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ABSTRACT

During the last five years there have been several studies of coherers
as possible computer storiage elements. These studies have for the most part
been dropped on account of poor reli:zbility or slowtime constants, 4 study
has been made of the cohering phenomenon to fix more accurately its statis-
tical n:ture. The pre-breakdown current and its associated formative time
lag plus its statistical time lag are measured for the dielectric breakdown and
welding of coherers for different ranges of pulse length and repetition rates,
The mean firing voltuge is obtained over a range of pulse lengths from 10-°
to 100 seconds. A constant voltage effect is found 3t one stage in the pre-
breakdown current growth, Sets of conditions are found for which coherers have

2 Gaussian probability distribution of voltage versus probability of firing,
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! Introduction

Basically a .oherer s a cell with two elect-odes betveen which a
guantity of metal powder 15 placed as illustrated in Fig 1 The metal porder
particles are coated with an oxide or other tarmish film which makes the cell
imatially insulating A typical cell would have a resistance of the order of 109

to 1011

ohms Above a oritical voltage the oxide layers tend to break down
so that the coherer fires oy "coheres'  Aflter cohering the cell resistance 1s
a few hundred ohms A sharp mechanical shock, such as the tap of a hammer
cn a relay armature will break up the cohered chain, restoring the cell to 1ts
ofigznal high resistance  Shaling the particles during decohering turns most
of the eroded spots to the side leaving principally fresh layers of oxide along
the vertical paths

A cokerer1s a potentially cheap storage element for slovw. speed com-
puter apphcations, yet experimental models of coherer sturage exhibit a per-
centage of errors which though small is enocugh to ma¥xe thermn undesirable for
use in the computer field where accuracy is :mperative If the physical
nature oi cohering can be determined, then the [imitations on the ccherer can
be better understood
Coherers werc used as detectors in the early development of radio by

.Marcunil in England and Popoffa in Russia in the 1890's .

1 _ : ' .
G Marconi, Application of Guglielmos Ma:com for Imoarovement 1n Transmitter

Elcctrical ITmpulses and Signal and 1n Apparatus Therefore "British Patent

Specification No 12,039 (June 2, 1896}

2

A .S Popotf. Jeurnal of the Russian Physical and Chemical Society. 28

{1896) Partially reported in letter in E_I.?"',Y;T,_j“.‘a”‘ 40_. 235 {1897)
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In 1917 E C. Green summarized the history of coherers from the early
experimenters dating back to 1835, who demonstrated coherers as scientific
curiosities, through extensive usec as detectors in early radio communication
development. and various secondary applirations such as lightning arresterss>.
He outlined the conflicting theories of coherer action and stated that the real
way in which coherence occurs was still a problem te be solved R Holm?
narrowed down the altérnativ(’ theories of coherer action by showing that the
cohered state corresponded to welded bridges of metal His work on coherer
action was directed principé.lly toward understanding the destructive welding
of relay ccntacts and cormutator bars .

The Mellon Institute’and the Harvard Computation Ldboratory(" made
extensive tests of different metal powders and logical arrangement of coherer
vells for computer storage and decoding logic  J. P Erkert.? ina survevy of
all known potential storage devices for computing inrludedlcoherers as a
possible low cost storage element restricted in  application by its slow de-
cohering time

38 C Green "The Development of the Colever and Some Theorivs of
Coheres Action' . _Cjnne_zal Pii_ec R ;Z_Q 369-374 (1917) also Sci Am S
84, 2689 (Oct 27. 1917)

4 Ragnar Holm, Electric Contacts, Stocxholm: Hugo Gebers Forlag (1946)
pp. 131-143, 354-¢ ‘

> Mellon Institute of Industrial Rescarch, Quarte:ly Reports of the Computer
Cormponent Fellowshis, No 347, Report No 1. &. 3. 4, 5, and 12 {1951 - 1953)

® Harvard University, the Computation Liaboratory, Progress Report No 8.
"Electrochemical Computer Elements" pp 8-XII-1 - 8-XII-10 {19517} (Reuort
numbers and date to be verified). -

IRE . pp 1393-1406, Ot 1953. p 1405



Both the earlier studies and these more recent investigations of coherers
tabulated the firing voltage as a d-c¢ voltage. To carry out the postulate that
coherer action is a dielectric breakdown phenomenon would require testing
the coherers with varying pulse length and voltage Since dielectric breakdown
processes are physically statistical in nature, coherer tests shouid also be con-
ducted under conditions to observe the possible statistical variatien of the break-
down voltage.

The purpose of this study 18 to 1) check experimentally the firing
characteristics of woherer cells to see 1f the voltage and time functions agree
with the known characteristics of dielectric breakdown, 2} determine what type
of probability function expresses the characteristics of firing plus welding in a
form caorresponding to the potential use as a storage clement, 3) determine the
shift in the probab:lity curves with change 1n pulse length, and 4) measure the
shift in the probability curves with time which would determine the useful life
of ¢coherers

11 Pre-Breakdown Current, Non-l.inear Resistance Region.

A Pre-Breakdown Current: The most plausible explanation of cohering

is that the cohering is 1nitiated as a dielectric breakdown phenomenon which
may be enhanced by arcing through the oxide layers,electrostatic puliing of the
powder particles, and plastic flow of metal into the holes in the oxide layers
After the breakdown current reaches a certain magnitude, the heat melts

enough metalto form welds



Experimental evidence supperts the theory that a metal filament or
bridge of metal is formed between adjacent metal spheres R Holm?® for
example, has reported on measurements of the temperature coefficient of
resistance of the bridges. and found that it is posative as 1t should be for a
metal wire  Furthermore H. Singhausg has obtained plots of pre-breakdown
current in coherer cells as a function of time at constant voltage shown in
Fig 2. which has the same form as those of von Hippello for other dielectrics.
This establishes that the pre-breakdown current has the same form as that
obtained 1n dielectric breakdown
B Non-Linear Resistance Region: Tests were made of the pre-break-
down resistance using the experimental setup of Fig. 3 The results are
plotted in Fig 4 Curve A shows the actual experimental points for a test
in which the shunt resistor switch was set to A" in Fig 3 while the voltage
of the power supply V., was slowly increased  After each increase in Vl'
the electrometer voltage V, was reccrded  When the voltage V; reached the

limit of the electrometer . the switch was turned to shunt resistors B, C,

H in turn The voltage across the ¢oherer was calculated from:

? H.E Singhaus. private communication
10 A von Hippel. Phys Rev 54, 1096 (1938) also in Mott and Gurney,
Electronic Processes in lonic Conducturs, second ed; Oxiord (1948), p 196

11 R Helm op «it. p 132



The current through the coherer was calculated from:
1= (V,/R) (1 + R'/Rg). (2)

where R~ 1012 ohms and R' is the shunt sesistor at the switch position B
through H The resultant ¢ohered state 1s shown as curve A'  Additional
curves B through H are plotted, which are for the condition of varying the
pewer supply voltage V| over its full range while leaving the shunt resistance
fixed at the indicated position

The time of application of these voltages was held to a few seconds
for each point, but was nct accurately contrelled  These curves are eguiva-
lent to the RV -characteristic of R Holm, but are plotted in a more convement
form for comparison with non-linear characteristics of semi-conductcrs such
as Silicon Carbide as reported by Schvertz and Ma seniol¢
The prefiring resistance 1s lincar below [ = 10-10 amperes and is

10101 410_5 amperes

- KV for
C Counstant Voltage Region: Examination of the peak of curves A, F, G.
and H 1n F1g 4 i1ndivates the posgsibility of a constant voltage reason possible
for 1072 R'_ZLO6 ohms . provided the time of apphication of the voltage 1s con-
trotled so the effect is not masked by the growing of the current with time shown
in Fig 2 CQCurve ¥ of Fig 4 was repeated with a fresh powder and was com -
pleted quickly to averd  the buildup of the pre-breakdown current at fixed total
voltage The results are plotted on a trilinear graph in Fig 5 A second run
was made with R = 2 x 107 ohms, which did not give as good a constant voltage

F A. Schwertz and J J Mautenko "Non-Linear Sermi-Conductor Resistors!
J AP_&A}_ 1015 - 1024 {August 1953)



characteristic

The trilinear chart is a way of plotting a locus of the equation:

V.2V, +V (3)

This permits us to cbserve the region of any constant voltage effects Since
the series resistance R is kept constant during the test, the Vp scale can alsc
be marked in current. This arrangement of the experimental data shows some
correlation with the time delay effect shavnin Fig 6 The oxide layer
apparently rmust have a certain amount of energy put into it before breakdown
{an occur

Examination of Fig. 5 shows that this coherer must have its effective 7
resistance reduced to three megohms before cohering can take place For
cohering there are two independent conditions: the firing voltage and the
critical resistance o- the firing voltage and the pulse length. The constant
voltage region shown cn this tri-linear graph paper suggests an interesting
application of coherers. The use of the coherer as a voltage regulator is indi-
cated. The disadvantages of a coherer voltage regulator are that it has a very
small current, and that %f the voltage to be regulated goes too high the coherer
will fire requiring a mechanical decohering shock to reétore it When a
coherer is placed in series with a limiting resistor of the right value aﬁd the
total voltage is varied, there 1s a range where the ccherer maintains an
approximately constant voltage Where another regulator keeps the voltage
be]m'av that at which the (oherer fires, a coherer in series with an appropriate
limiting resistor can provide a supplementary regulated voltage  Thus,

additional regulated voltages with small current drain capacity can be added



to a conventional voltage regulator by adding inexpensive coherers, but would
be suitable for high impedance devices only

Experimental tests were run on a coherer voltage regulabr with 10-meg-
ohm series resistance A regulated voltage of 54 + 2 volts across the coherer
was obtained as a total voltage varied between 100 and 160 volts The useful-
ness of this coherer voltage regulator 1s restricted by the high probability of
firing when the voltage is greater than 130 volts for long lengths of time
D. Total Time Lag: Exafnination of the curves of H. Singhaus in Fig 2
show that the pre-firing current plotted against time approaches a limiting time
or total time-lag for cohering for any particular voltage . For example, at
V = 75 volts, the total time lag TT = 73 minutes for the NE -2-bulb cell coherer
with nickel-powder The curves of Fig 2are single tests at each voltage.

An experimental curve of firing vbltage versus pulse length over extended
range of pulse length from 1078 to 100 seconds is given in Fig 6 To simplify
the experiments. the data was taken for 50 per cent probability of firing. This
means that the firing voltages in this curve correspond to the mean firing vol-
tages on the probability of firing curves discussed in the next section The
mean {iring voltage for the particular coherer of Fig. 6 is empirically:

v = 707 975 (volts), for 1076 <t <100, (4)

where t is the pulse length in seconds . This type of curve is similar to the
variation of dielectric breakdown voltage of electric power line insulators as
a function of pulse length
It Probability Distribution of the Firing of Coherers

Experiments were made 1n which a coherer cell was alternately pulsed
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with a fixed voltage and decohered An oscilloscope was connected across
the coherer to observe the time interval required to cohere. A count was
made of the number of pulses terminating during each one-hundred-micro-
second block of time  This gave the blocs distribution curve of Fig 7
These results suggest the existence of a basic time delay in the vohering
process upon which is superimposed a statistical time delay. but the time
intervals used in the experiment of Fig 7 are too coarse to permit an
accurate separation of the two components of the time delay Therefore, a
new experiment vas designed to experimentally obtain these constants.

This new experiment used a series of pulses to determine the time
to cohere by counting the pulses on a Brush recorder  The equivalent total
titne was taken as the product of the number of pulses times the basic nulse
length. In the range of voltage and pulse length used in these experiments,
a few points were checked by comparing the probability of firing for two
cases: 1) a coherer subjected to one pulse of voltage V and pulse length
1, 2) a voherer subjected to n pulses of voltage V and pulse length P/n
It was found that when the n separate pulse occurred within a period of one
minute or less that the probabilities for the two cases were approximately
the same The experimental cam-operated cycling of a wheatstone bridge
circuit 1s shown in Fig 8

By choosing a fingr powder requiring a higher cohering voltage a series
of curves of per cent failing to cohere was plotted against the number of

pulses and are shown in Fig. 9 Plotting the experimental points in per cent
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failure to cohere enables us to find the formative time lag (T} and the

.
statistical time lag (g™} as follows. By drawing a straight line approxima-
tion to the experimental points for a éiven voltage in Fig 9, the intersection
of the line ~ith N = 100 per cent failure gives the formative time lag (TF)‘
Then the time interval from N = 00 per cent down to N = 100/e = 3¢ per
cent gives the statistical t1rﬁu lag (g~} These curves have the same form
as those obtained by Inushi and Suital3 for diclectric breakdown in KC1 single
crvstals

Earlier experiments of H L Singhausl4 indicated a Gaussian pro-
bability distribution over a narrow range of variables. If this condtion were
true over a very large range of the voltage viath other conditions remaining
fixed, it would be pessible to determins the conditions for a specified error
rate  Next a set of experiments were designed to approximate the conditions
under which cohervrs might be used Pulse lengths much greater than the
sum of the formative timne lag plus the statistical time lag were gelected
Experiments were run with a fixed pulse length and repetition rate, using the
same wheatstone bridge to fire, read, decohere, and read The experimental

15

points are shown in Fig 10. Plotting on gaussian probability paper shows

that the experimental points distribute (losely around a straight line which

13
J Phys Suvc Japan 7. 641-693 (1952)

14 H. E Singhaus. private ¢communication

15 Spevial graph paper with gaussian probability scales is available from:
Codex Book Cu , Norwood, Mass

Y Inush: and T. Suita, "Time Lag in Dielcectric Breakdown of Single Crystals"
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shows the probability function is very close to gaussian for these condtions
Drawing a strajght line through the experimental poinis of Fig 10 corres-

ponds to the following equation for the probability of the coherer firing:

v
P(R_< R'/A) = (1/ /2T %) 5 exp[-—(v )iz a-z] av  (5)
-0
Where: R, © the resistance of the coherer after applving the pulse of

~

voltage V and duration tg

R® = the reference resistance which 1s acceptable for the ¢ohered

state,
o~ = the standard deviation
v = the variable voltage,
A = the mean voltage,
A = the conditions applicable to the pavticular coherer

In Fig 10 the specific values of the parameters are as follows:
A = Civen the coherer cell is 0 200" long, filled with Bronze
Powder MD-61HP, mesh -80 ¢+ 100, with 1 /8" diameter
electrodes, having a series limiting resistor of 30,000
ohms. with the pulse length, t, - 0. 0052 gseconds, and the
repetition rate 1s 7 cycles per second
R' = 10,000 ohms, meaning a cohered resistance of 10.000 ohms
or less 1s satisfactory for reading the coherer as in the
cohered state
A = 92volts; g = 10 volts; o~2 = 100 (volts)®

The resultant equation is:
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P (R <€ 10</A) = (1/4/200 1) S exp X:(v -92)21200] dv  {6)

-0
in Fig 10 the «:xrcles o' are actual experimental points, for example . the

puint at V. = 38 volts and P = 1076 means that one misfiring was recorded

in one million cycles  The "sun" symbol ”"%"" at V = 134 volts and P = 5x10-6
rneans that a run of 105 cycles was made with no failures to fire. so to be
conservative a second run of 10° cveles was assumed with one error marxing

a total of one er.or in 2 x 10° cycles, giving an upper bound of P : 5x10°6,

V. Reliability of Coherers

The rehiability of coherers is dependent first upon the nature of the
relationship between the probability of firing and the applied voltage and
pulse length, and sevonci upon how well this relationiship remains constant
througheut the life of the ¢coherer. [f we want to have a probability of error
of less than one 1n 500,000 cycles with the bronze powder cell of Fig. 10,
which has a Gaussian probability distribution, we specify a maximum pro-
bability of firing un reading of one in a million and a maximum probability
nf failing to fire on writing of one in a million For 0 0052 second pulses
and other conditions as specified in Fig. 10, the required voltages are read
off of the curve, showing that the reading voltage must be less than 43 volts
and that the writing voltage must be higher than 140 volts to stay within the
specified error probability  We must then subtract and add telerances to
these values for the spread of the experimental points about the average curve
Fresh powder from the vendor changes its probability of firing during the

first hour of operation so that the powder must be processed before use  The
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processing can consist of repeatedly firing the powder in a ¢coherer cell until
the firing voltage levels off. or it can consist of reducing the oxide layers
of the powder particles by heating 1n hydrogen to remove the original oxide
layer, allowing a more uniform but thiner oxide layer to grow

Simple oxide layers are variable in thickness depending upon the
temmperature of the original formation of the powders and its subsegquent
history The regrowth of the oxide on a bare spot starts out quickly and
then tapers off slowly Simple oxide coated particles either 1ncrease or
decrease their firing voltage with time  The f{iring voltage increases if
the oxide layers grow thicker at a rate faster than t‘he material 1s removed
in decochering . The firing veoltage decreases, if the oxide is removed, either
electrically or from mechanical abrasion faster than the oxide layers regrow

Experime;‘nts were made with ways of controlling the cxide layer on
the spheres. Copper powder was reduced in hydrogen to remove the original
layers of oxide and was then treated with cocrosion inhibiting chemicals A
small laver regrows which 1s more uniform Coherers using cocpper which
has been hydrogen reduced have given more reliable life test data A sample
curve for such powder is given in Fig. 11 Examination of Fig 11 shows
that the treated powder is still very close to the starting probability curve
after 98,000 firings .

The examples shown in Figs 10 and 11 fit Gaussian probability
curves very closely This is not always the (ase; experiments were run in

which repetition rate was increased to the point that insufficient rest time
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was allowed after decohering These results are shown in Fig. 12 which
shows that increasing the repetition rate from five to ten per second destroys
the Gaussian probability distribution of cohering
V. Conclusions

The coherer is annteresting device which has characteristics similar
to certain basic physical phenomena, desc.ibed as follows  The pre-break-
down cuarrent growth with time with a {ixed applied veltage has a form similar
to dielectrics such as mica and KC1 c¢rystals. The pre-breakdown resistance
of voherer cells 1s similar to the characteristic of semi-conductors such as
cells of silicon carbide particles. There 1s a constant voltage region whereby
the voltage a-;rbss the cocherer remains constant during an increase of the
voltage across the ¢cohercer plus a series resistor of a certain magnitude.
Study of the constant voltage curves indivates the pre-breakdown current must
reduce the vokerer resistance to a certain critical value, before dielectric
breakdown taxes place

The mean voltage for cohering decreases with increasing the pulse
length as 1s the case for the dielectric breakdown of insulators. Conditions
have been found for which the probability of cohering as a function of voltage,
the pulse length remaining fixed, becomes a Gauss:an probability function
The existence of this probability ot firing function makes it possible to pre-
di-t the accuracy of a coherer design. provided the voltage and pulse length
of all electri. waves including transients to which the coherer will be sub-

jected are known
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Several tests «of 100.000 cycles showed that the charge of the probability
of tiring curves remained within 15% of the original curves and that the
standard deviation came back close to its original value after a breaking.:n

period



Appendiy - - Coherer Powdes

No accurate measurements were made 2f the oxade film thickness
of the coherer sphercs  Approsximate values of the film thickness have been
calvulated using electsic field strength reguired for dielectric breaxdown of
oxides  As an example, consider the bronse powlder used in Fig. 4.

The gap between the clectrodes in 00 080 1n and average particle
diameter is 0.0032 1n giving a minimum of Z5 particles 1n the gap Since
each particle has two layers, there are 50 layers in the path. For (._‘,uZO.the
breaxdown field is approximately 0.4 x 106 volts per centimenter!®. The
total layer thickness for B0 volts at breakdown i1s 200 x 1076 ¢, Dividing
by 50 layers gives an approximate thickness per ]aye.r of 4,0 x 1070 cm or

)
400 Angstrom units  In the absence of data on the proportion of tin and
copper oxides in the oxide surface of bronze particles, the parameter for
Cu,0 have been used to obtain the order ¢1r magmtude

In the case of the hydrogen reduced powde:r of Fig. 11, the average
particle diameter :s © 0075 in  Dividing the 0 203 in gap by the particle
diameter gives 266 particles  The 114 -volts mean firing voltage divided by
533 layers gives O 214 velts per laver This corresponds to a thickness of
53 5 Engstrorn units

The different rmetal powders used in the experiments are identified
in Table 1.

16 R Holm. op. 1t . p 142



Figure
__No_ _ Material Mfy. No ~ T.ab No
2 Nickel
4.5 Bronve MD-153-A AA-49E
6 Bronre MD-153-A AA 491
9 Bronze AA-40F
10 Bronze MD-61HP AA 14D
11 Copper AA-H3
i2 Copper AA 42
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TABLE 1

Check List of Coherer Materials Used in Curves in this Report

Surface
Size Treatment

(-170+ 200)

(-170- 200)

(-80-100)
(-?ZrSOSp) S}JL‘tfial

Reduced in
Hydrogen

0.200"

0. 200"

g 200%

0 200v

0.150"
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The letters A-H refer to the shunt resistance used

as shown in Fig. 3A. PL F :
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