, 
1/2 ilh rtb[i11411.247/1+ *2 "c°( q+c 0h }1  (i) 

where Rb = rh is the total d-c base-base 
resistance.  The argumentflh is complex 
and increases in magnitude with increasing 

frequency. 

Low-Frequency Results 

In general, the solutions for the small-
sirnal parameters of the distributed model 
can not be described in simple terms. 
However, at fairly low frequencies when 
the argument r h is not too large, series 
expansions of the hyperbolic functions may 
be employed.  In this case, approxirate 
solutions for the terminal smell-signal 
parameters are obtained for the distributed 
model which are of exactly the same form as 
the equations for the simple one-dirensional 
theoretical model of a transistor plus an 
external base spreading resistance rt. 

Furthermore, in this case the base spreading 
resistance r can be simply related to the 

d-c base-base resistance F • viz b,  

= F10/3. 

Hence, it turns out that the concert of a 
constant base spreading resistance rt is 

valid at low frequencies for a grown-
junction transistor.  (However, it should 
be emphasized that this low-frequency rt 

is not the sane as the low-frequency value 
of the equivalent-Tee base resistance rb; 
see reference 8; J. M. Early.) 

Two other items of interest may be 
calculated from the low-frequency expansions. 
When the emitter terminal is open circuited 
and a voltage is applied to the collector 
terminal, the emitter voltage el at medium 

frequencies is 

el=h12e2Ivartc22)432=J(0FIP22/3)•2. 
At the same time, the open-circuit voltage 
eb2 appearing at the upper (floating) base 

contact is 3/2 times as large, i.e., 

1)1)2 = (3/2)e1 • 

On the other hand, if 101 base contacts 
are tied together, then the voltage avail-
able at the emitter terminal is reduced by 
a factor of 4, i.e., in this case 

r'  R1112. 

(5) 

(6) 

Experimental verification of these 
results at low frequencies is not especially 
easy since the nature of the base contact 
in a practical transistor can modify 
considerably the value of measured base 
spreading resistance r'.  Nevertheless, 

agreement for a numberbof transistors is 
not especially bad as shown by the comparison 

in Table I. 

Transistor 

172-2 
199-4 
36-5 
31-6 
35-5 
*Denotes Base that is grounded. 

Note that agreement between experimental 
results and calculated values is quite 
poor for transistor 199-4 but is very good 
for transistor 31-6.  In general, agreement 
is poorest in the case of rt for both bases 

grounded. 

Table I 

(E bd ) rt 
(ohms) b-1  b-2 

270 
830 
900 
1300 

3400 

250 
350 
1000 
1)00 
3000 

220 
1100 
1100 
1)00 
3800 

(eb/eE ) 
both'  b-1  b-2 

35 
110 
300 
300 

700  

1.5  2.0 
1.65 1.75 
1.55 1.45 
1.6  1.5 
1.7  1.5 
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Eigh Frequency Result  

At moderate frequencies, the series 
expansions of the hyperbolic functions are 
no longer valid, and the hyperbolic functions 
must be considered in some detail.  However, 
at higher frequencies, e.g., of the order 
of 0.2 - 0.5 times the a-cutoff frequency, 
it is possible in general to replace the 
hyperbolic tangent by unity and to approximate 
flh by the relatively simple expression 

rh r 

where C denotes the sum of the emitter and 
collector diffusion capacities plus emitter 
and collector barrier capacities.  In this 
case, fairly simple approximate expressions 
can be obtained for the parameters of the 
distributed model of the transistor. 

If collector-base capacity is 
moderately small, e.g., a fe w%'f, and 
if the collector diffusion capacity due to 
space-charge layer widening can be neglected, 
the expressions for the parameters of the 
distributed model assume their simplest form. 
In this case the current-amplification 
factor -h21 = a for the distributed model is 
substantially the same as that of the ideal 
one-dimensional mode1. 7 Similarly, the open-
circuit output admittance h22=g22+jae 22 
for the distributed model is not greatly 
different from that of the ideal model 
plus rt.  The capacity C22  is essentially 
constant and equal to collector-barrier 
capacity Cc. However, the conductance g22 

for the distributed model varies as the 3/2 
power of the frequency rather than as the 
square of the frequency. 

On the other hand 2 the behavior of 1112  
and h11 is quite different from that 

predicted from the ideal model plus rt . 
The theoretical variation of hil with 
frequency is shown by the normalized curves 
of Fig. 7.  Short-circuit input resistance 
r11  reaches a maximum value of approximately 

0.8  nItb-/-i at about the a-cutoff frequency; 

here r is the emitter resistance calculated 
by Shockley, et.al., 10 as r' = kT/qIe. On 

the other hand, the reactance xll passes 
through 0 at about 1.2 times the a-cutoff 
frequency and becomes capacitive reactive at 
higher frequencies.  It might be noted that 
the cross-over frequency of xi, may be 
decreased by 20-40% when the e'ffect of 

collector capacity is taken into account 
in calculating h11 . 

A simple physical explanation for 
the behavior of h11  is as follows:  The 

a-c base current flowing in the distributed 
resistance of the base region leads the 
emitter current because of the phase shift 
of a. Hence, the distributed base resistance 
effectively behaves as a distributed 
inductance.  This in turn effectively 
resonates with the distributed diffusion 
capacity of the forward-biased emitter-
base junction. 

Finally, the open-circuit voltage 
feedback parameter 1112 for the distributed 
model increases approximately as the square 
root of the frequency and has a phase shift 
of approximately 450 for frequencies of 
the order of 0.2-2.0 times the a-cutoff 
frequency.  Alternatively, the feedback 
mechanism may be described approximately 
by the equivalent circuit shown in Fig. 8. 
This circuit is quite similar to the 
conventional equivalent circuit except 
that r, has been replaced by a complex 
base impedance  whose frequency behavior 

is shown also in Fig. 8.  Note also that 
the usual emitter impedance is not included 
in this circuit.  A simple physical 
explanation for the behavior of 1112  is that 
as frequency is increased, less of the base 
region is utilized for a-c because of the 
bypassing of the distributed base resistance 
by the distributed capacity. 

The theoretical results presented 
here are in fairly good qualitative 
agreement with the experimental results 
described above in Figs. 2-5 for transistor 
199-4-, which was selected as having a low 
collector capacity.  For example, the 
shapes of the curves of h11  in Figs. 5 and 7 

are in fairly good qualitative agreement. 
Also, the nature of the observed frequency 
variation of 11112 1 and of g22  is in good 

agreement with the calculated variation. 
Similarly, for other transistors in 
general, qualitative agreement between 
experimental results and calculations based 
on the distributed model is quite satisfac-
tory, although quantitative agreement is 
not always especially good. 
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Effect of Large Barrier Caracities  

If emitter and collector barrier 
capacities are not negligible, the 
theoretical, and experimental, results 
described above may be modified considerably. 
One particularly striking effect of large 
barrier capacity is in the modification of 
the frequency variation of the current-
amplification factor a.  This is shown by 
curves in Fig. 9.for an experimental 
transistor having large emitter and collector 
capacitance (e.g., C22 = 3,./,e4f).  Results 

of theoretical calculations based on the 
distributed model for the two values of d-e 
emitter current are shown by the dotted curves. 
Note that the a-cutoff frequency now is 
considerably dependent upon d-e emitter 
current (decreasing with decreasing Ie). 

Also note the relatively low value of phase 
shift g of a, and the fact that g attains a 
maximum value and then decreases with 
increasing frequency. 

Internal Tetrode Action for Triode 

The results described above for the new 
distributed model have been based upon 
constant diffusion admittance parameters, i.e., 
upon a uniform d-e current distribution across 
the transverse direction of the base.  In 
practice, at moderate d-c emitter currents 
the d-e current distribution is not uniform, 
and the grown-junction transistor triode tends 
to behave as an internally biased tetrode,9 
as described above.  One measure of this 
tetrode action is the value of the low-
frequency a-c base spreading resistance rt. 
A second measure of the non-uniform d-c 
current distribution is the value of the 
open-circuit floating base potential Eb2 
appearing at the upper base terminal of the 
transistor when d-c bias is applied to the 
other three ter minals.  When this floating 
base lootential exceeds the thermal voltage 
kT/q = 25 mv, the d-e current distribution 

should be quite non-uniform.  Furthermore, 
these two sets of results should be related. 
In general, they are, as shown by Fig. 10, 
in which normalized low-frequency rt is 

plotted as a function of d-e emitter current 
for two different transistors.  Also shown 
for these two transistors is the variation of 
the floating base potential Eb2 with emitter 
current.  For transistor 31-6, rt decreases 
only slowly with increasing emitter current, 
and Eb2 is relatively small for lc up to 

approximately 1-2 ma.  On the other hand, 
for transistor 199-4 the d-e floating 
base potential is considerably higher 
at a given d-c emitter current, and rt 
decreases much more rapidly with increasing 
emitter current. 

Conclusion 

Results of measurements of the 
frequency variation of the small-signal 
h parameters for grown-junction transistors 
which have been described clearly indicate 
that this type of transistor can not be 
represented by the usual model of an ideal 
theoretical transistor in series with a 
lumped constant base spreading resistance. 
A theoretical analysis of a new distributed 
model indicates that the concept of a 
lumped constant base spreading resistance 
is not valid for this type of transistor 
because of the distributed nature of the 
transistor parameters and of the spreading 
resistance of the base.  From the results 
of the analysis, a new approximate 
equivalent circuit has been devised, in 
which base spread ing resistance is 
replaced by a complex base impedance 
whose magnitude decreases with increasing 
frequency. 
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This paper will present some measurements 
and consider the design oe a junction transistor. 

A germanium  p-n-p alloyed-junction transistor is 
considered herein, but the results are generally 
applicable to both n-p-n and p-n-p junction tran-

sistors, to junction transistors made by other 
techniques, and to junction transistors made with 
other semiconductors.  Due to space limitations 
only a small part of the complete study can be 

presented here. 

General Considerations 

Direct-current measurements of the junction 
transistor indicate that the usual transistor 
theoryl is applicable provided suitable allowances 

are made for certain "extraneous" or extrinsic 

elements.  The most important of these extrinsic 
elements is a base-lead resistance, rmo . The 

next in importance is a leakage condu aance, gL. 
These extrinsic elements are shown in Fig. I 

together with the "basic" or intrinsic transistor. 

Fir. 1 
ômposite Transistor Showing Pla.rement 

of Extrinsic Elements 

These same extrinsic elements, now determined 
by ac measurements, are shown in Fig. 2 appended 

to a it equivalent circuit of the intrinsic tran-
sistor.  The resulting equivalent circuit is a 
hybrid it for a common-emitter circuit.  The leakage 
conductance can be conveniently lumped in with the 
intrinsic feedback admittance, yvoc , but there is 

not much that can be done with tle base-lead 
resistance to simplify the circuit.  The full im-
portance of the base-lead resistance will become 

apparent shortly. 
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Fig. 2 
r'ommon-Emitter Hybrid a Equivalent Circuit 

All the parameters in this hybrid equiva-
lent circuit have been measured as a function of 
dc current, dc voltage, and frequency.  In 
addition, these measured results have been com-
pared with analytic formulations of the aame 
quantities.  ômparison of measurement with theory 

is considerably complicated by the fact that one 

cannot get to the intrinsic transistor for direct 
measurements.  As a consequence, the intrinsic 
parameters have to be deduced from terminal 
measurements.  The net result of this comparison 
work has been quite gratifying as it is found that 
most of the basic aspects of the transistor can be 

formulated analytically.  Thus, it has been found 
that for most practical purposes the junction 

transistor can be represented as mown in Fig. 3. 
were, the parameters of the intrinsic transistor 

that are of importance have been formulated 
analytically in terms of the operating point and 

the material constants and dimensions used.  In 
this figure, the Greek capital letter,i1 , is used 

in place of vr  , the other symbols used have their 
usual meaning. 

C b, 
E  A,   

4 
[ 2 NI to µ vci . 

To 

2A,  A, )1 

Cr. va 

Fig. 3 
Analytic Formulation of hybrid it Equivalent Circidt 
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Satisfactory analytic formulations of the 
extrinsic elements, the base-lead resistance and 
the leakage conductance, are not available so these 
elements must be determined either by measurement 
or by estimation from previous experience.  The 
base-lead resistance will be directly proportional 
to the resistivity of the semiconductor material 
and will depend upon the geometry of the base 
connection.  For some configurations analytic 
formula qon of the base-lead resistance may be 
possible . The leakage conductance will be greatly 
influenced by surface treatment and may undergo 
changes with time. 

The circuit shown in Fig. 3 is an approxi-
mation to more exact but also more cumbersome 
circuits.  The important approximations involved 
in obtaining Fig. 3 are:  (1) that the collector 
voltage is sufficient for current saturation; 
(2) that the base width, W,, is smaller than the 
diffusion length of minority carriers in the base, 
Lb; and (3) that the radian frequency is less than 

3D 
There are also other approximations of lesser 

Wb 

importance. 

One of the purposes for using a hybrid n 
equivalent circuit as shown in Fig. 3 is to obtain 
a representation that is valid over a wide range 
of frequencies.  This is of great importance to 
both device and circuit designers.  The equivalent 
circuit parameters can be determined by low-
frequency measurements and yet be employed for 
high-frequency calculations.  This is a situation 
similar to electron tubes where interelectrode 
capacitances are determined by measurements at 
1 kc/s and used in calculations up to a few hundred 
megacycles/second. 

Input Self-Admittance 

Consideration will now be given to the input 
self-admittance together with its constituent 
components.  Variation with de emitter current is 
shown in Fig. 4.  Measurement conditions are as 
shown in the figure.  The base-lead resistance, 

rbb, ' is seen to be essentially independent of 
current except for a rather sharp increase at very 
small currents.  The intrinsic transistor input 
self-conductance, g„, e , increases linearly with 
emitter current.  Tge computed variation of this 
quantity is shown by the dashed line.  The terminal 
measurement  of the input self-conductance is given 
by the curve labelled g b. Likewise, the terminal 
measurement of the  input self-capacitance is given 
by the curve labelled Cbb . The intrinsic transis-
tor input self-capacitance is given by the curve 
labelled Cb,e. In accordance with theory this 
capacitance is linearly proportional with current - 
at least for small currents.  From the initial 
slope of this linear dependency the value of the 
base thickness, Wb, can be computed.  This forms a 
relatively simple and accurate method for determin-
ing this important transistor constant.  By suitable 
interpretation of input self-admittance parameters 
as a function of collector-to-emitter dc voltage 
three other independent evaluations of the base 
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Fig. 4 
Variation of Input Self-Admittance and Its 
Constituent Components with Emitter Current 

thickness can be obtained.  All four values were 
found to be in good agreement.  Returning to the 
functional dependency of Cb, with emitter current, 
a linear variation is again found at high currents 
but with a slope variation that is very nearly 
half of the initial slope.  Some words of expla-
nation may be of interest in connection with this 
complex behavior of this parameter.  A basic 
assumption of most theory is that the injected 
minority carrier density is small in comparison 

with the nor mal base material majority carrier 
density.  This basic assumption is satisfied for 
only relatively small currents.  Thus, for the 
transistor under consideration here the injected 
hole density at the emitter becomes equal to the 
base material electron density at an emitter. 
current of 0.4 milliamperes (emitter current 
density of 0.5 amperes/cm2).  As noted in Fig. 4, 
this is approximately the current at which Cb , 
begins to depart from the initial linear variafion. 
When the operating current density is increased an 
electric field through the base becomes signifi-
cant and more and more of the current is carried 
by the electric field.  In the limit, half of the 
current is carried by the3electric field and half 
by the diffusion gradient.  This accounts for 



the two-to-one relationship between the initial 
and final slope of Cb,e. One might ask whether the 
breakdown in the basic assumption does not have 
serious consequences for the other parameters. 
Fortunately this does not appear to be the case 
insofar as law-level small-signal operation is4 
concerned.  However for large-sIgnal operation 
and for large-current operation  suitable allow-

ances must be made. 

The variation of the input self-admittance 
parameters as a function of collector-to-emitter 
voltage is shown in Fig. 5.  The various quantities 
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Variation of Input Self-Admittance and Its 

Constituent Components with 
Collector-to Emitter Voltage 

do not vary greatly with voltage.  However, as 
mentioned before, the variation present can be 
used to determine the base thickness. 

The frequency dependency of the input self-

admittance parameters is shown in Fig. 6.  The 
terminal self-conductance and self-capacitance 
have a pronounced frequency dependency.  This is 
to be expected in view of its composition.  In 
contrast, the constituent parameters are essential-
ly independent of frequency.  As was indicated 
before, theory states that the intrinsic transistor 
parameters should be independent of frequency as 
long as the period is large in comparison with the 

time of transit through the base.  For the tran-
sistor under study here, the frequency correspo nd'. 
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Variation of Input Self-Admittance and Its 
Constituent Components with Frequency 

3D ing to  is 685 kc/s.  Therefore it is not 

2nW b 

surprising that the intrinsic self-capacitance, 
, changes with frequency above 100 kc/s. 

In the complete study of the junction tran-

sistor, the other three parameters are examined 
in much the same way as was done for the input 
self-admittance parameter.  Space does not permit 
the presentation of these data.  One of the 
results of this complete study is that the hybrid 
it equivalent circuit for this transistor is as 
shown in Fig. 7.  The operating conditions for 
which the transistor parameters are valid are 
shown on this figure.  It is perhaps worth 
repeating again that this equivalent circuit is 
independent of frequency for most practical 

purposes. 

Cble 
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Fig. 7 
Hybrid n Equivalent Circuit for a p-n-p 

Alloyed Junction Transistor 

Maximum Power Amplification 

One of the circuit considerations that is of 
considerable interest is the common-emitter 
single-frequency power amplification.  For maximum 
power amplification, the input and output ad-
mittances must be conjugately-matched.  Before 

presenting the exact results for this operating 
condition, it is of interest to consider a 
formulation which is approximately valid at higher 
frequencies.  At these higher frequencies .the 
capacitor, Cb, is approximately a short-circuit, 

and the generator resistance for maximum input 
power is therefore r,b ,.  On the output side it is 

found that the output impedance is also approxi-
mately a pure resistance at higher frequencies. 
This comes about because an output voltage causes 
the gm generator to be activated by an in-phase 
voltage arising from a voltage division between 

Cb,e and Cb, .  That is, at higher frequencies, 

Cble  A 

DO'  bs e I C 

After formulating the input and output match 
analytically, it is found that the approximate 
maximum power amplification at higher frequencies 
is 

P.A.HF 

4412 r bbt Cb, c Cb, e 

1 

4412 r bbi Cbic 
2D 

With the aid of this formula, a very useful figure 
of merit can be obtained.  This figure of merit, 

1/2 

4n bb,  i f  Cb,c Cbie 

Ern 

is the frequency at which the power amplification 
is unity; it is also approximately the maximum 
oscillation frequency for the transistor.  Both 
the maximum power amplification and the figure 
of merit are essentially independent of operating 
dc current but will increase somewhat with larger 
collector dc voltages. 

The approximate power amplification at 
higher frequencies for the transistor in Fig. 7 
is shown by the dashed line in Fig. 8.  The 
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Variation of Maximum Power Amplification 

with Frequency 

6 decibels per octave slope is closely in accord 

with the exact power amplification.  The figure 
of merit in this case is seen to be 900 kc/s.  The 
exact maximum power amplification is shown in 

Fig. 8 for both the unneutralized and neutralized 
case.  If the transistor is conjugately-matched 
at both the input and output, oscillations are 
obtained for a range of frequencies - in this case 
from about 3 to 20 kc A.  To a large measure, 
these oscillations are due to the feedback capaci-
tor, Cb, . Neutralization, as for instance with 
a collecior-to-base inductor can be used to elimi-
nate the oscillations.  However, since the internal 
base point is not accessible, neutralization is of 
small value at higher frequencies as is seen in 
Fig. 8. 

It is readily apparent that in order to 
obtain power amplification at higher frequencies, 

rbbi and Cbie must be reduced.  The former can 
be done by using lower resistivity germanium, and 
the latter by slaking the transistor with a smaller 
base thickness.  Also, the feedback,capacitor, 
Cb, , must be reduced.  This can be done  by re -

c 
ducing the area of the collector.  The afore-
mentioned methods of improvement have been employ-
ed by C.W. Mueller and J.I. Pankove5 to make a 
radio-frequency transistor with an oscillation 
frequency of 75 mc/s. 

The input admittance corresponding to 
maximum power amplification is shown in Fig. 9 for 
both the unneutralized and neutralized operating 
condition.  It is seen that neutralization serves 
to greatly reduce the magnitude of the input . 
capacitance and to make both input conductance and 
capacitance more nearly constant with frequency. 
At lower frequencies the input capacitance for the 
unneutralized circuit is considerably larger than 

Cb8e . This condition is brought about by Miller 
erfect in the same manner as in an electron tube. 
At higher frequencies it is seen that the input 
admittance approaches a pure conductance corre-
sponding to the base-lead resistance. 

• 
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Fig. 9 
Variation of Input Admittance for Maximum Power 

Amplification with Frequency 

The output admittance corresponding to 
maximum power amplification is shown in Fig. 10. 

Fig. 10 
Variation of Output Admittance for Maximum 

Power Amplification with Frequency 

Here again, neutralization serves to reduce the 
output capacitance and to make both the output 
conductance and capacitance more nearly constant 

with frequency.  At higher frequencies the output 
admittance approaches a pure conductance as was 

mentioned before. 

Conclusions 

The hybrid n equivalent circuit shown in 
Fig. 3 should be valuable to both device and 
circuit designers since the parameters can be 
formulated analytically in a reasonably simple 
manner and since the circuit is independent of 
frequency throuthout the range of practical 
importance.  The manner in which the transistor 
operation is dependent upon operating voltage, 
current, frequency, and temperature can be pre-
dicted so that calculations can be carried out 
to obtain the answer desired.  In the hybrid n 
equivalent circuit it is important to distinguish 
between the parameters of the intrinsic transistor 
and the extrinsic elements. 

Although the material presented herein is 
of a p-n-p alloyed junction transistor made with 
germanium, the results have general applicability 
to other junction transistors including n-p-n 
transistors, transistors made from other materials, 

and transistors made by different assembly 

techniques. 
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AN ANALYTICAL STUDY OF z, y, and h PARAMETER ACCURACIES 
IN TRANSISTOR SWEEP MEASUREMENT 

H. G. Follingstad 
Bell Telephone Laboratories, Inc. 

Murray Hill, N. J. 

Summary 

A comparison is made of measurement 
accuracies which can be realized for low 
frequency z, y, and h parameters using 
practical sweep techniques.  The compari-
son includes all regions of the transistor 
characteristic and involves both point-
contact and junction transistors in the 
common-base and common-emitter connections. 
Formulas are developed which determine er-
ror in terms of the transistor parameters 
and actual finite terminations.  Errors 
are calculated assuming practical termina-
ting impedance values from simple, well-
established sweep design techniques, and 
assuming typical transistor parameter 
values in each region.  The analysis shows 
that at low frequencies the most generally 
useful and accurate sweep measurements are 
obtained with hybrid (h) parameters.  Sweep 
bandwidth requirements impose the most se-
vere restrictions on the open-circuit and 
short-circuit measuring technique.  There-
fore, the accuracy of all of the parameters 
can be improved by point-by-point current-
voltage or bridge methods to such a degree 
as to make acceptable some parameters which 
are unsuitable for sweep measurement.  How-
ever, the increasing accuracy in point-by-
point measurements applies as well to the 
hybrid parameters.  Therefore it may be 
concluded that the hybrid (h) parameters 
are the only set so far proposed which will 
yield acceptable accuracies in both sweep 
and point-by-point types of low frequency 
measurement. 

1.0  Introduction and Purpose  

Open-circ 4t and short-circuit four-
pole parametersl of a network are defined 
by assuming infinite or zero impedance 
terminations.  Therefore inherent measure-
ment error always exists with finite ter-
minations.  As the frequency of measure-
ment increases to a value where parasitic 
reactances at the terminals become dominant 
or unpredictable, measurements of open and 
short-circuit parameters become impractical 
and other methods must be used.  At low 
frequencies, however, terminations may 
usually be made sufficiently higher or 
lower than the network impedances that an 
acceptable approximation can be made to at 
least one of the six2 possible sets of four-
pole parameters. 

In the present transistor art three 
of the six sets have been frequently meas-
ured with reasonable accuracy on one or 
more existing transistor types in various 
modes of connection.  They are the open 
circuit impedance (z), short circuit ad-
mittance (y), and hybrid (h) parameters. 
The equivalent circuit equations which 
define them are shown in Fig. 1.  It can 
be seen that the z and y parameters have 
impedance and admittance dimensions, re-
spectively, whereas the h parameters are 
a mixed set having the following dimen-
sions: 

hll  input IMPEDANCE with a-c short-
circuited output. 

h12 - feedback VOLTAGE RATIO with a-c 
open-circuited input. 

h21  forward CURRENT RATIO with a-c 
short-circuited output. 

h22 - output ADMITTANCE with a-c open-
circuited input. 

The relations between the z, y, and h 
parameters are given in the Appendix, 
Fig. Al. 

In this paper, a comparison is made 
of measurement accuracies which can be 
realized for z, y, and h parameters at 
low frequencies using terminating imped-
ance values from well-established sweep 
design techniques.  The comparison is 
also based on typical transistor para-
meter values in all regions of the tran-
sistor characteristic and involves both 
point contact and junction transistors 
in the common-base and common-emitter 
connections. 

The primary objective of the com-
parison is to determine which set of para-
meters are most accurately measured on a 
sweep basis so as to obtain a single set 
which is equally useful in sweep and point-
by-point measurements. 

2.0  Source and Termination Error Formulas 

In transistor measurement popular 
conceptions of estimated accuracies are 
often wrong due to neglect of active feed-
back effects in the various regions of the 



transistor characteristic.  An analogous 
wrong conclusion in the vacuum tube art is 
that the output impedance of a cathode 
follower, for example, is equal to the 
cathode resistor value.  To accurately de-
termine measurement error, formulas have 
been developed for the z, y, and h para-
meters whlch show the exact relation be-
tween measured and defined values in terms 
of two error factors.  The latter conveni-
ently relate the Thevenin source and ter-
minating impedancesto the transistor para-

meters. 

The error factor derivations follow 
the sample 211 case in Fig. 2.  In Fig. 
2(a) the input impedance, .1,2, deviates 

11 
from open circuit impedance, gill , as 12 
deviates from zero.  The additive error 
term, zi2 12 , is conveniently translated 

TY 
into a "termination error factor" multi-
plying z11.  The error factor is a func-
tion of the termination, zT , and the z 
parameters of the transistor.  A further 
deviation from z11 occurs as the transistor 
input current, ii• in Fig. 2(b) deviates 
from a known calibrated current, 11 CAL. 
The ratio of these currents is a "source 
error factor" multiplying the input imped-
ance measurement , vl . The source error T.- 
factor is conveniently expressed as a par-
tial function of the generator source im-
pedance, zs.  Fig. 2(c) illustrates that 
the measured input impedance is zil modi-
fied by the two aforementioned error fac-
tors.  The error factors for the z11 case 
are derived in the Appendix. 

Complete error formulas for all of the 
z, y, and h parameters are given in the 
Appendix, Figs. A2-A4.  The formulas are a 
convenient tool at any frequency for analy-
sis of measurement error.  In this paper 
they form the basis for low frequency anal-
ysis of error in sweep measurement. 

3.0  Low Frequency Sweep Measurement  
Objectives  

In the low frequency range two basic 
sweeper types are postulated, one a slow, 
precise recorder type with ± 270 or better 
accuracy, and the other a fast oscilloscopic 
type , with the order of ± 10% accuracy. 
The proposed display coordinates are shown 
in Fig. 3.  The z, y, or h parameter is 
displayed as an ordinate versus swept in-
put current as abscissa with collector volt, 
age as family parameter.  The latter inde-
pendent variables have been most consist-
ently useful in the transistor design art. 

The bandwidth objectives for these 
sweepers are indicated in Fig. 3.  The z, 
y, or h information is obtained by a small 
derivative or probe current with a frequency 

one decade above the display bandwidth 
of the swept waveform to permit simple 
filtering and detection.  The display 
bandwidth, Af, includes 400 harmonics of 
the sweep frequency to provide freedom 
from harmonic distortion of the display 
waveforms.  The frequency data for the 
oscilloscope type sweeper are shown in 
brackets with a probe frequency of 100 KC, 
a display band of 10 KC, and a sweep fre-
quency of 25 cps.  The frequency data for 
the recorder type are scaled down by a 
factor of 100.  Both sweeper types have a 
maximum probe current of 10  and maxi-
mum swept input current range of 50 ma. 

4.0  Practical Source and Terminating 
Impedance Values in Low Frequency  
Sweep Measurement  

Assuming the previous frequency, 
bandwidth, and current objectives, the 
basic plan for determining practical, 
realizable impedance values was to assume 
simple but essential building-blocks and 
arrange them in an optimum way for sweep-
ing each of the twelve z, y, and h, para-
meters.  Additional complexity of circuit 
functions can conceivably produce some-
what better open and short circuits but 
this is unnecessary if acceptable accura-
cies can be obtained in at least one set 
of parameters using the simpler building 
blocks. 
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The four essential sweeper functions 
are:(11 Probe current or voltage generator 
(2) Low frequency input sweep current 
(3) Probe measuring circuit (4) d-c !badly 
parameter supply voltage.  Arrangement of 
these building blocks for sweeping ril is 
indicated in Fig. 4.  Sweep measurement 
of r11 is based on constant probe current 
and an open circuit termination.  Thus all 
of the branches shown must have high im-
pedances relative to the transistor.  The 
probe source is shown as a current genera-
tor, in, with shunt generator resistance, 
rG.  The sweep circuit has a necessarily 
low impedance to the low frequency sweep 
current, 1i  but has high imFedance to 
the probe frequency by means of parallel 
resonance.  The open circuit input volt-
age, vl, is monitored by a high impedance, 
wide band measuring circuit which filters, 
amplifies, and detects the r11 information 
and presents it to the Y axis of the dis-
play mechanism.  Input current, 1.1, is 
calibrated by the voltage drop across a 
calibrated resistance, ri inAL.  The out-
put termination necessarily has a low im-
pedance to the d-c family parameter, col-
lector voltage, but a high impedance to 
the probe frequency and its side bands 
containing the r11 waveform components. 
The impedance levels shown are examples 
for the 1 KC probe frequency case.  The 
probe source impedance can be quite high 



and is limited to 20 megohms only by a prao-
tical limit on probe voltage for the given 
probe current of 10 pa.  Similarly the 
probe measuring circuit impedance of 10 
megohms is limited by the wide measurement 
bandwidth (Q  5).  The limiting impedance 
levels are those in the sweep and collector 
voltage paths.  Here both circuits must 
present a high impedance to the ril side-
bands, limiting the coil Q's to 5.  The 
coils must also be able to pass high d-c 
currents of the order of 50 ma or more. 
These factors limit the resonant resistance 
to about '500 kilohms.  Thus each of the 
composite source and terminating impedances, 
rs and rT, are 500 kilohms. 

The four essential sweeper functions 
take on various forms and values in each of 
the sweepers as summarized in Figs. 5 and 6. 
The indicated values are based on practical 
design limitations.  In Fig. 5(a), for 
example, with 0.2 ppf capacitance across 
rG, probe current source resistance, rG, at 
100 KC is limited to 1.5 megohms.  At I KC 
the limit of 20 megohms is due to probe 
voltage limits for a 10  a current.  As a 
voltage source, an rG of 1 ohm is practical 
at both 1 KC and 100 KC.  In Fig. 5(b), the 
voltage monitor resistance, rm, is limited 
by the wide measurement bandwidth required 
(Q s 5).  The current monitor resistance, 
rm, is a minimum of 10 ohms because of 
transistor and tube noise limitations when 
measuring small currents (10pa) in a rela-
tively wide band.  In Fig. 6 the sweep and 
family parameter circuits, when function-
ing also as open circuit terminations, must 
present a high impedance to the information 
side bands, limiting the coil Q to 5.  To 
prevent detuning from resonance by tran-
sistor or stray capacities a minimum of 
80 ppf tuning capacitance is required. 
These factors limit rsw and rF at 100 KC to 
about 100 kilohms.  The limitation at 1 KC 
is not stray capacity but is the iron core 
inductance required to maintain the imped-
ance while passing large d-c currents. 
Thus rsw and rF at 1 KC are limited to 
about 500 kilohms.  Identical limitations 
exist when the sweep or family parameter 
circuits are in parallel with the probe 
source and measuring circuit.  If the meas-
uring circuit is absent these circuit im-
pedances can be raised  by a factor of 10 
(Q - 50) as shown.  As a short circuit ter-
mination, a resistance of 1 ohm is practical 
for both circuits at 1 KC and 100 KC. 

Arrangements of the twelve z, y, and 
h sweepers are shown in the Appendix, Figs. 
A5-A10.  The composite source and termina-
ting impedances are also indicated for the 
1 KC and 100 KC cases.  These impedance 
values are the basis for error comparison 
of the z, y, and h parameters in this 
paper. 

5.0  Parameter Values of Typical 
Transistor Models in all Regions  
of Operation 

In sweep measurements errors due to 
finite terminations should be determined 
in all regions of the transistor charac-
teristic.  A general regional division 
has been pr9posed for switching type 
transistors4 which of course can include 
transmission types as well.  An adaptatim 
of this regional scheme is shown in Fig. 4 
The regions may be defined as follows5: 

Region (1) 

Region (1-2) 
Region (2) 
Region (3) 

Collector Voltage 
Saturation. 
Transition. 
Active. 
Collector Voltage Cutoff, 

The measurement accuracy required in 
each region depenas upon the importance of 
that region in a particular application. 
In switching applications greatest accu-
racy is required in the transition (1-2) 
and active (2) regions.  Passive regions 
(1) and (3) often may be satisfactorily 
specified by d-c measurements alone or 
with reduced accuracy in swept a-c meas-
urements.  In low level transmission ap-
plications accuracy in active region 2 is 
of major concern, and reduced accuracy is 
usually permitted in the other regions. 

Evaluation of measurement error in 
each region is based on the relation of 
the transistor parameters in that region 
to the source and terminating impedances. 
Models of both point contact  and junctior 
transistors have been assumed in all of 
the regions.  Use of these models permits 
a realistic estimate of measurement errors 
likely to be met in the great majority of 
transistor types.  The basic internal 
parameters of the models are shown in Fig; 
7.  A six-point approximation is assumed. 
Regions 1 and 3 are each represented by a 
single limiting point whereas the transi-
tion and active regions are approximated 
by  four points as shown at the bottom of 
Fig. 7.  The assumed values of re, rb, re, 
and "a" in each region are probably not 
more than a factor of 2 away fromaost 
present types.  Results of conversion of 
re, rb, re, and "a" values to the corre-
sponding r, g, and h parameters are shown 
in the Appendix, Figs. All-A17.  The r, g, 
and h values may be directly inserted into 
the error formulas as well as the source 
and terminating impedance data of Sec. 4.0 
to obtain measurement error in all regions 
of the characteristic. 

6.0  Comparison of Errors in Low Frequency 
z, y, and h Sweep Measurement  

Insertion of the termination and transisto 
parameter data of secs. 4.0 and 5.0 into 
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the error formulas of sec. 2.0 permit di-
rect error comparisons of the low fre-
quency z, y, and h parameters in all re-
gions of the characteristic.  The compari-
sons from region to region are shown in 
Figs. 9-13, inclusive.  They include both 
point-contact and junction transistors in 
both common-base and common-emitter con-
nections and both at 1 KC and 100 KC, with 
the following exceptions:  (1) Comparisons 
of point contacts in the common-emitter 
case and the y data in the common-base 
case is omitted because sweeping causes 
either instability or large errors with 
the required negative impedance-stabilizing 
terminations.  (2) A 100 KC comparison is 
omitted for the common-emitter junction be-
cause the transmission cutoff frequencies 
are often lower than 100 KC so that the 
parameter magnitudes may deviate radically 
from the low frequency real values. 

In Figs. 9-13 the error data are pre-
sented with percentage error plotted ver-
tically and the regional positions hori-
zontally.  Shaded areas indicate unaccept-
ably large errors.  In the 1 KC case a 
maximum error of 2% is consistent with the 
order of accuracy of recorder type display 
mechanisms.  In the 100 KC case a maximum 
error of 10% is compatible with average 
oscilloscopic display accuracies.  However, 
a maximum error of up to 30% is reasonable 
in Regions 1 and 3 because they are passive 
regions and may often be specified as well 
by d-c measurements. 

In Fig. 9 the familiar common-base 
point contact at 1 KC, which historically 
has been measured with r parameters, in-
dicates that the h parameters are preferred, 
although acceptable accuracies are obtained 
with some of the r's.  The advent of the 
junction transistor caused a general depar-
ture from r parameters to h and g parameters. 
The superior accuracy of the h parameters 
over either the r or g sets is evident in 
the accuracy trends of Fig. 10 which show 
the common-base junction at 1 KC.  In Fig. 
11 the common-emitter junction comparisons 
at 1 KC reflect superiority of the g para-
meters over the r or h set.  However, the 
h parameters yield acceptable accuracies 
even though not quite as good as the g set. 
Figs. 12 and 13 show th t even at 100 KC 
the h parameters as a set remain more ac-
curate than the r or g sets in both the 
common-base point-contact and junction 
cases.  The general superiority of the h 
parameter  set is evident when the five 
comparisons are taken as a whole. 

If the curves of Figs. 9-13 are ana-
lyzed individually on the basis of accept-
ability in each region, the parameter se-
lector chart in Fig. 14 is obtained.  The 
shaded areas indicate that for the condi-
tion specified the parameters have entered 

the forbidden error region in the pre-
vious figures.  Fig. 14 shows that in the 
regions of greatest importance (1-2 and 
2) the h parameters are clearly the most 
generally accurate set.  However, it is 
also apparent that the g parameters for 
the common-emitter junction case alone 
are superior to the others.  The r12 
parameter also has some merit.  It should 
be noted that the r and g parameters, 
except for the above cases, tend to be 
most accurate in the regions of least 
importance (1 and 3) whereas the h para-
meters are most accurate in the regions 
of greatest importance.  The one weak 
point of the h set is in Region 1 where 
h11 and h12  are marginal.  These cases 
may be supplemented by g11 and gi2 meas-
urements or by d-c measurements in 
Region 1. 

It should be emphasized that the 
numerical results are based on sweep 
measuring techniques and cannot be extra-
polated directly to point-by-point meas-
urements.  Because the sweep technique 
imposes the most severe restrictions on 
terminating impedances, a point-by-point 
parameter selector chart would have less 
unacceptable parameters.  However, the 
same trend toward greater accuracy applies 
also to the h parameters in the point-by-
point case. 

7.0  Conclusions 

Comparisons have been made of typi-
cal z, y, and h parameter accuracies in 
all regions of the transistor character-
istic and have involved both point-contact 
and junction transistor types in both the 
common-base and common-emitter connections. 
Error calculations were based on practi-
cal terminating impedance values from 
simple, well-established sweep design 
techniques and assumption of typical 
transistor parameter values in each re-
gion.  The results of the analysis afford 
many  possibilities for comparison.  A 
particularly useful result is obtained 
when maximum allowable percentage errors 
are assumed, consistent with the relative 
importance of each region and consistent 
with the inherent accuracy of the display 
mechanism used.  Under these conditions 
it may be concluded that at low frequen-
cies the most generally useful and accu-
rate sw,?ep measurements are obtained with 
hybrid (h) parameters.  The sweep type 
measurement imposes the most severe re-
strictions on the open-circuit and short-
circuit measuring techniques.  Therefore 
all parameter accuracies can be improved 
by point-by-point current-voltage or 
bridge methods to such a degree as to 
make acceptable some parameters which are 
useless in sweep measurement.  However 
the increasing accuracies in those methods 
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apply as well to the hybrid (h) parameters. 
Therefore it may be concluded that the hy-
brid (h) parameters are the only set so 
far proposed which will yield acceptable 
accuracies in both sweep and point-by-
point types of low frequency measurement. 
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11 S.E.F. =  , T.E.F. = A, 
11CAL 

vl 
m ri (A3) 

A1.2  Derivation of Termination Error 
Factor for zil  (T.E.F. = A) 

From the circuit equations ofFIg.1, 

il 

and 

z  i2  
zll  12 

12  h h !a 
21  22 i 

1  1 

From Fig. 2(a), 

__ or v2 = - 
zT i2 

(A4) 

(A5) 

i2zT  (A6) 

Substituting equation (A6) into 
equation (A5) gives 

i2  h21   

ii 
1411 22zT 

(A7) 

To obtain equation (A7) in terms 
of z's use the following relations 
from Fig. Al: 

h _ z21 
4,5  21 

z22 
A. E. Anderson, "Transistors in Switching 

Circuits", Proc. I.R.E., Vol. 40,  1 h22  
pp. 1541-1558; November 1952.  m z22  (A9) 

Appendix 

A1.0  Derivation of Source and Termination 
Error-Factor Formulas for zii 

A1.1  Measured value of z11 

The measured value of zli  may be 
expressed as in Fig. 2 

MEASURED 
INPUT 
IMPEDANCE  ilCAL 

= (S.E.F.)(T.E.F.)zil(A1) 

Using the terms of Fig. A2, 

vl 

ilCAL 

where 

= ( ,-----) 
1 1C AL 

(A2) 
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(A8) 

Substituting equations (A8) and 
(A9) into equation (A7) gives 

i2  -z 21   

i1  z22 +zT 
(A10) 

Substituting equation (A10) into 
equation (A4) gives 

V1 

11 7-  m Z11 z12 [7 7 
T 

Factoring out 

vi 
I- ' zil 

r-

1 

-z 21  
-22+-



Defining T as in Fig. Al, 

z21 z12 

z11 z22 
(A13) 

zs 
ii    i s  

Vi 

Zs  + 

Substituting equation (A13) into  Therefore 
equation (Al2) gives 

Z II  =  Az ll  (A14) 

The termination error factor is 

T.E.F. . A 

. 1 T   (Compare Fig.A2) 
zT 

1 +  (A15) 
z22 

i1  zs  z11CAL 

1CAL  zs + 
11 

Dividing by z5, 

1 4,  11CAL 

i1  zs 

ilCAL 

ze  

(A18) 

(A19) 

Substituting equations (A3) into 
equation (A19) gives the source 

A1.3  Derivation of Source Error Factor error factor: 
lor z11 

il 
S.E.F. =- 

(S.E.F. = •   ) 
(  11CAL )  ilCAL 

From Fig. 2(b),  1 + z11CAL  

zs  

zs (A1 6) Azll 
.  (Compare Fig.A2) 

2ilCAL m is  1 +  (A20) 
S  + z 11CAL  zs 

and 

L, 

V I = z„ L, + zit La 

\fa = za, L, 1- Za2 it 

thave t  t9tIvi  ji---.. •    . ...___ i.e. 
1 

v, 1  92z   z 
.   . 
i„ = y„ v, + 9,ava 

i 2 = 421'11 + 9 ez vz 

f 1,21  

Vi =  )1111. 1 h 12 Ve 

it = h 1 L1  ht2 v2 

Fig. 1 
Four-pole z, y, and h equivalent 

circuits and equations. 
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The Metrechon is new because, although it 

has been under development for some time and oper-
ating samples have been built, it is not yet 
in production and this is the first public state-
ment describing it.  It is a half-tone picture 
storage tube because it can store a radar or tele-
vision picture with a continuous range of signal 
values (half tones) and reproduce them in the out-
put.  It is a storage tube because, according to 
a proposed IRE definition, it does this by means 
of static electric charges.  The name is also new 
and was chosen by the convention of a descriptive 
name based on Greek words.  They are, 'metre' 
which means 'to measure', and 'echo' which means 
'to keep or to hold'.  The 'n' is the residue of 
an attempt to tack on the old suffix 'tron'. 

A schematic diagram of the tube is shown in 
Fig. 1.  It consists of a low velocity gun similar 
in principle to the type used in the image orthi-
con, a storage target and a conventional cathode 
ray gun.  The low velocity gun is used for the 
reading operation and its cathode is tied to ground. 
The cathode ray gun is used for the writing oper-
ation and its cathode is operated at about 2000 
volts nepaive with respect to ground.  The target 
is shown enlarged below the tube outline.  It 
consists of a thin sheet of insulator with a metal 
mesh on one surface.  There are several ways of 
building such a target.  One way is to metalize a 
mesh on a sheet of mica.  Another is to seal a 
thin film of high resistivity glass to a sheet of 
electrolytic mesh.  Because the fineness of the 
mesh determines the maximum number of storage ele-
ments on a target of limited diameter, a 700 wire 
per ir̂ h mesh was used.  The metal side of the 
target is faced toward the reading gun and is 
called the front surface.  Within a few thousemdthe 
of an inch from the back, a second fine mesh screen 
of metal is located and is called the "writing 
screen".  The bulb wall back of the writing screen 
is coated with an electrical conducting film which 
serves to collect the secondary electrons that 
emerge thru the writing screen and also to act as 
an anode to the writing gun.  The remaining elec-
trodes are conventional.  The magnetic focussing 
and deflecting coils around the reading gun have 
been described in the literature and so are not 
shown.  Fig. 5 is a photograph of a sample tube 
and its mechanical dimensions are 23 inches long 
and 2 inches maximum diameter. 

Fig. 2 is a drawing of the target very much 
enlarged and shows the zero equipotential lines 
under different conditions when the mesh is held 
at about 2 volts positive with respect to the 
reading gun cathode.  There is some electron 

landing on the mesh.  However those electrons that 
land on the insulator, because of their low ve-
locity, do not produce any secondary electrons and 
therefore drive it negative till no further land-
ing can take place and are subsequently totally 
reflected.  The reflected electrons go back along 
the line of deflection to a secondary emission 
multiplier section which amplifies the current. 
The output of the multiplier produces a signal 
which is proportional to the magnitude of the 
current reflected from the target. 

The writing operation will be such as to 
drive the insulator more negative than zero.  In 
this case the zero equipotential lines emerge from 
the surface and start to cut down the area thru 
which the electrons can approach the metal.  This 
increases the fraction of the beam current that is 
reflected.  When the insulator is driven still 
more negative the lines emerge further and close 
over to prevent any landing on the mesh.  This 
causes full reflection of the reading beam into 
the multiplier and produces a peak or saturated 
signal.  Fig. 3 also shows how the beam current 
varies with insulator potential.  A typical trans-
fer characteristic is also shown where the input 
signal is shown in terms of charge density on the 
target.  Because the usual cathode ray gun does 
not have a linear beam current with grid voltage, 
correction must be made for it.  Approximately 
70 percent of the curve is linear when plotted as 

shown. 

It should be noted that at no time, in the 
presence or absence of a stored charge is there any 
electron landing on the insulator.  Therefore the 
reading action is one by which the stored charge is 
measured without disturbing it.  This is the reason 
for the name containing the word "metre".  It is 
also the reason why the target can be scanned re-
peatedly to reproduce many copies of output signals 

with the full range of half tones. 

The writing operation can be performed by 
applying the input signals to the grid of the 
writing gun and thereby modulating its beam current 
from zero to any value up to its maximum.  During 
the time of writing the writing screen at the back 
of the target is held at 100 volts negative with 
respect to ground.  Because of the close spacing 
there is created a retarding field of sufficient 
strength to effectively prevent the escape of any 
secondary electrons from the point of landing of 
the beam.  The target is thus driven negative by an 
accumulated charge which is the product of the beam 
current and the time the beam takes to pass a given 
spot.  The negative potential thus produced on the 
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back of the insulator couples by the high capacity 
of the very thin insulator film to the front 
surface to affect the reading as described earlier: 
The potential required to cut off reading beam 
landing is no more than five volts.  This is a 
small fraction of the retarding voltage on the 
writing screen and therefore provides a linear 
build up of charge with either time, or current, 
or number of passes.  The tube will therefore 
integrate linearly any number of accumulated sig-
nals until the reading action is saturated. 

The writing speed is very high, being of the 
order of 10 million spot diameters per second. 
This is due to the low capacity of the storage 
elements which are essentially supported at their 
edges instead of being backed up by metal as is 
the case with most previous storage tubes.  This 
permits an effective reduction in capacitance per 
unit area to one tenth that of a corresponding 
metal backed insulator of the same thickness.  The 
voltage excursion is also small so that a satur-
ated writing of a television picture can be ob-
tained in a single scan with a peak beam current 
of no more than three microamperes.  This speed 
is ample for most television or radar applications 
and the writing gun was chosen for high resolution 
and a peak beam current of 10 microamperes.  For 
special applications where higher speeds are re-
quired it is possible to use different writing 
guns with 50 times the peak beam current. 

The erasing operation can be performed by 
switching the writing screen to zero volts and 
hitting any spot with the writing beam to give 
point for point erasure.  The beam voltage was 
chosen to produce an excess of secondary electrons 
for the material of the storage target.  If the 
bombarded spot was negative due to writing, then 
the secondaries are drawn to the writing screen 
until the area is driven just enough positive to 
pull back the excess secondaries and no further 
potential changes occur.  This is the normal 
erased state of the bhck of the target.  It is ob-
vious that the writing and erasing operations 
cannot be done simultaneously.  Therefore erasing 
must be timed to occur when no new writing signals 
are occurring.  In a radar system this can be 
the recovery time of the transmitter.  This is 
also the interval during which the deflection 
returns to the starting point.  Therefore the 
writing beam can be turned on to a fixed value and 
deflected along a line where the new signals will 
be written and clear it for them.  Thus the whole 
radar phttern will be visible in the reading out-
put except where it is about to be replaced.  Be-
cause the writing and reading operations can be 
performed without interfering with the reading, 
the output is continuously available from the 
instant a signal is written in to the time it is 
erased. 

The resolution of the tube is shown by 
Fig. 4.  It was obtained by writing down a bar 
pattern generated by an oscillator synchronized 
with a television scan and written in a single 
frame.  Each frequency shows the corresponding 
number of lines per target diameter.  We see that 

100 percent modulation of the reading output sig-
nal is obtainable for almost 300 lines per target 
diameter and that 500 lines still gives almost 
10 percent modulation.  The corresponding reso-
lution number of a television picture is lower 
because not all of the target area is utilized 
and is about 370 lines.  There is reason to be-
lieve that the resolution is limited by the 
fineness of the target mesh.  Finer mesh has been 
made and will be used in future tubes when and if 
necessary. 

The storage time of the tube can have several 
possible meanings.  The most useful is the time 
during which the reading operation can produce 
useful copies.  With a television type reading it 
was found that the storage time was about 10 to 50 
minutes before a fully written signal would decay 
to half value.  This limit was set by the ion-
ization of the traces of gas remaining in the tube 
by the reading beam current and causing positive 
ions to land on the target and to erase the nega-
tive areas.  The effect was stronger in the center 
of the target than around the edges.  If the read-
ing operation can be interrupted then the storage 

time can be measured in terms of the number of 
copies.  For this purpose the number is 36,000 to 
100.000 copies.  In terms of the insulator's 
ability to hold charge it was found that appreci-
able signal remained days after it was written. 

As for applications of the tube, it was prima-
rily developed for the purpose of storing radar 
PPI patterns and displaying them in television 

scan on a kinescope.  Tests of this type of oper-
ation are under way at the present time and it is 
hoped that there will be found a better detection 
of signal in noise due both to the constancy of 
visible signals in the display and to the fuller 
utilization of the effects of integration.  Other 
applications will be investigated as tubes become 
more available. 

Although the tests already made indicate the 
likelihood that the tube could be an elegant 
solution to many systems problems it would be well 
to recognize  that much work remains to be done in 
learning how to operate it under the necessary 
conditions.  It is a complex device and will re-
luire a good bit of circuitry to develop for its 
specific operation.  In any case it will be merely 
a link between a complex writing circuit and a 

television type or other reading system.  Thus its 
use is expected to be restricted to those appli-
cations where its special properties will justify 
the expense and complexity of its installation. 
It is not expected that it will be of use to the 
computer field because of the problem of obtain-
ing sufficiently accurkte scanning circuits to 
make full use of its storage capabilities.  A more 
detailed description of its operation in various 
modes will appear in publications for those wno 
wish to understand the tube better.  As for the 
availability of samples for testing, the tube 
is not yet in production and is not scheduled for 
the time being.  We know of some design changes 
that must be made and expect to find more in our 
tests before the tube will be reedy for production. 
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CHARACTMISTICS OF VlEWING STORAGE TUBES WITH HALFTONE DISPLAY 

M. Knoll, H.O. Hook, and R.P. Stone 
RCA Laboratories Division 
Princeton, New Jersey 

ABSTRACT 

Typical characteristics of transmission control 
type viewing storage tubes are discussed, using as 
an example a new version of halftone storage tube 
with primary current modulation for writing, and 
grid-control reading. This tube has 400 line reso-
lution, a highlight brightness of 400 feet-Lamberts 
at 7 kv anode voltage, and is able to store single 
television halftone frames up to 15 seconds without 
holding. 

Calculated and experimental static viewing-
current characteristics are compared, showing a 
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considerable decrease in slope with increasing 
gradient across the storage layer. Dynamic charac-
teristics of the visual output as a function of the 
electrical input are approximately linear. To keep 
the amplification factor sufficiently constant var-
iations in storage, grid-wire diameter must be <1.- : 
per cent for accurate halftone display. Viewing 
durations without holding are mainly limited by the 
residual gas pressure. Using pulse-holding techni-
ques, black-and-white pictures have been viewed for 
27 hours. 



A HIGH WRITING SPEED DARK TRACE TUBE 

S. Nozick, N. H. Burton, and S. Newman 

Storage Tube Group 
U.S. Naval Material Laboratory 

Brooklyn, New York 

Summary. 
As an outgrowth of several years of dark 

trace tube study, an improved skiatron is pre-
sented with a writing speed better than three 
times that previously obtainable.  The improvement 
vas obtained by special electron optical design 
rather than by raising the anode voltage.  The 
analysis of skiatron writing speed qualities is 
presented as a function of electron gun and screen 
characteristics, with experimental verification. 
The special design characteristics arrived at are 
presented and analyzed in view of the laboratory 
study.  The tube and system are discussed and 
contrasted with previous dark trace tubes. 

Introduction 

Dark trace, or skiatron, tubes have certain 

inherent advantages over bright display tubes 
which make their use desirable for information 
displays.  These advantages are:  the ability to 
integrate visually, the ability to retain infor-
mation for an extended period of time, and the 
ability to present optimum contrast with high 
ambient illumination.  The last named, the day-
light viewing characteristic of dark trace tubes, 
in conjunction with the storage characteristic, 
explains the interest in skiatrons.  One limit-
ation to the utilization of the skiatron tube has 
been the low information display rate.  A tube is 
described herein which greatly increases the 
display rate.  A special electron optical system 
is presented which reduces the deflection defocus-
sing encountered when high beam currents are 

employed. 

Analysis 

After basic analysis of the problem of the 
low information display rate of dark trace tebes, 
it was apparent that an appreciable improvement 
was required.  A search of the available litera-
ture revealed that a detailed study of the writing 
speed of skiatrons had not as yet been reported. 
Therefore a study of the characteristics affecting 
the writing speed was made.  It was found that 
changes in the accelerating potential, the beam 
current, or the screen sensitivity would influence 
the writing speed. 

The first possibility, suggested by extrap-
olating the w k of previous researchers in the 
field, was to increase the accelerating potential. 
However, limitations to this technique were immed-
iately apparent.  The magnitude of the possible 
increase in the writing speed due to increased 
potential would be limited.  In addition, the 
insulation and corona problems associated with 
potentials  higher than fifteen kilovolts limit 
airy proposed tube's application. 

The results of Nottingham's wcrkl indicated 

that a relationship exists between contrast and 
the charge density deposited on the skiatron 
screen.  Based upon this relationship and the 
work of Windsor2 an analysis was prepared ad 
experimental verification obtained of the rela-
tionship of writing speed, beam current, and 
spot size3.  The formulation arrived at is: 

W e K I/s  (1) 

where: W is the writing speed 
I is the beam current incident on the 
screen 

s is the spot size 
K is a constant determined by the screen 
Sensitivity 

This equation led to the information display 
rate, which is equal to the writing speed di-
vided by the spot size.  Thus: 

F. W/s K I/s2 (2) 

where:  F is the information display rate 
This is a more accurate formulation for comparing 
different tubes since it is an  the maximum 
number of elementa of information that can be dis-
played per unit time. 

An increase in the writing speed could be 
attained by increasing the factcr K in the above 
formula.  This, however, would involve a modifi-
cation in the basic screen material, enteiling a 
long study of the crystal state of the scotophor 
and the effect of the variations in the composi-
tion of the scotophor on the formation of the F 
centers.  Available information indicates that an 
increase in the sensitivity of the pure potassium 
chloride screen would be very difficult and here 
again, the possible increase would probably not be 
sufficient to warrant the effort. 

The remaining factor in the writing speed 
equation, the ratio of beam current to spot size, 
shoved the meet promise.  Our objective, therefore 
has been to increase the ratio of the screen cur-
rent of a dark trace tube to the spot size while 
maintaining satisfactory resolution. 

Description of Tube  

To attain our desired objective a dark 
trace Woe, ML-9211, was constricted by Dr. Holborn, 
of the Natioeal Union Radio Corpora tion, containing 
a wide aperture tetrode gun with the low heat ca-
pacity mica supported screen of the National Union 
Radio Corporation.  The gun is capable of approxi-
mately ten milliamperes emission through the wide 

aperture system. 

This tube was studied to determine if it 
satisfied the basic requirement of the problem, an 
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improvement in the writing speed.  The writing 
speed was measured by writing a single raster on 
the scotophor and examining it.  The vertical 
deflection waveform was a sawtooth and the horizon-
tal waveform a sinusoid.  The frequency of the 
sinusoid was increased until the trace just dis-
appeared at the vertical centerline.  The writing 
speed was then calculated by measuring the width 
of the raster, noting the frequency of the sinusoid, 
and substituting these values into the formula: 

W • 2 Xfa (3) 

where:  Wis the writing speed in centimeters 
per second 

f is the frequency of the sinusoid in 
cycles per second 

a is the amplitude in centimeters 
(The small vertical velocity component 
can be neglected) 

The results of this study were not complete-
ly satisfactory.  The writing speed, at one milli-
ampere beam current, was 7.1 kilometers per second 
as compared to a previously determined value of 
5 kilometers per second for the standard R-2112-G, 
or an increase of about 40 percent.  No figures 
were attainable at higher beam currents due to 
severe defocussing. 

An increase in the beam current beyond one 
milliampere was accompanied by increased deflec-
tion defocussing.  To obtain a quantitative measure 
of this phenomenon the spot size was measured as 
the beam current was increased.  It was fopnd that 
a comparison of the standard spot size "A"4 of the 
shrinking raster method, the line width at the 
center of the raster, with spot size "D" produced 
a measure of the deflection defocussing.  Spot 
size wD" is defined as the line width determined 
by shrinking a fifty line raster until the top two 
lines merged.  The results of these measurements, 
(Graph 2), and those of the spot size of the 
R-2112-G, confirmed the observation that the in-
creasing spot size of the ML-9211 restricted it to 
operation with beam currents of one milliampere or 
less.  The criterion for this limit was taken to 
be a spot size of one millimeter, which is compar-
able to that of the P-7 cascade screens currently 
in use. 

Electron Optics  

The work of Schlesinger5 reveals that the 
basic cause of this type of deflection defocussing 
is the large diameter of the electron beam in the 
field of the deflection coils.  With this as a 
guide, a lens system was designed to reduce the 
diameter of the beam entering the field of the 
deflection coils. 

The lens system is composed of a primary, 
short focal length lens and a secondary, long focal 
length lens.  The primary lens, placed on the neck 
of the tube just forward of the gun structure 
(Fig. 1) converges the beam at a point just before 
the field of the secondary lens.  The secondary 
lens, in turn, refocusses the beam at the scoto-

phor.  Comparing this system to the conventional 
focus lens (Fig. 2), we see that the diameter of 
the beam has been reduced by producing an effec-
tive point electron source much closer to the 
focus coil. 

The primary lens field, calculated from the 
geometric character of the tube employed, is 
approximately four kilogauss, as measured in the 
air gap with a kilogauss meter.  Since this field 
magnitude cannot be produced by a practical elec-
tromagnetic lens, an Alnico V magnet was magne-
tized to a stable condition having a variation of 
from three to six kilogauss, by mechanical vari-
ation of the air gap dimension. 

The secondary lens is a standard 2D2 elec-
tromagnetic focus coil.  This lens acts in its 
ueual capacity to focus the reduced diameter beam 
at the screen. 

The initial attempts to employ the system 
indicated a substantial reduction of the deflec-
tion defocussing found at two milliamperes beam 
current.  The position and field strength of the 
primary lens were then varied to determine the 
optimum operating conditions.  The graph of the 
results (Graph 1) indicates the position and field 
for minimum deflection defocussing to be at 12.5 
centimeters from the tube reference line and a 
field strength of 5 kilogauss.  These values were 
found to yield good results for all beam currents 
employed.  The writing speed of the ML-2911 em-
playing the two lens focus system was then 
determined. 

Results 

The results of the various spot size deter-
minations are summarized in graphical form (Graph 
2).  It will be noted that, while the ML-9211 and 
the R-2112-G have equivalent spot sizes "A" and 
"D" for beam currents up to nine hundred micro-
amperes, the ML-9211 has much more severe deflec-
tion defocussi,Ag for higher beam currents.  The 
aperture limiting of the R-2112-G is apparent when 
compared to the ML-9211 at these higher beam cur-
rents.  The improvements obtained with the two 
lens focussing system are verified by the displace-
ment of the spot size curves of the ML-9211 em, 
playing the system.  The curves are displaced 
appreciably in the direction of higher beam current. 
The spot size "A" is maintained below .5 milli-
meters while the spot size "D" is practical for 
beam currents up to two and a half milliamperes. 

The results of the writing speed measure-
ments are shown in Graph 3.  The R-2112-G is capa-
ble of a usable writing speed as fast as film 
kilometers per second.  The ML-9211, employing the 
conventional focus system, attains a maximum of 
seven kilometers per second, while the two lens 
focus system raises this value to fifteen kilo-
meters per second.  Thus the combination of the 
M1-9211 and the two lens system provides a con-
siderable improvement as compared to the R-2112-G. 
The final figure attained is an improvement of 
more than three hundred percent. 
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The information display rate (Graph 4), 
which provides a good figure of merit, varies from 
a maximum of 1.37 x 107 elements per second at 500 
micro-amperes beam current for the R-2112-G to 
2.30 x 107 elements per second at 1000 microamperes 
for the ML-92 11, and to approximately 3.05 x 107 
elements per second at 1800 microamperes for the 
ML-9211 with the two lens system.  This is an 
improvement of 124 percent. 

Conclusions 

It has been demonstrated that it is possible 
to employ high beam currents in cathode ray tdbes, 
without appreciably increasing the spot size, and 
in this manner, increasing the maximum writing 
speed.  With the aid of this development the uses 
of the dark trace tube may now be extended to en-
compass a wider area in the field of radar and 
oscillographv.  In oscillography it will now be 
possible to obtain recordings of faster non-peri-
odic phenomena than could previously be recorded. 
The two lens system insures that the trace will be 
sharp and clear, and enables the display of more 
rapid phenomena. 

For radar applications the dark trace tube 
now comes closer to having the high writing speed 
characteristics of bright trace tubes, with the 
additional advantages of the scotophor.  Thus, in 
many special radar applications, the dark trace 
tube will now be an improvement over the phosphor 
tubes.  With its integration abilities and daylight 
viewing it can prove most useful in the fields of 
signal to noise enhancement, where retention of the 
signal is required. 

The two lens focussing system itself is 
applicable to any cathode ray tube which is to be 
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Graph 1 
Variation of writing speed with D at various 
values of flux density of the ML-9211 

(double focus). 

operated at high beam currents.  It is useful where 
extremely small spot size is required and aperture 
limiting is not feasible.  In all cases, the two 
lens system can be installed without radically al-
tering the circuitry since the only addition to 
existing electromagnetic focus systems is the pri-
mary lens, a permanent magnet.  It may enable the 
construction of shorter cathode ray tubes for tele-
vision by reducing the deflection defocussing found 
when wide deflection angles are used. 
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Fig. 3 
High writing speed tube assembly. 
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A LARGE CAPACITY STORAGE TUBE FOR DIGITAL CO MPUTER APPLICATIONS 

R. B. DeLano, Jr. 

International Business Machines Corporation 
Poughkeepsie, New York 

Introduction  

The IBM-93 cathode-ray storage tube, which in c er-
tainapplications stores 10,000 bits of information, 
represents a significant advance in random access 
memory systems. This paper considers tube oper-
ation and describes the target structure which gives 
the new tube improved performance over tubes used 
in Williams type memory systems.  Also included 
in the discussion is a description of the special cir-
cuits required and the test results obtained on a 

group of these tubes. 

By inhibiting the secondary redistribution of elec-
trons, this new tube is able to overcome one of the 
basic limitations existing in Williams type systems. 
In these systems, the storage phenomenon itseli and 
the major factor limiting storage capacity, namely 
spill, are a result of the redistribution of secondary 
electrons.  These factors make it difficult to in-
crease the storage capacity.  A tube in which the 
secondary redistribution is reduced should have 
much larger storage capabilities. 

The IBM-93 belongs to the class of tubes which 
uses a wire mesh on the storage surface to prevent 
the redistribution of secondary electrons and uses 
backplate modulation to provide the second binary 
state (1,2). A collector grid attracts secondary 
electrons as they are emitted, producing a farther 
reduction in secondary redistribution. 

Tube Construction  

Fig. 1 shows a picture of the tube.  The re-entrant 
bulb structure is used to simplify the problem of 
mounting the target.  The gun which is used in this 
tube was originally developed for the IBM-85 tube 
used in the Williams-type memory system of the 
IBM type 701 Electronic Data Processing Machines 
(3).  This gun was designed to give a small spot 
size and a minimum of deflection defocusing. Since 
the new tube has similar requirements, the same 
gun is used. The target located in the left end of 
the tube is supported by bulb spacers and three 
leads. The bulb is sealed at the extreme left end 
after the target is located properly. 

The target construction is rather unique and is 
shown in Fig. 2. One of the ceramic frames is held 
on a mandrel and placed in a grid winding machine. 
A square piece of mica having an evaporated metal 
coating on one side is placed on the frame with the 
metallic side down. This metallic coating is the 
backplate. The machine winds four tenths mildia-
meter tungsten wire over the mica and ceramic. 
The winding pitch is 300 turns per inch.  A low-
inertia tensioning device maintains a tension of one-
half breaking strength in the wire as it is wound. 
A second winding is placed on top of the first at 
right angles to it, forming a mesh.  The mesh 
squares are smaller than the beam diameter, so 
that the beam covers several squares.  The wires 
are secured to the frame with ceramic cement. 
The frame has the same temperature coefficient of 
expansion as the tungsten wire to prevent breaking 
of wires when the tube is heated during processing. 
The collector grid is wound on a second frame with 
wires running at an angle of 45° with respect to the 
frame sides.  The two frames are cemented to-
gether with ceramic cement, spacers being used to 
keep the mesh and the collector grid ten mils apart. 

Tube Operation  

The output circuit for the tube is shown in Fig. 3. 
The gun is operated with its cathode at -2300 volts. 
The collector grid is the most positive electrode in 
the tube.  The pentode is normally cut-off so that 
the mesh and backplate are at nearly ground poten-
tial.  The mica surface has a secondary emission 
coefficient greater than one and a high resistivity. 

The binary state called a zero is the equilibrium 
potential of the surface.  If the beam is turned on 
and the backplate is at ground potential, the mica 
surface beneath the beam becomes charged to the 
equilibrium potential. At this potential enough sec-
ondary electrons are returned to the spot to make 
the effective secondary emission coefficient equal 
to one.  The other state, called aphis, is obtained 
by (1) applying a negative pulse to the backplate 
while the beam is on and (2) turning the beam off 
before the end of the backplate pulse.  The portion 
of the mica surface which is not in contact with the 
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mesh, swings negative with the backplate pulse and 
secondary emission gives a net electron current 
away from that portion of the area beneath the 
beam. This current charges the area positively 
with respect to the rest of the target. Reading is 
accomplished by bombarding the area containing 
the bit in question. If this bit is a zero, there will 
be no output, since the area is at equilibrium. If 
it is a plus, the surface will swing negative to 
reach equilibrium, and there will be a negative 
output pulse. 

The negativebackplate pulse is obtained by apply-
ing a positive pulse to the pentode grid. The diode 
conducts and a 100-volt pulse is developed across 
the mica between the mesh and the backplate. The 
diode does not conduct while a signal is being read 
from the tube so that the signal does not have to 
drive the large mesh to backplate capacitance. 
Since the input capacitance of the amplifier is much 
smaller than the capacitance between the mesh and 
backplate, the use of a diode makes it possible to 
increase the amplifier input resistance without de-
creasing the input circuit bandwidth. Because the 
storage tube maybe considered to have a constant-
current output, increasing the amplifier input im-
pedance increases the signal magnitude. The diode 
also reduces the magnitude of the backplate pulse 
at the amplifier input, thereby improving ampli-
fier recovery. 

Fig. 4 shows the arrangement of grid and backplate 
pulses used in reading and writing.  In the plus 
cycle, the beam is turned on to interrogate the bit 
during time interval "a" and the plus is rewritten 
during "b". 

The type of a zero cycle shown here is called a 
reset zero. At the end of the interrogation in-
terval "a" the bit is at the normal zero potential 
so that the rest of the cycle is unnecessary from 
this standpoint. In the case of repeated references 
to a zero bit, however, the fringe electrons of the 
primary beam would tend, to change neighboring 
bits to zeros.  interval "b" having both the beam 
and backplate pulse on, has been added so that 
fringe electrons striking neighboring bits will re-
set them in the plus direction.  The plus which is 
written during ".6" is then erased during interval 
"c", leaving the bit at the normal zero potential. 

Complete resetting of neighboring bits is not pos-
sible, but the improvement obtained may be seen 
in Fig. 5. These curves compare the reset and 
non-reset operation of the tube. Non-reset oper-

ation means that the beam is turned off at the end 
of time "a" in the zero cycle (See Fig. 4).  The' 
curves show the number of references to a zero 
bit which will reduce the plus signal of an adja-
cent bit to 50 per cent of its original value when 
the two bits are spaced by the amount shown.  The 
improvement which occurs for a large number of 
references is due to the backplate pulse duringthe 
zero cycle. 

There is another advantage in having a backplate 
pulse during each cycle.  The portion of this pulse 
which appears across the diode is about eight volts 
and is also across the amplifier input.  The signal 
magnitude is only about a millivolt and it occurs 
seven microseconds after the end of the backplate 
pulse.  It is important to note that there is an am-
plifier recovery problem here which is consider-
ably reduced by having the backplate pulse occur 
at regular time intervals. With this arrangement, 
the amplifier does not have to recover completely 
between pulses. 

Amplifier Circuit  

Four cathode-coupled grounded-grid stages are 
used in the amplifier to provide a non-inverted 
signal which prevents driving the grid of the sec-
ond stage positive and charging the grid-coupling 
capacitor. Discharge of the capacitor would block 
the amplifier for a long period.  Fig. 6 shows an 
elementary schematic diagram of the amplifier. 
With the grounded-grid stages, the backplate pulse 
is negative at the input to each stage and is limited 
by driving the cathode followers to cutoff.  Each 
stage has a gain of about seven except for the last, 
which has regenerative feedback from the plate of 
the modified cathode follower to the inverter grid. 
The gain in this stage is thereby doubled. 

The signal is amplified to a level of a few volts by 
these stages and then inverted by the high-gain pen-
tode stage.  The coupling time constant in the pen-
tode grid circuit is one-half microsecond to differ-
entiate and reduce the duration of overshoots pro-
duced in previous interstage coupling networks. 
The pentode grid serves as a diode, and clips the 
positive excursions produced by differentiation. 
A cathode follower is provided for the output. 

A composite output signal is shown in Fig. 7. This 
is a superposition of the signals from 8192storage 
locations. The upper waveform was obtained by 
storing a plus at each of the locations and the lower 
waveform by storing a complete raster of zeros. 
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The large pulse on the right in each waveform is 
the backplate pulse. 

Storage Tube Test Eg_uipment  

The interactionbetween bits varies over the target 
area.  Consequently, storage capacity must be de-
termined by using a raster containing a large num-
ber of storage locations and testing each location 
in this raster for interaction.  Fig. 8 shows the 
equipment which is used to perform this test auto-

matically. 

The large frame contains most of the logical cir-
cuitry. This includes use and regeneration counters 
and a deflection register.  Timing pulses for the 
grid and backplate pulse generators are provided. 
Automatic error-indicating circuits and indicator 
lights for the circuits are also located in this frame. 

A chassis, which is not visible In the figure, con-
verts the output of the deflection registers into 
corresponding deflection voltages for the storage 
and monitor tubes located in the chassis on the 
bench.  The new storage tube does not require 
more precise deflection circuits than those used 
with the IBM-85.  This is because both tubes have 
the same spot size and the beam must strike a bit 
within one-tenth of a beam diameter. 

Alongside the tubes are the backplate pulse gen-
erator and the signal amplifier.  The grid drive, 
temporary storage trigger, and amplifier sampling 
circuits are located on this chassis. 

There are two different applications for a storage 
tube of .his type. One application, which is of the 
buffer storage type, requires only a few refer-
ences to neighboring locations before they are re-
generated.  The other application is in the work-
ing memory of a computer, where a large number 
of references is required.  In the latter applica-
tion, the number of references required increases 
as the storage capacity is increased unless more 
time is allowed for regeneration. 

The tester will operate with rasters containing up 
to 8192 storage locations.  Hexagonal packing is 
used in the raster.  In this arrangement, each bit 
has six nearest neighbors; whereas each bit has four 
in square packing.  If both configurations have the 
same distance between nearest neighbors, hexa-
gonal packing allows more bits to be stored in a 
given area.  Each of the tubes was tested with 8192 

bits spaced 10 mils apart, and with 1024 bits spaced 
22 mils apart.  Neither of these rasters cover all 
the target, which is 1-3/8 inches square. However, 
they are large enough to evaluate the tube. 

The tester starts with a raster full of either zeros 
or plusses. One storage location is selected by the 
use address counter and a binary state of opposite 
sign is written at this location. This bit is refer-
red to a number of times determined by the setting 
of a dial on the panel.  Each time the bit is refer-
red to, it is checked automatically so that forget-
ting errors will be detected. These errors may be 
caused by improper reset operation and result in a 
zero changing to a plus.  After these references , 
the original binary state is rewritten at this loca-
tion so that unless the fringe electrons have caused 
interaction between this bit and the others in the 
raster, all the storage locations contain the same 
binary state.  The complete raster is then regen-
erated and the signal coming from each bit is checked 
automatically. 

If an error is made , neon indicator lights show 
whether the error was caused by forgetting or by 
interaction between bits. In either case, the tester 
stops making references to the bit, but continues 
regenerating the information stored in the tube . 
This enables the operator to see where the error 
was made by referring to a monitor tube whichdis-
plays the stored information. 

If no error Is made, the use address counter moves 
to the next location and the process is repeated. 
After the complete raster is checked several times 
in this manner, It is manually reset to the opposite 
sign and the raster is checked again.  In this way 
the effects caused by pounding a plus on a field of 
zeros, and that caused by pounding a zero on a field 
of plusses are checked.  The discriminating level 
is set so that the same number of references is ob-
tained in both directions and this number is used 
as an index of performance. 

By adjusting the gain of the deflection amplifier, 
reference numbers may be obtained for various 
spacings.  Fig. 9 shows the reference number of 
three tubes, A, B, and C, as a function of the spac-
ing between bits. The reference number at 10 and 
22 mils is shown for four othertubes, D,E,F, and 
G. The entire lot of seven tubes was produced at 
the same time and the data indicates the amount 
of spread between tubes.  It is possible to pro-
duce these tubes with consistent operating charao-

teristics. 
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Storage Capacity 

The IBM-85, as used in the IBM 701, stores 1024 
bits spaced 52 mils apart and under worst condi-
tions a bit may be referred to 342 times before ad-
jacent bits are regenerated.  These bits occupy an 
area measuring 1.6 inches on a side. 

The target for the IBM-93 was made 1.375 inches 
square so that both tubes would have the same out-
side diameter.  When the new tube stores three 
times as many bits, the raster has 56 bits along 
each side with a spacing between bits of 23 mils. 
The number of references required increases in 
proportion to the number of bits stored so that this 
application would require about 1000 references. 
Referring to Fig. 9, we see that the worst tube has 
2000 references at 23 mils spacing. Thus, 3000 bits 
can be stored with a reasonable safety factor. 

For buffer storage and calculator applications re-
quiring less than 100 references, one tube can store 
10,000 bits. 

The IBM-93 is the result of a program to develop a 
tube specifically for digital computer storage. The 

Fie. 1 - The IBM-93 cathode-ray storape tube. 

success achieved so far indicates that the cathode-
ray tube is still a very attractive storage means.. 
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NOISE LIMITATIONS ON STORAGE TUBE OPERATION 

Stanley Winkler and Seymour Nozick 
U.S. Naval Material Laboratory 

Brooklyn, N.I. 

Summary:  In practice, the operation of storage 
tubes is limited by the presence of noise.  The 
experience obtained in using storage tubes is pre-
sented together with the techniques and methods of 
optimizing the signal-to-noise ratio.  The diffi-

culties introduced by gas, lack of voltage 
regulation, the ripple content of supply voltages, 
sweep circuit jitter, the choice of beam current 
and other factors are discussed.  The effects of 
inhomogeneous storage surfaces in both electro-
static and electromagnetic tubes, misalignment of 
the electron gun, and various distortion factors 
are considered.  The requirements for obtaining 
satisfactory operati onal conditions are given, 
with emphasis placed on practical information to 
assist the equipment designer. 

I.  Introduction  

The storage of information for a definite 
period of time has many uses and the modern devel-
opment of cathode-ray storage tubes gives promise 
of providing large content, information storage 
devices.  Storage tubes can be applied to signal-
to-noise improvement in radar receiversl, in 
moving target indicators for radar system (MTI) 2, 
as a memory bank in digital and analogue comput-
ers3, in televlsion film transmission4, in tele-
vision cameras, and in high speed transient 
recorderso a.  In practice the operation of stor-
age tubes is limited by the presence of noise. 
The performance of storage tubes is evaluated by 
their ability to accurately reproduce a given in-
put signal, the maximum writing speed, the quan-
tity of information which can be stored, the 
memory span, the accessibility of stored data, and 
factors related to efficiency of operation.  All 
of these characteristics are affected by noise and 
the importance of noise is accentuated by the low 
signal levels encountered at the outputs of stor-
age tubes8. The aspect of noise depends upon the 
particular application.  For example, in radar 
receivers where the storage tube functions as an 
integrating element, the minimum input signal-to-
noise ratio is increased by the presence of noise, 
while in moving target indicators (MTI),the noise 
may give rise to false indications.  In television 
cameras, noise produces loss of definition.  Other 
applications are affected in a similar manner. 
The purpose of this paper is to present the noise 
limitations on the operation of storage tubes and 
to indicate the possibilities of minimizing these 
factors in actual applications, with emphasis in 
practical information to assist the equipment de-
signer.  This paper collects the answers to ques-
tions most frequently asked by visitors to our 
laboratory. 

Definition of Noise.  Noise is definede as 
the undesired signal constituting the difference 

between the input and output of a storage tube. 
The sources of noise can be divided into three 
categories:  random noise arising from the elec-
tron beam, distortion introduced by the transfer 
effect, and signal interference or noise external 
to the storage tube. 

In the present state of development of storage 
tubes, the operation of storage tubes is difficult 
even under laboratory conditions.  Our experience 
indicates that they are delicate and must be 
handled and mounted carefully.  Vibration or 
jarring can cause permanent damage to the screens 
and storage surfaces.  Each tube is an individual 
and the results obtained vary considerably from 
tube to tube.  Because of these differences, 
systems using two or more storage tubes have the 
additional requirement that each tube be provided 
with the means for separate adjustment.  The group 
at the Material Laboratory engaged in the evalua-
tion and develdpment of storage tubes has been 
fortunate in having access to many of the devel-
opmental storage tubes. These include the Raytheon 
QK2145C, QIC2145F and QK357; the RCA Graphecon 
C73366; Williams System Cathode Ray Tubes; the 
Haeff Tube EM3GA; the Philo° Dark Trace Tube; the 
DuMont Dark Trace Tube; the Naticnal Union Dark 
Trace Tubes R-2112B, R-2112C, R,2112E, R-2112G 
and the present model R-2112H; and several Freed 
Radio experimental Dark Trace tubes.  A new devel-
opment, the ML-9211, has been described earlier in 
this session9.  Discussion with other groups work-
ing with these tubes has confirmed the findings at 
the Material Laboratory.  A 20 db signal-to-noise 
ratio is a workable figure and a bandwidth of six 
to ten megacycles attainable.  It can be expected 
that signal-to-noise ratios of h0 to 50 db will be 
achieved and the operating bandwidth extended to 
20 megacycles in the near future.  Although at the 
present time random noise is a negligible factor, 
the ultimate limitations will come from the elec-
tron gun performance and storage surface charac-

teristics. 
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All of the present day storage tubes suffer 
from the defect of non-uniformities in the storage 
surfaces.  This produces the shading effects simi-
lar to those observed in the RCA Graphecon and in 
the Raytheon QK2145F and the spurious signals pro-
duced by blemishes which are so troublesome in 
Williams system tubes.  The rate of insertion of 
information as well as the quantity of information 
which can be stored is affected by the electron 
beam current and spot size.  The need exists for 
electron guns capable of providing a higher ratio 
of beam current to spot sizel°.  Such guns would 
not only increase the writing speed but also 
extend the number of tonal ranges which can be 
reproduced.  At the present time satisfactory 
operation of storage tubes in equipment can be 



obtained providing that the techniques and methods 
of low noise and distortion free operation are 
carefully followed.  These techniques will be de-
scribed below with particular reference to the 
operation of the QK245F, the Q1(21:5C, the R-2112H 
and the ML-9211. 

II.  Outline of a Storage Tube 

A storage tube consists of an electron gun, 
deflection circuits and storage elements.  For the 
operation of these component parts, regulated volt-
age sources are necessary.  Three fqnctions are 
essential, namely, writing, reading and erasing of 
information.  To perform these functions, tubes 
are built with one, two or three electron guns. 
The electron guns employed in storage tubes are 
modified conventional cathode ray tube guns.  The 
output of a storage tube may be visual, electrical 
or a combination of both.  For electrical outputs, 
the read-out amplifier must be chosen carefully. 
Figure 1 shows the block diagram of the complete 
equipment and figure 2 is a photograph of the 
operating equipment. 

III.  Electron Gun Operating Voltages  

Up to the present, the use of alternating 
current for filament heating has been found satis-
factory, but the filament voltage must be held to 
better than 5%, and preferably to 1%.  This re-
quirement is important when employing low beam 
currents such as the 1 microampere (ua) in the 
Williams system or the 2 to 6 ua in the reading 
beams of the Raytheon and Graphecon tubes.  Larger 
beam currents would increase the writing speed, 
and therefore, would be desirable.  However, in 
the Graphecon this will be accompanied by a reduc-
tion in the storage time.  In the QK2145 we have 
found that an ion spot appears in the center of 
the storage surface and slowly builds up as re-
peated readings are made.  The effect is similar 
to a blemish except that the area grows with con-
tinued use and can be erased.  To avoid this; 
effect, very low reading currents must be used. 
Using a beam current of 2 ua, more than 30,000 
consecutive readings were made without noticing 
any harmful effec ts or deterioration of the 
stored pattern. 

Variation in the grid bias will also cause 
changes in the beam current.  This is beat illus-
trated by the following table: 

Table I.  QK2h5F - Reading Operation 

Grid Bias (Volts) 
-56.0 
-55.0 
-5h.0 
-53.5 
-53.0 
-52.5 
-52.0 

Beam Current (ua) 

2 
3 

5 
6 

From these data it can be estimated that a 1% 
change in grid bias will cause a 25% change in 
beam current.  The grid bias voltage must be 

obtained from a well regulated power supply with 
0.1% regulation or better.  In addition, the 
ripple and noise must be kept below 3 millivolts 
and should be near to 1 millivolt. 

It should not be inferred that greater fluc-
tuations  can be tolerated with larger beam 
currents, since fluctuations in 500 ua writing 
beams will ac;pear as variations in the stored out-
puts.  Where tonal ranges are expected, these 
variations will limit the number of tones which 
can be furnished. 

Since spot size determines the storage capac-
ity, the highest possible accelerating voltages 
should be used in order to obtain a small spot 
size.  The equations for estimating the required 
anode voltage regulation are derived in Appendix 
I.  For a magnetic tube, the regulation may be 
approximated by 

R  411K  (1) 

where R is the voltage regulation 
L is the allowable deflection error as a 
fraction of spot size 

K is the resolution expressed as a number 
of spots obtainable per line which is line 
length divided by spot size 

For electrostatic tubes this becomes 

R • 2L/K  (2) 

An idea of the order of magnitudes involved 
can be obtained by assuming a 100 mm line length 
with a 1 mm spot size and an allowable error of 
0.05.  This yields for a magnetic tube 

R • 0.2% 

and half this value for an electrostatic tube, or 

R • 0.1% 

The necessity for better regulation in an 
electrostatic tube than in a magnetic tube, for 
the same resolution, provides a partial explana-
tion for the common experience that higher 
resolving power is obtained with magnetic tubes. 

IV.  Storage Element Operating Voltages  

The storage element is the screen itself in a 
Williams tube or in a dark trace tube, while in a 
Graphecon it consists of a copper mesh, a signal 
plate and an insulator.  In the Raytheon storage 
tube, the storage element has three components, a 
first screen, the storage screen and a collector-
reflector electrode, all of which are supplied 
with voltages.  In this tube the first screen 
should be operated at as high a value as possible 
to obtain the smallest spot size.  About h50 volts 
with an anode voltage of 2200 volts was found 
optimum.  The storage screen and collector-
reflector electrode voltages vary with the func-
tion.  For writing, the optimum voltages were 300 
volts and -300 volts; for reading, 27 volts and 
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200 volts; and for erasing, 75 volts and -300 
volts, respectively.  Carefully regulated power 
supplies are essential for these voltages and addi-
tional filtering may be indicated.  Ripple and 
other noise voltages will modulate the reading and 
writing beams and will appear in the output where 
their importance is exaggerated by the low signal 
levels available.  Another source of trouble is 
any slow drift of these voltages, which will cause 
a deterioration of the signal quality. 

V.  Deflection and Focus Circuits 

A basic limitation in most storage tubes is the 
registration or the ability of the electron beam 
to repeatedly strike the same point in the storage 
surface.  The regulation of anode voltage required 
for a given deflection error has been computed in 
a previous paragraph.  In Appendix I, the equa-
tions for approximating the regulation required of 
the deflection circuits is given as 

2L 
Re (3) 

where R is the deflection voltage regulations for 
electrostatic tubes and the deflection current 
regulation for magnetic tubes.  L is the allowable 
fractional spot size deflection error and K is the 
resolution as defined above.  For a 0.05 deflec-
tion error with a 1 mm spot size and 100 mm line 
a 0.1% regulation is needed.  The deflection 
errors caused by anode voltage and deflection volt-
age (or current) variation are additive and the 
estimates of 0.1% and 0.2% regulation should be 

considered as maximum. 

Superimposed upon this amplitude variation is 
the jitter in the scanning raster.  During writing, 
this jitter will produce smears rather than dis-
tinct lines.  For this reason, the 525 line, 
interlaced raster is less satisfactory than a 200 
line, non-interlaced raster.  A stationary raster 
is necessary for good operation, and single frame 
writing should be employed wherever possible. The 
deflection linearity determines the scanning 
linearity of the electron beam.  A rule of thumb 
value for the maximum allowable jitter is 

jitter e  0.2 sT (LI) 

where s is the spot size 
T is the period of line scan 

and D is the effective tube diameter or usable 
line length 

Jitter in the system greater than this amount 
appears as poor read out resolution and can be 
mistakenly attributed to poor focus.  A case in 
point actually occurred in a field application of 
a skiatron (dark trace) storage tube, where exces-
sive deflection system jitter produced a condition 
diagnosed by field personnel as "poor focus in a 
gassy tube".  In magnetic focus and deflection 
systems, mechanical vibration of the deflection 
yoke or focus coil can produce a similar effect. 
When attempting to use storage tubes under condi-
tions where shock or vibration may be encountered, 

careful shock mounting is recommended. 

Mechanical misalignment of the electron gun or 
the deflection yoke causes errors in beam registra-
tion.  If the electron beam does not intercept the 
deflection flux at right angles or is not main-
tained perpendicular to the target, keystoning 
of the raster occurs.  The problems of mechanical 
alignment are accentuated in multiple gun tubes 
such as the Graphecon.  The accurate co-alignment 
of writing and reading is essential to avoid im-
proper results ranging from spurious and garbled 
signals to the complete omission of signal if the 
reading beam strikes the target in between the 
written pattern.  However, in well-constructed 
tubes the total misregistration should not exceed 
1% as measured by the difference between written 
and read out patterns. 

The small beam currents used during the read-
ing operation require anastigmatic focus coils. 
The astigmatism found in most commercial focus 
coils is objectionable.  The focus coil position-
ing is very critical and no skewing to achieve 
centering can be tolerated.  Centering must be 
achieved by suitable deflection circuitry and the 
focus coil located at the optimum focus point. 

VI.  Operating the Storage Tube  

Successful operation of the storage tube re-
quires relatively noise free and distortionless 
amplifiers.  The design of low-noise broadband 
amplifiers with Gaussian frequency response is de-
scribed in the literature.  Schematic diagrams of 
the input and output amplifiers used at our labora-
tory is shown in figure 3.  The bandwidth employed 
depends on the application but should be no wider 
than necessary.  In this connection it may be 
noted that the maximum rise time which can be 
utilized by a storage tube depends upon its own 
rise time.  This can be computed from the formula 

spot size   
R.T. =  (5) 

scanning velocity 

Thus, for a spot size of 1 mm and a scanning v 
velocity of 2.5 mm per usec (100 mm. scan in 40 
usec), the rise time is 0.4 usec.  Thus, an ampli-
fier rise time better than 0.2 or 0.1 usec., cor-
responding to bandwidths of 2 to 4 mc., would be 
unnecessary.  The design of the readout amplifier 
is complicated by the high output capacitance (50 
uuf) of the storage tube.  This decreases the out,-
put signal with broad bandwidths because of the 
necessarily low load resistance used, and the re-
sultant sensitivity to extraneous signals reduces 
the signal-to-noise ratio obtainable.  Several 
methods of reducing the effective output capaci-
tance are available, namely: a negative capacitance 
amplifier, an averpeaked compensating amplifier, 
and, what has been found most effective in using 
the Raytheon tube, a cathode follower stage fol-
lowed by an overcompensated video amplifier with 
the storage and signal meshes kept at the same AC 
potential as the signal output electrode.  Using 
this system, signal-to-noise ratios of 30 db were 
obtained.  To avoid saturation of the readout amp-
lifier during writing, erasing or retracing, 
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gating should be provided during these intervals. 
Otherwise spurious signals from a blocked ampli-
fier slowly recovering may occur. 

Complete shielding, using mu-metal shields, 
is essential over the entire length of the storage 
tube as well as the pre-amplifier portion of the 
readout amplifier.  Shielding of the video readout 
amplifier and the use of short ground returns to 
avoid pickup loops was found desirable.  Poor re-
solution and poor registration of write and read 
beans are frequently caused by improper shielding 
of the tube.  A good practice, which was intro-
duced by R.C.A„ is the degaussing of electron 
guns to remove magnetism in the gun and bulb parts. 
R.C.A. reports a residual magnetism of 0.03 gauss 
after degaussing, corresponding to 0.25% of error 
in beam displacement. 

The choice of writing beam current depends 
upon the rate of information insertion, since the 
writing speed is proportional to the ratio of beam 
current to spot size.  However, the writing beam 
current is limited by the level at which the peak 
signals barely saturate the storage surface.  At 
saturation, the maximum video signal output exists. 

The reading current is generally a compromise. 
Typical read out signals for 1.2 ua and 6.0 ua are 
shown in figure 14.  To achieve the largest signal 
output, a high reading beam is required.  However, 
ion effec ts tend to cloud or distort the signal, 
reducing its amplitude and tones.  In magnetic 
tubes, this starts by an erasure at the center and 
moving out.  In electrostatic tubes, a deteriora-
tion over the whole stored pattern ensues.  Since 
the ion effects depend upon current and time, fast 
single read outs permit high read currents while 
long repetitious readouts require low beam cur-
ren ts.  Storage tubes with tonal ranges are de-
signed particularly for low reading currents. 

An effect, which limits storage tube opera-
tion, is a blemish on the storage surface which 
produces spurious signals.  The time occurrence of 
these is dependent on the stored pattern posit on. 
Little can be done except to try to reduce the 
effect by suitable band rejection filters or by 
relocating the stored pattern elsewhere on the 
storage surface.  The storage surfaces are usually 
a dielectric deposit on a mesh or other metallic 
surface.  These screens have a tendency to flake 
off with hard handling causing blemishes, and 
hence lack of storage capability at certain loca-
tions on the storage screen.  One trouble which 
should generally be avoided is a continuation of 
the electron beam following a sweep failure.  This 
concentrated beam can burn holes in the storage 
surface which would tend to limit the tube useful-
ness by creating a blemish.  Simple protective 
circuits, which cut off the storage tube beam in 
the event of deflection failure, are available. 

In tubes with mechanically supported meshes, 
these metallic meshes are free to vibrate with 
respect to one another.  With voltages impressed, 
the action is that of a condenser microphone or a 
microphonic audio signal which can obscure the 

desired video readout.  This is illustrated in 
figure 5. 

VII.  Conclusions 

Although additional developmental work is 
needed before completely satisfactory utilization 
of storage tubes in field applications can be 
achieved, it is possible at the present time to 
obtain adequate low level performance with exist-
ing tubes (see figu res 6 and 7) provided that 
care ful design of equipment and good engineering 
practice is followed.  Signal-to-noise ratios of 
20 to 30 db have been attained in practice and an 
increase in this figure should be possible with 
better electron guns and improved manufacturing 
techniques.  Random noise is a negligible factor 
at this time, but the ultimate limitations will 
depend on electron gun performance and storage 
surface characteristics.  In applications where 
both low noise and long access time is required, 
flicker noise may become important, but, since 
flicker noise is an inverse frequency effect, as 
the low frequency cut-off is raised, contribution 
from this source is reduced. 

In utilizing storage tubes, the system dis-
tortion and noise producing elements must be mini-
mized.  Operation of the storage tube and the 
readout pre-amplifier should be carried on inside 
a shielded cage.  See figure 8.  Mu-metal shield-
ing of the tube is necessary to reduce magnetic 
defocussing effects.  Good regulation and filter-
ing of power supplies is essential.  In obtaining 
wide bandwidth with the desirable high load imped-
ance, frequency over-compensation was found useful. 

Measurements of square wave outputs of the 
Raytheon C4K2145F recording storage tube yielded a 
signal-to-noise ratio of 30 db. 
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Appendix I - Regulation Required for Anode Voltage  
and Deflection Circuit, 

A.  Magnetic Tubes  

For a magnetic deflection tube 

y • CIV-1 /2 (1) 

where y is the spot displacement from the cen-
ter of the tube 

I is the deflection yoke current 
V is the anode voltage 

dy • CV-1 /2dI  -1/2 CIV-3 /2dV  (2) 

Ay • ov-1/2 Al  -1/2 civ-3/2 0 

ibI  1 6171 
AY  • Y T̀ -2' 77-1 

L f.  AX lAy 

(3) 

(4) 

(5) 

Since V and I need not vary in the same sense and 
since we are examining the worst condition, choose 
the pot location at the periphery of the tube or 
y • i. 

-r  n214 • IAII  • 1/2 IAV1 
214 ,5— Ri • 1/2 Rv 

(6) 

(7) 

where Ri is the centering current regulation. 
Hy is the anode voltage regulation. 

L is the allowable fractional spot size 
registration error. 

s is the spot size. 
D is the useful storage surface diameter. 

The centering current and anode voltage regulaticos 
permitting a maximum allowable fractional spot 
size registration is shown in equation (7). 

B.  Elect ros tatic Tubes  

For an electrostatic tube 

y • CE V-1  (8) 

where y is the spot displacement from the cen-
ter of the tube. 

E is the deflection voltage. 
V is the anode voltage. 

dy • •C V-1  dE - CE V4 dV 

Ay 0 C V -1  AE - CE V-2  AV 
AL  

- AV ) 

L . AK . (AE  
s 

Since AVd and  AV° need not vary in the same sense 
and since we are examining the worst conditions, 
choose the spot location at the periphery of the 
tube, or  y • D/2. 

2Ls 
-r 
as 

(13) 

(114) 

where Rd is the centering voltage regulation. 
Rv is the anode voltage regulation. 
L is the allowable fractional spot size 
registration. 

s is the spot size. 
D is the useful storage surface diameter. 

The relationship between centering and anode 
voltage regulation permitting a maximum allowable 
spot size registration is shown in equation (14). 
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Storage tube input 
ft..mm 

Read out with 1.20 microamperes 
12.6 millivolts per centimeter 

Read out with 6.0 microamperes 
35 millivolts per centimeter 

Fig.  - Typical read out signals. 

Fig. 5 
Monitor screen stowing 
vibration during writing. 

Fig. 7 
rK 2/15'2 monoscope pattern and "snatched" line. 

Fig. 6 
Television signals read out after an hour's 

storage in the CK- MF. 

Fig.  - Shielded enclosure. 



A VOLTAGE-TITNABLF, MAGNETRON FOR OPERATION 
IN THE FREQUENCY RANGE 15C0 TO 3000 MEGACYCLES* 

Joseph A. Boyd 
University of Michigan 
Ann Arbor, Michigan 

Introduction  

This paper presents the results of work done 
in the University of Michigan Electron Tube Labora-
tory toward the development of a voltage-tunable 
magnetron. This magnetron can be electronically 
tuned in the frequency range of 1500 to 3000 mc, 
and delivers a useful power output in the order of 

250 milliwAtte. 

Design of Magnetron and Cavity  

in the design of this magnetron (designated 
the Model 11) and its cavity, two factors were 
considered essential if a satisfactory voltage-
tunable magnetron was to be developed. These fact-

ors were: 
(a) Low anode-to-anode capacitance; 
(b) A high-impedance external cavity, the im-

pedance being a slowly varying function 
of frequency. By high impedance we mean 
in the order of 100 ohms. 

'7onsideration of the above circuit require-
ments resulted in the conclusion that a waveguide 
structure offered a possibility for fulfilling 
these requirements. The interdigital anode struct-
ure is adaptable to mounting in a waveguide struct-
ure and was selected for this reason. It also has 
wide range tuning possibilities and is mechanical-

ly simple. 

The ridge waveguidel offers a possibility for 
increasing the circuit impedance over that of a 
rectangular waveguide for a given spacing between 
anode supports. The ridge waveguide is character-
ized by its lowered cutoff frequency and lowered 
impedance (compared with a rectangular guide of 
equal dimensions ), and by a wide bandwidth free 
from higher-mode interference. 

A section of standard S-band rectangular wave-
guide was used with a ridge .814 inch high and 1.0 
inch wide. This structure has a characteristic im-
pedance at infinite frequency (Z00 ) of 160 ohms, 
and a cutoff frequency of 1?50 mc. The character-
istic impedance as a function of frequency is given 
by the relation 

where , 
= cutoff frequency of ridge waveguide 

*This paper is based on work done for the Signal 
Corps, U.S. Army Contract No. DA-30-039-SC5423. 

f = operating frequency of ridge waveguide. 

Since it is desirable to have a coaxial output 
from the magnetron, a tapered-ridge waveguide-to-
coaxial-line junction was used to terminate each 
end of the ridge waveguide. This arrangement is 
shown in Fig. 1. rhe,junctions used are based on a 
design given by Cohn'. These junctions have an up-
per cutoff frequency of approximately 4800 mc, 
therefore, when used in conjunction with a ridge 
waveguide with a lower cutoff frequency of 1250 mc, 
give a very wide-band structure. The impedance 
which this circuit presents to the magnetron is, 
to a very large extent, determined by the termina-
tion used on the coaxial output terminals. Theo-
retically, this impedance would be a pure resist-
ance whose magnitude is given by Eq. 1 when the 
coaxial output terminals are terminated in their 
characteristic impedances. 

Design of Model 11 Magnetron  

In the design of the interaction space for 
the Model 11 magnetron, there were two factors, 
the anode-to-anode capacitance and the shape of 
the anode bars, which were considered to be criti-
cal to voltage-tunable operation. Thus in addition 
to the usual consideration of current, voltage, 
frequency, magnetic field, and interaction space 
dimensions, special attention was given to these 
two parameters. 

Hull -1 has  suggested that the operation of a 
typical magnetron can be improved by redesigning 
the interaction space to reduce the higher-order 
space (or Hartree) harmonics of the RI field. His 
analysis was made for the case of r -mode operation 
and for planar geometry. It appears that the great-

est improvement is obtained for low values of op-
erating voltage and magnetic field. The shape of 
that portion of the anode bars nearest the cathode 
determines the field configuration between the an-
ode and cathode; therefore, it is necessary to 
consider only this portion of the anode bars. It 
can be shown that a rood approximation to the de-
sired anode shape can be obtained by making the 
anode bars round with a diameter of 2/3d (where d 
is the canter-to-center spacing of the anode bars.) 

In the operation of a low-Q magnetron, t he 
presence of the space harmonics other than the r-
mode components can cause significant harmonic con-
tent to exist in the output voltage of the magne-
tron due to the fact that the impedance at the 
harmonic frequencies may be appreciable for a low-

wide-band circuit. In other words, the circuit 
will not serve as a filter to assure that only the 
fundamental frequency will occur in the output 
voltage. 
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On the basis of these considerations and 
the fact that round anode bars give less anode-to-
anode capacitance, it was decided to use round 
anode bars in the design of the Model 11 magnetron. 
However, the design suggested by Hull for the com-
plete elimination of space harmonics called for an 
anode diameter of 2/3d (where d is the center-to-
center spacing of adjacent anode bars), which is in-

consistent with a design for low anode-to-anode 
capacitance. therefore, the spacing between 
adjacent anode bars was made equal to the diameter 
of the anode bars. 

meters 
action 

Listed below are the values of the pare-
which resulted from the design of the inter-
space. 
f = 3000 mc (chosen 

equipment) 
= 50 watts 
= .050 amperes (required to satisfy 
maximum power demand at an 
of 1000 volts) 
12 (number of anode bars, 
istinc magnetrons) 

da = 0.035 inch (diameter of 

re/re = 0.6 (ratio of cathode to 
based on existing magnetrons) 

ra = :166 inch (determined by size of molyb-
denum rod available, and anode radius 
of existing magnetrons) 
.150 inch (length of emitting surface on 
cathode required to satisfy maximum 
power requirements with a safety factor 
of two) 
.290 inch (overlap length of anode bars: 
chosen to allow for length of emitting 
portion of cathode and end hats) 

250 volts 

550 gauss 
. if (anode-to-anode capacitance, no 
cathode present) 

P. 

Ib  the 
anode voltage 

N = 

Lc = 

Ea = 

Bo = 
C = 

The Magnetic Circuit 

to suit available test 

based on ex-

anode bars) 
anode radii, 

In the design of the magnetic circuit there 
were two factors which were considered to be 
important to the successful operation of the tube: 
(1) that the magnetic field be as nearly uniform as 
possible- throughout the interaction space, and (2) 
that relatively high fields, in the order of 3000 
gauss, be obtained without unreasonable require-
ments for an electromagnet.  Fig.2 shows a drawing 
of the Model 11 magnetron with an oxide-coated 
cathode in place.  As indicated, the iron pole 
pieces, part 1, serve as anode supports.  The 
molybdenum rods are brazed onto the pole pieces. 
Parts 2 and 3 are made of Kovar to facilitate 
making the class seals as indicated. 

Voltage-Tunable Ma gnetrons Models 11A and 11B 

Two modifications were made in the design 
of the Model 11 magnetron: 

(a) Square anode bars are used with an in-
side anode diameter of .235 inch.  The 
anode bars are  inch.  The bars 
formed by grinding .045 molybdenum rods 
to the desired dimension.  This tube, 

which is otherwise identical to the 
Model 11, has been designated Model 11A. 

(b) The inside anode diameter was changed 
to 0.205 inch, and .030 inch molybdenum 
rods were used as anode bars.  With this 
arrangement, the spacing between 
adjacent anode bars is also .030 inch. 
This tube, which is otherwise identical 
with the Model 11,hao been designated 
Model 11B. 

The purpose of the Model 11A was to make 
possible a comparison of the two similar tubes, 
one with round anode bars, and one with square 
anode bars. 

The design of the Model 11B was based an a 
consideration of the operation of a voltage-tunable 
magnetron.  The output of the Model 11 is in the 
order of 15 milliwatts, which indicates a very 
small rf voltage across the anode bars.  For small 

rf voltages, it is reasonable to expect that 
bunching and interaction efficiency will be en-
hanced by increasing the ratio rc/rp so that the 
rf fields will penetrate farther inTo the inter-
action space.  The Model 11B was designed for the 
purpose of determining the validity of this 
assumption.  Tungsten cathodes with a diameter of 
.150 inch were used in the Model 11B, giving an 
r Ti'  ratio of .75, as compared to a nominal val..le 

for conventional high-Q magnetrons. of .g 

EXPERIMEPIAL RESULTS 

A total of thirty-one tubes were studied 
in this investigation; in this section typical 
results as obtained from the various forms of the 
tube are presented.  Several types of cathodes 
were used, namely; oxide-coated, thoriated 
tungsten, tungsten, and a button cathode.  Results 
of this investigation indicated that the pure 
tungsten cathode is most satisfactory for use in 
the Model 11 tubes.  The first tube constructed 
used an oxide-coated cathode.  This tube could not 
be operated cw.Decause the back-heating was 
sufficient to prevent control of the cathode 
temperature required for coherent operation of the 
tube.  The thoriated tungsten cathode made possible 
the cw operation of the tubes but was more sensi-
tive to backheating than the pure tungsten cathode. 
The tube using a button cathode could only be 
operated under pulsed conditions because of the 
backheating of the cathode.  Data are presented 
only on those tubes which contained pure tunlsten 
cathodes. 

Model 11 No. 83  

Typical data from the Model 11 tubes &re 
shown in Fig. 3.  This shows the voltage tuning 
characteristic of the tube as cw frequency 
measurements were made from 1780 to 2450 mc. 

The break in the tuning curve (as indicated 
by the dotted section) is caused by readj ustment of 
the cathode input power (which is necessary in 
order to maintain a coherent signal output).  It is 
possible to operate the tube over a considerably 
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wider frequency range when the anode voltage is 

swept. 

When the tube was used as a local oscil-
lator in a spectrum analyzer it was possible to 
vary the frequency from 1840 to 2730 mc with a 
coherent signal output throughout the frequency 
range.  Conditions for this test were as follows: 

Ifil  

= 3940 gauss  Edc = 3350 volts - 
= 8.95 amps  Eac  = 1200 volts 

(peak-to-peak) 

Model 11B No. 112  

Tungsten rods were used as the anode bars 
in this tube.  The heat dissipating capacity of 
the anode structure is increased over that of the 
tubes which use molybdenum anode bars.  The 
processing technique was modified in the construc-
tion of this tube in that the cathode was vacuum-

fired before mounting in the tube.  This vacuum-
firing of the cathode before mounting eliminated 
the coating of the glass envelope of the tube which 
had previously occurred in normal operation of the 
tubes.  (This coating was due to molybdenum 
evaporated from the cathode). 

This tube was tested under dynamic operating 
conditions, and the results are as shown in Figs. 
4 and 5.  The conditions of operation are indicated 
an the figures.  A 60-cycle voltage was super-
imposed upon the dc anode potential, giving an 
anode-voltage swing of 900 volts.  Filament power 
was supplied from a battery to eliminate the 

frequency modulation caused by the variation of the 
magnetic field which is produced by an ac heater 

current. 

Fig. 14 shows the variation of the frequency 
with the anode voltage.  To obtain these data the 
horizontal sweep on an oscilloscope was synchro-
nized with the ac anode voltage, and therefore, 

could be calibrated in frequency. 

In addition to the voltage-tunable mode 
indicated in Fig. 14  there were two other modes 
which were very weak, but still detectable over 
portions of the voltage range.  One of these modes 
tuned from 2845 mc at 2100 volts to 3170 mc at 
2300 volts; the second tuned from 14080 mc at 2050 
volts to 4370 me at 2200 volts.  In the voltage 
range 2350 to 2850 only the main mode was present. 
Under certain conditions of operation, there are 
discontinuities in the operation of the main mode. 
These discontinuities in the operation are detect-
able in both the power output and anode current 
curmes (shown in Fig. 5).  Continuous operation 

can be obtained by proper adjustment of the 
various parameters.  Frequency deviations 
of 400 to 600 mc can be obtained with no dif-
ficulty in maintaining continuous operation; 
for frequency deviations of the order of 800 to 
1000 me, the adjustment of the cathode temperature 
becomes more critical. 

With the modulation voltage reduced to 450 
volts peak-to-peak, the frequency of operation 

could be shifted as much as 50 mc by varying 
the filament heater current and still maintain 
coherent operation over the voltage range.  An 
increase in cathode temperature decreases the 
frequency of oscillation.  The tube seemed to 
operate best at, or near, the lower cathode temper-

ature. 

For cw operating conditions it was possible 
to vary the filament current from 8.9 amps to 9.3 
amps and still maintain a coherent signal output. 
The power output varied from 52 mw at an anode 
current of 5 ma to 350 mw at an anode current of 
18.75 ma.  The corresponding frequency variation 

was from 2450 mc to 2320 mc. 

Figure 5 shows the variation in power out-
put and anode current with the anode voltage.  The 
frequency range in Fig. 5 is approximately 900 mc 
Las shown in Fig. 4) and the peak power is of the 

order of 550 milliwatts.  Fig. 5 shows the varia-
tion of anode current with anode voltage, the 
average current being approximately 15 ma.  It 
should be noted that there are no discontinuities 
in the operation and it was determined that the 
tube was oscillating coherently throughout the 
range.  The decrease in the power output in the 
right (high frequency) side of Fig. 5a is due 
to the loading of the cathode circuit at that 

frequency. 

This tube was operated with battery supplies 
for the filament and anode, and an electrically 

regulated power supply for the electromagnet. 
Under these conditions, the output signal (as ob-
served on a spectrum analyzer) was stable; no 
jitter was present in cw operation.  The output 
could be tuned over several hundred megacycles 
without readjusting the cathode temperature. 
Qualitative measurements using the spectrum analyzer 
indicated that the coherent output signal was at 
least 65 db above the noise present in the output 

signal. 

Satisfactory operation was obtained with 
anode voltages as low as 800 volts and frequencies 
in the order of 2000 mc.  Under these conditions 
the output power was reduced but the signal was 
stable and relatively free of noise. 

Model 11A 

The Model 11A magnetron is similar to the 
Model 11 except that square anode bars are used. 
The Model 11A was constructed for the purpose of 
comparing the operation of similar tubes with 

round and with square anode bars.  In general, the 
Model 11A is more sensitive to cathode temperature 
than either the Model 11 or M...del 11B and cannot be 
tuned over as wide a frequency range.  The output 
signal contains more noise than in either the 
Model 11 or Model 11B.  The power output is 
slightly greater than for the Model 11, but less 
than the Model 11B.  The data indicates that the 
improvement in operating characteristics of the 
Model 11B over the Model 11A is due primarily to 
the lower value of anode-to-anode capacitance. 



DISCUSSION OF EXPERIMENTAL RESULTS 

The power output of the voltage-tunable 
magnetrons has been shown to be very closely 
related to the total shunt impedance of the rf 
circuit, the power being a minimum when the shunt 
impedance is a minimum.  With the wide band non-
resonant circuit the peak power output was in the 
order of 500 mw; however, when the shunt impedance 
of the rf circuit was increased by shorting one 
end of the cavity, power output of 4 watts was 
obtained.  Under these conditions the frequency of 
the output signal could be varied as much as 200 
mc by varying the anode voltage. 

A pure tungsten cathode which operates at 
approximately 2200 degrees centigrade was found to 
be most suitable for voltage-tunable operation if 
coherent signal output is desired.  The operation 
of the magnetron is sensitive to the temperature of 
the cathode; however, the filament input power 
can be adjusted to give stable, coherent operation. 

FREQUENCY CHkRACTKRISTICS  

The experimentally determined tuning charac-
teristics of the various forms of the voltage-
tunable magnetron can be compared by the use of the 
following equation" 

where 

1 
E— 

(2) 

threshold potential 
hull cutoff potential 

is the frequency of the current in-
duced in the anodes by an electron at 
the anode with a tangential energy of 

E. 

l/2 
Eue 

fo  = 
m2n j 

(3) 

Fig. 6 shows the theoretical tuning curve 
plotted for comparison with the experimental curves 
for the three forms of the tube.  In plotting the 
experimental data, f is the operating frequency and 
Ea is  the anode potential.  Eu and fo were deter-
mined from the operating conditions, assuming n-mode 
of operation.  It should be noted that all forms of 

the tube had essentially linear tuning character-

istics and all tubes operated at higher anode 
potentials than indicated by the Hartree equation 
when n-mode of operation is assumed. 

It was assumed that the Model 11 magnetron 
would operate in the n-mode.  Rotating-probe 
measurements an this tube and its associated 
cavity structure show that with an rf voltage 

applied to one of the output terminals of the 
cavity, a n-mode voltage distribution does exist 
on the anode bars. 

CONCLUSION 

A voltage-tunable magnetron has been devel-
oped with operating characteristics that make the 
tube  useful as a source of microwave power.  It 
has been shown that the tube is satisfactory for 
use as a local oscillator spectrum analyzer, and 
as an rf power source for most rf measurement 
applications.  Work is in progress to determine the 
feasibility of using the tube as the local oscil-
labor in microwave receivers. 

With the present circuit arrangement, the 
anode-to-anode capacitance appears to be the limit-
ing factor in obtaining higher power from the tubes. 
A reduction in the value of this capacitance in 

necessary if significantly higher power is to be 
obtained.  Some improvement in efficiency and 
power output may be obtained by increasing the ex-
ternal circuit impedance; however, the improvement 
to be obtained in this way is limited.  It is 
believed that voltage-tunable operation of a 
ma gnetron can be obtained under space-charge-
limited operation of the cathode if the impedance 

of the cavity and anode structure can be made 
sufficiently large. 
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CONTROL OF ELErTRON-BEAM SPREAD BY POSITIVE ION TRAPS 

E. L. Ginzton and B. H. Wadia 
Stanford University 
Stanford,  California 

I.  Introduction  

The negative space charge of a stream of elec-
trons causes the production of forces on the parti-

cles comprising the stream.  These forces are 
directed away from the stream and hence tend to in-
crease its cross section.  In the case of electron 
beams required in klystrons and traveling-wave 
tubes this effect is, at present, countered by the 
use of a magnetic field directed along the axis of 

the beam. 
A simpler method, which has been known for 

some time,' consists of confining a sufficient num-
ber of positive ions in the drift space to neutral-
ize the negative charge of the electrons and thus 
to suppress the very cause of the divergent forces. 
Positive ions are created within the tube by col-

lision of the beam electrons with molecules of 
residual gas.  An appreciable fraction of these 
ions is continually being removed from the beam by 
several causes, the main one being a steady loss to 
the cathode.  It is suggested that if this loss to 
the cathode is eliminated by interposing a positive 
hump of potential in the path of the ions, complete 

neutralization should be possible even at good 

vacuums. 1 
The fey attempts that have been made at 

positive-ion trapping have not met with much suc-
cess and have yielded results which were not expli-
cable on the basis of the simple theory then 
prevailing.  It has been found possible to extend 
and modify this simple theory in order to obtain a 

complete understanding of the phenomenon and to 
correlate theory with experiment. 

II.  The Untrapped Positive Ions  

A.  The Neutralizing Effect of Ions  

At the generally-accepted good vacuums, a 
large number of gas molecules is usunl1y present 
within the tube envelope; the presence of these 
molecules results in the formation of positive ions 
by virtue of their collisions with electrons.  The 
rate of positive-ion formation is dependent upon 
the nature of the gas, its pressure, the number of 
electrons present in the beam, and their velocity. 

Since these ions are positively charged, they 
will move toward points of lower potential which 
are near the axis of the beam.  The slow electrons, 
which are the other product of the ionizing col-
lision, will move in the opposite direction, namely 

to the drift tube, and will be lost.  It may then 
be said that the beam will soon form a core of 
positive ions clustered around its axis.  If, for 
the present, we assume that there is no appreciable 
loss of ions, a sufficient amount of positive 
charge must eventually collect within the beam to 

neutralize the electron charge completely. 
Any excess ions that are created constitute a 

net positive charge which results in a radial 
"hill" of potential down which these surplus posi-

tive charges are drained to the drift tube.  Hence, 

under the assumption of no loss, the number of ions 
in the beam must closely approach the number of 
electrons if a sufficient amount of gas is avail-

able for ionization. 

B.  Minor Causes of Ion Loss  

The assumption that no ions are lost from the 
beam space is, of course, not justified.  Several 
processes which cause a continual removal of ions 
from the drift tube may be listed; their effects 
can be shown to be negligible by consideration of 

their magnitudes :2 

1.  Recombination with electrons to form a 

neutral molecule is a process which is continually 
taking place within the beam.  However, at pres-
sures in the vicinity of 10-7 mm Hg, the rate of 
ion formation far exceeds the rate of recombination. 

2.  The thermal energy of the ions is in the 
vicinity of 1/40th of a volt and is negligible when 
compared to the normal potential variations across 
the beam which tend to hold the ions together.  The 
loss due to thermal energy might become important 
as one approaches the state of complete neutrali-

zation because, under such conditions, the poten-
tial variation across the beam is very small. 

3. The impact energy imparted to the ion by 
the colliding electron is amAll when compared to 
the potential drops in the beam.  Like the loss due 
to thermal energy, this cause of ion removal will 
not assume serious proportions until a nearly 

neutralized condition is reached. 

4.  An insulator in the vicinity of the beam 
becomes negatively charged by picking up stray 
electrons and hence constitutes a sink for positive 
Ions.  However, most electron beams are surrounded 
partially or completely by metallic structures and 
are therefore shielded from the effects of the 
sinks described above.  The effectiveness of the 
drift tube as a shield determines the extent to 
which these charges will affect positive-ion 

neutralization. 

C.  The Major Cause of Ion Loss  

It would seem from the above discussion that 
electron beams enclosed in metallic drift spaces 
should reach total neutralization even at pressures 
as low as 10-7  mm Hg since at such pressures a 
sufficient number of gas molecules is available to 

form the required number of ions. 
That this is not the case was shown by L. M. 

Fieldl, who disclosed a major source of ion loss 
which had not been considered previously.  The 
accelerating field from the dathode-anode region 
penetrates into the drift space via the anode 
aperture through which the beam must enter.  This 
field is the strongest at the axis near the aper-

ture and is of such a polarity as to remove ions 
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from the parts of the beam near the aperture.  The 
removal of the ions at the head of the beam leaves 
a low potential region to which ions mat flow from 
parts of the beam further down the drift space. 
Thus the effect of the draining field is felt for 
quite a distance into the beam. 

The penetration of the cathode-anode field 
into the drift space will therefore prevent the 
beam from reaching complete neutralization.  In 
fact, it can be shown3 that only a slight amount of 
neutralization is possible at the 1pginning of the 
beam when pressures better than 10-f mm Hg are con-
sidered.  Therefore, the spread of an electron beam, 
under the pressure conditions normally available in 
commercial tubes, may be taken to be practically 
the same as in perfect vacuum. 

III.  The Elementary Theory of Ion Trapping 

The principle behind the elimination of axial 
drainage may first be introduced by considering a 
thin beam of electrons flowing through a compara-
tively large drift space as shown in Fig. 1.  Let 
It be our intention to obten a completely neutral-
ized beam at all points to the right of some 
section AA.  Some means is then necessary to pre-
vent the positive ions from flowing across the 
section toward the cathode.  Under such circum-
stances, all the ions created in the beam to the 
right of AA will tend to be held within the beam 
boundaries.  It would then seem that the removal of 
ions can only be caused by the minor processes 
mentioned previously and the rate of removal due to 
these is so small that a sufficient number of ions 
should collect to neutralize the beam completely 
even at good commercial pressures. 

In order to understand the stopping of ion 
flow across a given section, the potential distri-
bution in that vicinity should be examined.  On the 
left-hand side of AA, the positive ions are drawn 
rapidly away toward the cathode so as to leave that 
part of the beam unneutralized.  The potential on 
the axis there will always be less than Vo, the 
drift tube voltage, by some amount which depends 
upon the parameters of the beam.  If the beam were 
to begin holding ions to the right of kA, the 
potential on the axis to the right would approach 
the value Vo depenAing on the extent of the neutrel, 
ization.  For the case of full neutralization all 
points to the right of AA should reach the potential 
Vo, since no net negative charge remains. 

In order that a field tending to retain i0138 
be obtained at section AA under all conditions of 
neutralization, the potential on the axis there 
must be raised above the value Vo so that a hump of 
potential is interposed in the path of the ions. 

A grid held at the drift tube potential is the 
simplest means of obtaining the potential hump.  It 
will be clear subsequently that this is the only 
method which can give satisfactory ion trapping. 
Nevertheless, considerations of power dissipation 
usually forbid its use.  Aperture plates, cylinders, 
and ring electrodes concentric with the beam have 
been suggested as alternative means of obtaining 
the required variation of potential along the axis. 
Such gridless type of trapping is the subject of 
discussion in this article.  It is found that many 
complications arise when this method of trapping is 

used and, as a result, the design of such a system 

of beam control becomes extremely complex.  The 
simple theory outlined above needs to be extended 
and modified in order to explain the behavior of 
gridless ion traps. 

IV.  Experimental Data on Gridless Ion Tra2pind 

The following experimental check was offered 
at the time when ion trapping was first suggested'. 
An initially parallel beam of 130 ma at 7300 volts, 
which normally spread to twice its starting diame-
ter in 36 am, was prevented from spreading by the 
application of a trapping voltage of 15 volts at 
its entrance aperture.  An increase in the trapping 
voltage showed neither an adverse nor a beneficial 
effect on the beam. 

Attempts have since been made to use ion 
trapping for holding together a beam of electrons 
and no appreciable degree of success has been 
reported. 4 It was therefore decided to perform an 
experiment which would test the various facets of 
gridless ion trapping and perhaps yield some data 
which might give some indication as to the nature 
of the phenomena taking place. 

The schematic diagram in Fig. 2 shows the 
essential parts of the equipment used in the experl. 
merit.  The beam-testing tube5 consists of a bom-
barded tantalum cthode injecting a beam of per-
veance 1.07 x 10-°  and an entrance angle of 2.5° 
with an initial diameter of 2.54 am into a drift 
tube of the same diameter.  Its anode is followed 
by ring electrodes, numbered one to six, which are 
to be used for trapping.  The position of the 
trapping section may be varied by selecting one out 
of the six electrodes.  The rest of the drift tube 
is broken up into six sections and a collector 
which are insulated from each other by glass seals. 

Curves of the percentage of total current 
reaching the collector as a function of the trap-
ping voltage, for different positions of the 
trapping section are given in Fig. 3.  A glance at 
these curves indicates a definite pattern of 
behavior which cannot be predicted by the simple 
theory mentioned previously. 

V.  Detailed Consideration of Gridless Trapping 

The process of ion trapping as disclosed in 
Section III is assumed to be a purely axial phenomn. 
non; the movement of the ions and the insertion of 
the potential hump are both considered as being 
along the axis.  While these assumptions may hold 
for thin beams of low perveance, a more general 
theory must consider trapping as a volume phenome-
non.  Therefore, one needs to look more closely at 

the fields involved in the region around the trap 
and the effect which these fields have on the 
distribution of ions. 

A.  Potential Distribution Around the Trapping 
Electrode 

The potential in the drift tube is the result 
of contributions from three different causes. 
First, the positive voltage on the trapping elec-
trode raises the potential at every point in the 
drift space.  Second, the presence of the negative 
particles in the beam tends to lower it.  Third, if 
the combined effect of these two causes results in 



trapping positive ions, the presence of these 
positive charges will modify the potential due to 
the other two depending on the particular distri-
bution of the ions. 

The potential distribution due to the voltage 

Vt on the trapping electrode (shown in Fig. 4) can 
be obtained by electrolytic tank measurements while 
that due to the beam may be got approximately by 
solving the problem of a cylinder of charge coaxial 
with a conducting wall.  Since potentials are 
additive, these two may be added numerically or 
graphically to obtain the resultant potential 

distribution. 
It will soon be clear that the only equipo-

tential contour relevant to our discussion is the 
one having the same potential as the drift tube. 
Such an equipotential must exist because there are 
points within the drift space where the increase in 
potential due to the positive trapping voltage just 
cancels the drop due to the negative space charge 
in the beam.  The net potential at these points, in 

the absence of ions, will be equal to the drift 
tube potential. 

The location of this contour line depends on 
the value of the trap voltage and the parameters of 

the electron beam being used; a separate set of 
calculations must be gone through for each set of 
conditions.  Figs. 4 and 5 show contours calculated 
for three values of trap voltage and a 2000-v beam 
of perveance 1.07 z 10-0 , just filling the drift 

tube. 
The contribution made to the potential distri-

bution by the presence of positive ions will alter 
the location of the Vo contour; but the position of 
this contour, as will be seen subsequently, deter-
mines the distribution of positive ions.  This 

interdependence makes it impossible to determine 
the actual distribution of the ions and the final 
position of the Vo equipotential.  Consequently, 
the rest of the discussion is based on qualitative 
argument rather than formulas and numbers. 

B.  The Trapping Phenomenon  

At all points in the beam, positive ions are 
continuously being formed with potential energies 

which depend on the value of the potential at the 
place where they are created.  Ions which are 
formed at a place where the potential is high with 
respect to its surroundings, will tend to flow away 
from the point in much the same way as water flows 
away from tops of hills.  The rate of formation of 
ions at pressures of the order of 10-7 mm Hg is so 
slow that, hnder such pressure conditions, the rate 

of ion drainage due to even the smallest fields can 
exceed the rate of formation, and high potential 
regions, such as the one mentioned above, may be 
taken to be virtually free of ions.  Conversely, 
ions formed in places which are surrounded complete-
ly by a surface of higher potential cannot have 
sufficient energy to pass this bounding surface and 
hence must remain trapped therein. 

The distribution of ions within a given beam 
space will therefore depend on the nature of the 
potential contours within that space.  In order to 
get a qualitative idea of the disposition of the 
ions at different values of trapping voltage, let 
us consider the potential contours shown for the 

three cases in Fig. 5. 

Figure 5(a) shows that contour line which 
should, by the simple theory of Section III, have 
trapped enough ions completely to neutralize the 
beam to the right of the trap.  The portion of the 
diagram shown shaded is a region where the poten-
tial is higher than Vo and hence all the positive 
ions formed in that region are drained away either 
to the walls or to regions of lower potential. 
The shaded region cannot therefore have any of its 
space charge neutralized. 

The space which is left unshaded is essenti-

ally one of potential below Vo and is also a region 
which is completely surrounded by the Vo equipoten-
tial and hence isolated from the draining field of 
the cathode.  Positive ions found in this space 
wi ll remain there and begin to neutralize the 

electron beam.  As soon as neutralization starts, 
the Vo equipotential begins to shift toward the 
right because of the accumulation of positive 
charge to the right of it.  This makes the allow-
able trapping region move further and further down 
the drift tube as more and more positive ions 
become trapped.  Ions will continue to be trapped 
until the vho.le space enclosed by the new Vo equi-
potential has reached the drift tube voltage. 
After this, the positive charges will begin to 
move out to the drift tube and be lost. 

Figure 5(b) shows the potential distribution 
whAh the value of Vt is below the minimum pre-
scribed by the simplified theory of Section III. 
The space shown cross-hatched is a region with 
potentials above Vo and hence must be essentially 
free of ions.  The area marked with dots is below 
Vo in potential but has a direct connection with 
the unneutralized low potential part of the drift 
tube to the left of section AA where the cathode is 
continually removing ions.  This region, therefore, 

cannot retain ions. 
Trapping can only take place inside a space 

enclosed completely by some such potential contour 
as is shown dotted and dashed in Fig. 5(b).  Let 
this potential be denoted by xV0 where x is less 
than one.  As before, when trapping begins, the x1/0 
potential will begin to shrink because of the posi-
tive apace charge enclosed within it.  Some final 
equilibrium distribution will be established, con-
sistent with the above considerations.  Under such 
conditions, the neutralization cannot be very 
great, first, because the trapping apace must needs 
be small, and second, because trapping takes place 
within a contour of potential lower than Vo. This 
is analogous to the fact that a shallow bowl holds 
less water than a deep one. 

Figure 5(0) illustrates the potential distri-
bution for high values at V.  A little reasoning 
will show that, the higher one takes Vt, the 
farther right does the Vo equipotential shift, thus 
increasing the size of the unneutralized portion of 

the beam. 
The treatment of the three cases above gives 

an idea of the disposition of the trapping zone 
with respect to the electrode for different values 
of voltage.  It must not be imagined, however, that 
ions attain a uniform density at all points inside 
the trapping region.  Their behavior in this space 
is more a matter of conjecture than of accurate 
mathematical calculation.  The phenomenon might, 
perhaps, be more clearly understood if one were to 

liken the trapping zone to a sunken area of ground 



being filled up by a slow seepage of water.  The 
deepest portions of the hollow will, of course, be 
filled first and eventually will hold the largest 
depths of water, while the surrounding areas near 
the lip of the hollow will be filled last and will 
be in small depths of water.  In our electrostatic 
case, matters are further complicated by the effect 
which the positive ions themselves have in altering 
the potential distribution in the surrounding 
domain.  Despite this complication, the same gener-
al reasoning holds and the qualitative picture 
remains the same. 

C.  Effect on Beam Transmission 

It has been established above that, for a 
given trapping voltage, there exists within the 
drift tube a surface which encloses a certain 
volume of the drift space inside which positive 
ions are held.  The positive ions will accumulate 
rapidly in that Dart 6f the beam until the whole 
volume enclosed by the surface mentioned is practi-
cally at uniform potential, after which the excess 
of positive ions will migrate to the drift tube 
wall. 

An electron entering this neutralized space 
will be entering an equipotential region and must 
therefore maintain the magnitude and direction of 
the velocity with which it enters.  The slope of 
the trajectory of each electron as it crosses into 
the trapping region is hence a parameter of great 
importance in determining the subsequent behavior 
of the beam. 

1.  The Perfect Ion Trap. It would be best to 
start out by examining what is needed in order to 
obtain a truly parallel beam by means of ion 
trapping.  In view of what has been said above, the 
principle of focusing by trapping positive ions may 
be enunciated in one sentence.  The various elec-
trons comprising the beam must be made to enter the 
unipotential region when their paths hold zero 
slope.  If one can obtain this condition, all the 
electrons of the beam must continue to travel from 
there on with zero slope since no radial forces 
exist in a unipotential region.  Perfect trans-
mission should therefore be obtained if the minima 
of the various electron trajectories are made to 
coincide with the position of the trapping surface. 

2.  Realization of the Ideal Conditions. In 
order to understand the extent to which perfect 
trapping may be achieved, the following two points 
must be considered: 

(a;  The contour behind which ions are trapped 
is some surface of revolution (similar to the ones 
shown dotted in Fig. 5) whose actual shape and 
position cannot be determined by analytical, 
graphical or numerical methods. 

(b)  In order that the minima of the trajecto-
ries of the electrons of the beam may be made to 

coincide with the position of the trapping surface, 
the location of these minima should be accurately 
known.  The most elaborat9 treatment of this 
problem available to date° suffers from two draw 
backs.  First, an estimate of the position of the 
beam minimum obtained from this treatment is only 
an approximate one due to the assumptions inherent 
in setting up the problem.  Second, the treatment 
only deals with the approximate behavior of the 

electron at the edge of the beam; no mention is 
made of the behavior of the electrons within the 
beam envelope.  The reduction of electron veloci-
ties which accompanies the drop in potential in an 
unneutralized beam will cause a piling up of 
charge in the regions where the velocity is re-
duced, i.e., the charge density will be higher 

near the axis than at the edge of the beam.  The 
inner electrons will be subject to greater repel-
ling forces since their trajectories enclose a 
larger average charge density, and hence will go 
through their minima quicker than the outer elec-
trons; therefore, the minima will not all lie in 
the same cross sectional plane. 

Figure 6 shows a sketch of the relative 
positions of the trapping equipotential and the 
beam minima as they might possibly occur at some 
stage during the trapping experiment.  It is also 
shown in the figure that the different electron 
trajectories enter the neutralized zone at differ-
ent slopes and hence behave differently subsequent 
to their entry.  It must then be apparent that 
while the trapping surface is in the appropriate 
position for some parts of the beam it must, by 
the very nature of its curvature, be improperly 
situated for the rest of the beam.  Therefore, 
while electrons at a particular radius will remain 
parallel to the axis, the rest of the electron 
paths are at different slopes.  Cross-overs could 
very well occur and complete transmission is 
improbable. 

VI.  Explanation of the Experimental Results  

Inasmuch as a strict mathematical treatment of 
the trapping phenomenon is not possible, quanti-
tative estimates cannot be made to match with the 
values of transmission obtained by experiment.  But 
the theoretical treatment of Section V can predict 
a definite trend cf behavior which seems to be 
borne out by experiment. 

A.  Effect of Trapping Voltage  

As the trepping voltage is increased from zero 
a quick rise in beam transmission is first observed 
followed by a slower fall.  This is not entirely 
unexpected when one considers the phenomena out-
lined in connection with Fig. 5. 

At really low trapping voltages, the draining 
effect of the cathode field can still leak into the 
drift tube beyond the trapping ring and only 
partial neutralization can exist as was explained 
in connection with Fig. 5(b).  As one increases the 
trapping voltage, the larger value at V. offers bet-

ter opposition to the cathode drainage and trans-
mission improves. 

However, excessive trapping voltages have the 
effect of pushing the neutralized region farther 
down the drift space.  The slope of the beam under 
such circumstances would be positive as it enters 
the trapping region, thus resulting in a diverging 
beam. 

Between these two effects, there obtains some 
optimum condition where the trapping surface is in 
the best possible position and the transmission 
reaches its greatest value before beginning to 
fall.  Such a peaked behavior is shown by each of 
the experimental curves. 



B.  Position of Trap  

It is interesting to observe the effect of 

shifting the position of the trapping electrode. 
It is seen that, as one moves the trapping section 
closer to the cathode, the voltage Vt required to 

achieve the maximum transmission becomes higher. 
This is probably because as one gets closer to the 
cathode its draining effect becomes greater and one 
needs larger trapping voltages to counteract the 
unwanted fields.  In this connection it should be 
remeMbered that in order to cause a given change in 
voltage near the axis, a considerably larger 
voltage alteration is required at the ring elec-

trode. 
Another effect seen from the family of experi-

mental curves is that the value of maximum trans-
mission obtained is different for different po-
sitions of the trapping ring.  One merely needs to 
refer to Section V-C-2 in order to find the expla-
nation for this effect.  There, it was pointed out 
that the position of the trapping surface relative 
to the beam minimum has considerable effect on the 

resultant transmission.  If the trapping surface 
falls in the region where the beam is diverging, 
the electrons will continue on with the same posi-

tive slope and only a slight improvement can be 
expected.  When the trap voltage is applied to the 
electrode close to the cathode, the beam is still 
converging as it enters the trapping zone and 
should continue converging until it crosses over 
and then diverges.  The position of the trapping 
ring which brings the trapping surface closest to 
the minimum will give the best possible results. 

VII.  Concluding Remarks  

It has been found possible to obtain an im-
proved understanding of the process of ion trapping 

by considering it as a volume phenomenon.  A 
detailed examination reveals that this method of 
controlling beam spread involves more complications 
than are accounted for in the simple theory which 

is only representative of the special cases of 

thin beams of low perveance. 
The conditions for perfect trapping are simply 

enunciated; however, it is also realized that it 

is not very easy to achieve them with gridless 
traps.  The main difficulty lies in the fact that 
the designer is not able to predict the distribu-
tion of the positive charges within the beam; as a 
result of this, the position of the unipotential 
region is no longer a matter of deliberate design. 
Hence it is not possible to obtain a trap configu-
ration which will assure that the various electrons 
in the beam will enter the trapping region 

precisely at the moment when the slopes of their 

trajectories are zero. 
There have been instances of very efficient 

trapping with gridded drift tubes used in some 
experimental klystrons.  This is certainly under-
standable in view of what has been discussed; 
because, by positioning the grid at the estimated 
minimum of the beam, the trapping equipotential can 
be forced to stay close to the minima. 

In the absence of a proper analytical design, 
several gridless electrode configurations can be 
tried out experimentally.  Chances of success 
should be better in the case of those electrode 
configurations whose potential distributions came 
close to that of a grid (at drift tube potential) 
stretched across the beam at its point of minimum. 
One such example would be that of an Einzel7 lens 
around the minimum of a beam whose diameter is 
small compared to the drift space. 

A pilot experiment, which was performed in 
order to check the validity of these suggestions, 
showed a large improvement in beam transmission due 
to the use of a large ratio of dri ft-tube diameter 
and a trapping configuration similar to theq of an 

Einzel lens.  A beam of perveance 2.6 x 10-4° and a 
minimum diameter of 5/32 in. was injected into a 

drift tube of 1/2 in. diameter and 6 in. long.  For 
a beam voltage of 300 volts, over 80 per cent of 
the cathode current was received at the collector 
when 95 volts were applied to a trapping electrode 
of the Einzel type situated near the minimum of the 

beam. 
It is not unreasonable to expect that subse-

quent trials with different types of trapping 
devices could yield further improvements in beam 

transmission. 
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TBE MULTIPACTOR Elqq,CT IN KLYSTRONS* 

Kees Bol 
Sperry Gyroscope Company 

Division of The Sperry Corporation 
Great Neck, New York 

Summary  

The multipactor effect in klystrons 
absorbs useful energy and is most undesir-
able.  This paper describes a study of the 
problem undertaken with the ultimate aim 
of learning to suppress the effect. 

Introduction  

One of the problems of klystron de-
sign is avoiding what is known as the 
multipactor effect.  This effect is a 
greatly enhanced form of the secondary 
loading that occurs to some extent in all 
klystron interaction gaps.  It is char-
acterized by its dependence on the strength 
of the r-f electric field in the gap and 
also on the strength of the magnetic focus-
sing field where this is present. 

The kinematic explanation of multi-
pactor is that at suitable r-f field 
strengths secondary electrons are driven 
across the gap in, roughly, an odd number 
of half cycles.  If these electrons then 
create further secondaries on impact, they 
will in turn be driven across the gap and 
so continue the process.  Even if the 
multipactor ratio is somewhat less than 
unity it is clear that for each secondary 
electron created by beam interception the 

total power loss will correspond to many 
more.  If the ratio exceeds unity the 
process becomes more or less independent 
of beam interception, and can in fact 
occur without any beam at all.  Fig. 1 
shows some data taken on a resonator with 
the beam off.  The parameter is magnetic 
field strength, which is obviously of 
crucial importance. 

Although the multipactor effect does 
occur in klystrons not having magnetically 
controlled beams, it is rarely serious in 
these cases and can usually be eliminated 
without difficulty.  It is most serious in 
high power tubes with magnetic beam control 
and in these the effect is not only most 
severe but also most difficult to eliminate. 

No analysis of the multipactor effect 
is as yet sufficiently detailed to allow 
prediction of power loss as a function of 
gap configuration, secondary emission co-
efficients, beam interception, r-f voltage, 
and magnetic field strength.  Even for the 
simplest case of multipactor between two 
infinite parallel plates the present 
theory allows little more than prediction 

of the necessary gap voltage.  With a more 
realistic geometry and with a magnetic 
field present, even less quantitative 
statements are possible.  But in making 
even qualitative statements about an actual 
case, it is of course very useful to have 
studied particular cases, however idealized. 

To this end the following cases will 
be briefly discussed:  (a) the parallel 
plane case; (b) a symmetric gap configura-
tion producing a strong radial component 
of r-f field, with magnetic field; and 
(c) the coaxial cylinder case.  Finally 
there will be presented some test results 
illustrating the basic role of the magnetic 
field in actual cases. 

Multipactor Theory  

Parallel Plane Case  

The theory for this case was worked 
out by Abrahaml who first noticed the 
effect in klystrons.  An r-f voltage of 
amplitude V is applied across two infinite 
parallel planes a distance d apart.  The 
equation of motion is 

d2x _ V 

d t 2  

which when integrated twice yields: 

sin wt 

71V 
x — ((cot -coto)cos coto + sin wt o-sinw t,)+vo (t-t o 
w2d 

Here 71 is the charge to mass ratio of the 
electron, to the departure time, and vo 
the emission velocity.  The multipactor 
condition requires that x = d when 
(wt - wt o) = mv where m = 1, 3, 5 ,   
Hence the voltage amplitude required is 

2 
cos wt o + -- sin cat o 

w2d2  rim 

mwV 0 
1 + 

cod 

IW. Abraham, "Interactions of Electrons and 
Fields in Cavity Resonators," Stanford 
University Doctoral Thesis, 1950. 

*The work described in this paper was sponsored by the U.S.Navy on contract NOnr-217(01) 
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If 0 < wt o << 1 and m7A/ 0 << wd then 

1. 
Vm 

w2d2 

In7171 

The assumption on starting phase can gen-
erally be justified2 , but not the neglect 
of emission velocity.  This is easily seen 
as follows:  If uo is the velocity of the 
klystron beam, then the gap spacing is 
usually so chosen that w d/,;() - 1.  Hence 

M77V 
0 

cad 
—  577 [U0 wdi -Vu—oo]l  

So for a 1000 volt beam and 5 volt emission 
energy the above quantity is about m/5, 
which is certainly not negligible except 
for perhaps the lowest mode.  Nevertheless, 
when d is the least separation of two com-
plicated surfaces equation (1) is a useful 
indicator of the approximate voltage at 
which multipactor might set in. 

It is instructive to compare the 
relationship demanded by equation (1), 
with that existing in a typical klystron 
gap.  If V  is the beam voltage, uo the 
beam velocity, then 

Vm 2  wd 2 

110 Mw  Uo 

2 

577 

Since the gap voltage for efficient oper-
ation is comparable with beam voltage the 
condition of equation (1) will usually be 
satisfied for all modes.  However, if the 
gap is widened so that wd/uo = 1.5, then 
Vm/V o = 1.5/m and the lowest mode can no 
longer be reached. 

Mere compliance with equation (1) is 
fortunately no sign that multipactor actu-
ally will occur.  A second fundamental re-
quirement is that the energy gained by a 
given electron must be high enough so that 
it can cause emission of secondaries.  An 
electron emitted at to = 0 with zero ve-
locity and having a transit angle of Inv 
has a velocity x = 2 nV/o)d or an energy 
in volts given by: 

77Vm 2 urr7V m1 2 2 
-  V 

2  d2 mw2d2  mw  m  mn 

Since Vm m-1  it follows that the energy 
gain is proportional to m-2 . For example, 

2ibid. 
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if V1 = 1000 volts then V1' = 650 volts, 
whereas 113' - 70 volts.  This is so low 
that multipactor would be most unlikely. 

A more complete theory for the paral-
lel plane case, of which the above is a 
short abstract, can be found elsewhere. 3, 4 

Parallel Planes With DC Bias  

The effect of a bias voltage applied 
across a gap is to make the transit times 
for going and coming electrons different. 
By making the bias high enough it is pos-
sible to prevent multipactor altogether. 
The analysis is rather lengthy an  will 
therefore not be reproduced here..5  The 
conclusion reached as to the amount of bias 
necessary to suppress multipactor in the 
various modes is as follows: 

in = 1  VDC = .34 V1 

m = 3  VDC = .12 1/3 

m - 5  VDC = .07 1/5 

For the less important higher modes the 
bias is therefore quite small, but for the 
lowest mode it is material. 

Coaxial Cylinder Case  

The interest here is the same as in 
the preceding paragraph: that by creating 
sufficient asymmetry in the gap multipactor 
might be prevented.  Coaxial cylinders 
present asymmetry of the desired type in a 
convenient form.  But since the equation 
of motion, while simple, is non-linear a 
large number of trajectories were plotted 
with an analog computer.  Only the lowest 
mode was studied and the results are shown 
in Fig. 2.  It is evident that a great 
deal of asymmetry is necessary to be effec-
tive - more, indeed, than can be built into • 
a gap configuration. 

Magnetic Focusing Effects° 

Qualitatively the dependence of 
multipactor on magnetic fjeld strength is 
easy to understand.  If for example the 
electric field and the magnetic field are 
both axial, then the transverse component 
of the emission velocity leads to a cir-
cular path in a transverse plane while the 
axial motion remains unchanged.  The fre-
quency of the circular motion, on the other 

3ibid. 

4Multipactor study reports furnished to 
U.S.N. Office of Naval Research by the 
Sperry Gyroscope Company. 

5ibid., Appendix B 

°ibid., Appendix D 



hand, is determined only by the magnetic 
field and is in fact just the cyclotron 
frequency.  So if the magnetic field 
strength is such that electrons undergo an 
integral number of rotations while travers-
ing the gap then they are exactly focussed 

If there is a radial electric field 
in the gap, then the transverse motion be-
comes cycloidal.  The frequency is no 
longer exactly the cyclotron frequency 
unless the transverse emission velocity is 
zero.  There is consequently no exact 
focussing, although optima should still 
occur at about the same field strengths as 
in the case of no radial field.  The prin-
cipal change caused by the radial field is 
the increase in the extent of the radial 
motion.  With ordinary operation the in-
crease amounts to one or two orders of 
magnitude above the radial motion caused 
by the emission velocity. 

The results of some simplified cal-
culations are shown in Fig. 3.  It was 
assumed that the radial motion was slight 
(a very rough approximation); that the 
emission velocities were negligible; that 
the gap geometry was symmetrical; that the 
radial field strength varied linearly 
across the gap; and that the axial motion 
was the same as in the parallel plane case. 
The figures show the displacement of the 
electrons, on arrival at the opposite gap 
face, as a function of magnetic field 
strength.  Plainly the higher the multi-
pactor mode (characterized by transit time 
in r-f cycles) the lower the field strength 
needed to produce a focus.  rhis follows 
at once from the fact that longer transit 
time in the gap permits a longer period of 
transverse motion, or a weaker field.  At 
the other extreme, as the field becomes 
stronger the transverse motion ultimately 

about 5 kmc while the gap geometry was 
varied over a wide range, and this was 
achieved.  The power input was varied up 
to about 200 watts.  The maximum magnetic 
field strength was about 2000 gauss in all 
but a few cases in which it was nearly 
2500 gauss.  To make the origin of the 
multipactor visible a very thin coat of 
willemite was painted on the center posts, 
with fair results. 

In Fig. 5 the data are presented as 
regions of multipactor in a power input-
magnetic field strength plane.  The results 
are striking in several respects.  There is 
scarcely any dependence on gap voltage, 
provided the power input exceeds about 
20-40 watts; there is remarkably little 
dependence of either starting voltage or 
critical magnetic field strength on gap 
geometry; and the apparent spacings in-
volved in the "A" mode are fantastically 

large. 

The relative unimportance of gap 
voltage on the multipactor is readily ex-
plained.  The constraining influence of 
the magnetic field allows multipactor to 
occur between the sides of the center 
posts, and hence there is no unique spacing 
as in the parallel plane case.  The distance 
traversed in a given mode simply increases 
as the voltage increases, while simultan-
eously lower order modes become possible 
at closer spacings.  Furthermore, the 
axially directed electric field is no 
longer uniform with distance so that the 
parallel plane theory loses practically 
all validity. 

According to the parallel plane 
theory the starting voltage for a given 
multipactor mode should vary as d2 . There-
fore, if the cavity impedance were inde-

vanishes so that "brute force" focussing  pendent of gap spacing thp minimum power 
takes place for all magnetic field strengths required should vary as d4.  Thus a 20 per 
above some minimum,  cent change In spacing should cause a 100 

per cent change in minimum power.  Instead 
Experimental Results It is found that the minimum power is de-

termined primarily by the secondary emis-

Multipactor behavior in the absence  sion coefficient of the surface involved. 
of a magnetic field is fairly well ex74 For the particular test results given here 
plained by the parallel plane theory.  i In  multipactor appeared to require a gap volt-
part this is so because multipactor unre-  age of 400-600 volts to start, and con-
strained by a magnetic field simply does  tinued for higher voltages. 
not occur unless the actual geometry 
closely resembles the parallel plane case. 
In the presence of a magnetic field, how-
ever, the situation is drastically altered 
The purpose of the data to be presented is 
to make clear the extent of the change. 

The resonator used is shown in 
Fig. 4.  It was designed to allow the 
resonance frequency to be kept constant at 

7Abraham, Op. Cit. 

The most striking feature of the 
results is the persistence of the magnetic 

. modes labeled "A" and "B" in the figure, 
and the appearance in each case of what is 
labeled the "gas discharge" region.  The 
"B" mode does not fit the theory of mag-
netic focussing represented by Fig. 3. 
This is not too surprising since that 
theory was based on an axial displacement 
similar to that for the parallel plane case. 
The "A" mode occurs quite close to wc/w = 1, 
and possibly the deviation from unity is the 
result of an error in field calibration. 
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At wt/w = 1 the simple theory indicates 
focussing for all modes.  Furthermore, it 
is possible to have resonance with the 
radial component of electric field at this 
value of wt.  In other words, the "A" mode 
may correspond to radial motion rather 
than axial motion of the electrons.  The 
"gas discharge" may mark the exact point 
of resonance.  It should be noted that the 
ambient pre wire in the cavity was of the 
order of 10-° mm Hg, and that the pressure 
necessary to account for the observed 
brilliant discharge could only have arisen 
from intense multipactor bombardment of 
the willemite. 

Finally it must be stated that the 
extent of the multipactor region depended 
primarily on the secondary emission coef-
ficient of the surfaces.  Without the 
willemite multipactor always cleaned up 
after prolonged operation.  Even with the 
willemite some low field modes sometimes 
disappeared in a few seconds.  (These 
modes have not been shown on Fig. 5.) 

Conclusion  

The parallel plane theory of multi-
pactor predicts critical voltages at which 
multipactor can occur.  For gridded gaps 
this theory appears adequate.  For grid-
less gaps in a strong axial magnetic field 
the situation is far different.  There 
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Fig. 1 - Cold multipactor data. 
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then appear critical magnetic field 
strengths at which multipactor occurs for  ' 
all sufficiently high voltages. An adequate 
theory for this case does not yet exist. 
Experimentally the critical magnetic field 
strengths seem to depend very little on the 
geometry of the gap.  It also appears that 
self-sustained multipactor does not occur 
in a gridless gap when the surfaces are 
thoroughly outgassed.  However, if beam 
interception provides a supply of second-
aries, then at certain magnetic field 
strengths there is certain to be some 
amount of multipactor loading. 

The means of minimizing multipactor 
implied so far can be summed up as follows: 

1.  Minimize beam interception. 

2.  Adjust the design so that the 
beam focussing magnetic field is not 
critical for the gap. 

3.  Increase gap spacing to raise 
multipactor starting voltage above oper-
ating gap voltage. 

4. Apply a d-c bias voltage to the 
gap. 

5. Reduce the secondary emission 
coefficient of the gap surfaces. 
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Fig. 2 - Coaxial multipactor. 

1 4 16  8 20 22 

TRAJECTORY DEFLECTION VS 
.  /.11/2 MODE1 

18 20 22 

TRAJECTORY DEFLECTION VS 
I., 4,11/2 MODE 1 

Fig. 3 - Trajectory deflection vs. utito. 

194 



• 

a 

0 

• 0(11 

• • Vg 

Fig. Li - 5-kmc multipactor test cavity. 

1: 0 

80 

10 

0  
0 

••• 

ST.10•••••. 

STI 

4:11S 

D•SC••••Gi 

IlA usium  .4 
2  4  6  e  10  1.7 

200 

▪ 160 
a 

•  20 

4 

C. 
•  60 

a 
40 

• 

•( •• 

•  • 'r 

GAS 
0,sc •4146( 

1 :x5101 L0O 

51( AD, 

"— V C Ago.  •t 

0  4  6  B  10 

Fig. 5(b) - Results obtained with test cavity. 

(11) - Results obtained with test cavity.  Fig. 5(e) - Revilts obtained with test cavity. 

155 



BACKWARD-WAVE OSCILLATOR CHARACTERISTICS 

H.R. Johnson 
Hughes Research and Development Laboratories 

Culver City, California 

ABSTRACT 

This paper contains theoretical and empirical 
design information on backward-wave oscillators 
with power outputs below 100 watts. The main design 
parameters which are discussed are tuning range, 
power output, and frequency stability. All the ex-
perimental work has been carried out with the he-

lix -type tubes with hollow beams. Tuning ranges of 
9:1 have been obtained, with reasonably constant 
output power over a:2:1 range. One tube oscillated 
from 500 to 4,500 mc, another from 7,000 to 14,000 
mc. At 3,000 mc, 30 watts output has been obtained 
for 400 watts input. 

THE PROPAGATION PROPERTIES OF CROSS-WOUND TWIN HELICES SUITABLE 
FOR TRAVELIKU-WAVE TUBES 

M. Chodorow, E.L. Chu, and J.R. Nevins, Jr. 
Microwave Laboratory 
Stanford University, 

California 

ABSTRACT 

A cross-wound twin helix used as a propagat-
ing structure for traveling-wave tubes has advant-
ages over the conventional single helix, particu-
larly for high-voltage operation. Because of the 
symmetry of the fields in a twin helix, impedance 
of the fundamental component is much higher than 
for the single helix, and impedance of the back-
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ward-wave harmonics is much less. This will im-
prove the gain in amplifier operation and make 
backward-wave oscillation much less apt to occur 
for the twin helix. Calculations of propagation 
constants and impedances for a range of dimen-
sions have been made, and measurements of these 
properties are in good agreement with the theory. 


