Cods . 203 002,047
ate Septembes 22, 1953

THE COHEREM AS A STORAGE ELEMENT

BY

¥, B, WOOD

IBM RESEARCH AND DEVELOPMENT LABORATORY
San Jose, California

NOTE

Please consider the contents of this report CONFIDENTIAL, This paper has bew

prepared to furnish information on the progress of new developmenis in the
Engineering Laboratory. Since the material contained herein is of receni daig,
it is requested that the recipient confine i1ts use to [BM personnel who are
associated with Laboratory projects.

This document has heen daetsssified
by IBM. The retetion 1Bi Confidential”
should ba ignored.

th






PO

B B e

CODE: 203.002. 047

Date: September 22, 1953

Page:
TABLE OF CONTENTS

Introduction

Farly History of the Ccherer
Present Status of Theory
Recent Developments

a.
b.

C.

The Mellon Institute
Harvard Computation Laboratory
IBM, San Jose

Coherer Techniques

a.

Firing of Coherers

(i) Direct Current Firing of Ccherers

{2} Transient Firing of Coherers

{3} Radar Frequency Firing of Coherers

(4) Parallel Cohering

(5) Firing of Qpherers from Ferroresonant Storage Matrix

b. Reading of Coherera

C.

Decohering

{1} Mechanical Shock Dec-ﬂhering

(2) Supersonic Decoherers

{3} Audio Frequency Decohering

{4) Magnetic Decbherence

(5) Capacitor Discharge Decoherence
(6} Coherer Oscillator

6. Application of Coherers
a. Storage

7.

(1} Coherer Matrix Storage
{2) Punched Card Coherer Storage

b. Logical Circuit Elements

(1} Coherers for Logical Circuit Components

(2) Choice Circuit

{3) Pyramid Switching Circuit

{4) Binary to Octal Converter

{5} Series Connection of Three-Element Coherers

(6) Separation of Controlling Circuit from Controlled Circuit
{7) Four-Element Coherer

- (8) Three-Element Control Coherer

(9) Antt-Ccherer as Logical Circuit Element.

Conclusions

SO OO BN PGWN

) =



o A0 002, 047
Date: September 22, 1953
Pa;m s 2

TITLE: THE COHERER AS A STORAGE ELEMENT

BY: F B. WOOD

1. Introduction
A computer having 10, 000 e¢lements corresponds 10 the number of nesrons in a
flatworm. 3cCulioch” has estimated that if & srnpuler were buiit o have the same
number of elements as there are nesrons in the human brain - 107, a skyscraper
would be required to house i1, the power of Niagara Falls 1o light the filaments, and
the Niagara River to cool it. 1f the vacuum tube ¢an be replaced by a cheaper,
simpler, and more durable device, the reliability and feasability of larger computer:
would be improved.

Elements which do not require filament power are in various stages of development,
such as the transistor, bi-stable magnetic cores, and ferroelectric storage.
Flectrochemical elements using chemical deposition, electrolytic polérization,
hydrogen-elecirode polarization, anodic-film poiarization, and alteration of surface
tension, have received ailtenfion, Another surface effect, the ccherer, has shown
more promise than the various electrochemical efiects. The coherer is essentially
a tube containing a metlal powder with two ¢lecirodues touching the powder. The
powder has an oxide coating whick 15 normalily non-conducting, but which breaks
through to make a permanent low resistance path when the coherer is subjected to

- a certain minimum f{iring voltage. The path is broken by application of a mechanical
shock. The coherer wad originally used in early radio communication as a detector.
The coberer action is present in many common eiectrical connections such as
comimutators. switches, and electric plug connectors.
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- 1. W. S McCulloch, **The Brain as a Computing Machine' Elec. Engin. Vol. 68,
PP. 492-497, June 1949.
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Two principal advantages of the coherer are its simplicity and that it retains the
stored information when the power is shut off. It only requires power for storing
and reading out the information. An elementary coherer is shown in Figure 1.
Coherers have recently been investigated as switching and storage devices at the
Mellon Institute, Harvard Computation Laboratory, and the IBM Research and
Dewelopment Laboratory at San Jose.

. Early History of the Coherer.
The eariy history of the coherer, which was used in early radio communication, is
shown in Table I in an abbreviated form. For more details refer to;

J. J. Fahie, A History of Wireless Telegraphy, Second Edition, Revised;
Edinburgh and London; 1901. PP 194-200, 204-210, 228, 249-253, 292-304,
306-316.

A. J Fleming, The Principles of Electric Wave Telegraphy and Telephone,
New York: 1919. PP 364 .385. .

After the introduction of crystal diodes, triode detectors, and amplifiers, the cohere
was forgotten in radio communication. However, the coherer effect continued to be
of interest in relation to contact problems in commutators, slip rings, switches,
plugs, and relays. These later investigations can be found in the following
references’

Ragnar Holm, Electric Contacts. Stockholm, 1946. PP 352-358.

American Society for Testing Materials, Bibliography and Abstracts Electical
Contacts 1835-1951, Philadelphia: 1952.

American Institute of Electrical Engineers, AJEE Lightning Reference Book,
New York, 1937. References on oxide lightning arresters,
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lYe ars

Country

Investigator

Deve opimne vt
.F,

1835

Germany

Murck

TFent rilied InC reant 07 T ondne vy T T T e ot

fittugs, Carhon and other conducior s f:om pagsage ¢

foeirotoa ddiss Bac e

1852

England

Varlev

Ot erved high resintance 0f 10oose Mmetal e powder

.

Wi ded g eased auring g Thunderstorm,

1866 England | Varley Briiah Patcir 165 [or Telegraph Jgninming protettiors
1878 Engiand | Hughe s Foond 1hat tube of Liags Of 2inC and RILVET WaS

o senaitive 10 ¢iecivic sparks al 4 disfance,

1884 ltaly T Caizech - Expe rimentsd wi b riicial powder [008¢1y packed 1

= . Onesta a tibe.
1890 France Branly Exlenaive cxperimeiis Fesailihg in 4 8peCilic CONETt
desnign vaing metss powder.  Also found coherer
: elteci Al single guaction of oxidized wires.
1890 CGerrnany| Rupp Ewtabliched degobe ring by contiguously rotaling the
. {linings.
1892-3] Zngiand | Turner, Croft, Extensive theorelial GiSCUS&I00 And eXper INenting
Forber and with the Branly tuhe . Developed modifications.
Minchin |
1894-7} England Lodge Employved ¢oherer with ciockwork decoherer.

1894 -7

Italy

Marconi

Devel oped =vasilive CORETEr 107 Use 10 WiTEI€BE
telegraphy with relav tapper decoherer.

1895-7| Russia Popolf Deve foped ¢ oherer (o delection of radio waves.,
. Bell tapper decoharer,

1896 England | Brown and Neilson] Carhon granule cobeter.

1896 Fagland | Jer¢is-Smith Powdai;ss-d carhon cgherer and telephone.

1898 Frade Blondel Side pocket adpgidble censitivity coherer,

1894 France Tommasina Decohering by meuntizg o felephans. Garbon coher

g 11 el liee chr
regquieing loss shock fog
cohe rer,

decghering, Mercury te br
Magnetic decob ing with rma gnetic filings

1899

En gla%d

Fleming

Nick! 4 Pirgs iv box on ¢! FOIROMAgret.

1899 England | Brown Decohering by suporimposing arf alternating fleld.
1900~-01{ Ttaly Castelll Selwde cchy ving coherer asing meascury drops.

1902 italy Solari Imigroved mercusy cohe e

18990~ India Bose Egtensive exparimental studies. Verified existence
1900 | - Gf 21 timcnherers, I

1902 England | Lodge and Sivel dise 40 pacaifin oll to mercury esherer which

Muirhead

decohe vra iy =gration,

1980—
toh4

Y. 5 Al

Guile amd
Frowbridge

Theary af sariace moisture {ilm in coherer action.

"PABLE !
THE EARLY HISTORY OF
THE COHERER
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3. Present Status ot iﬁﬂmmy;
The actien of coherers is not well understood. Fhe most well-known theory at pgeesent
is that of Ragnar Helm. According to Holm®s theery, ceherer action results from a
puncturing of an oxide film betwernv conduciors. »The b#eakdown of the film eccurs when
the electrostatic field tn the uxide layer hecomes so stfong that the free electrons in
the lattice structurs are able to gain swliicient swergy to further lonize the lattice. The
resulling avalanche ol aree elecirons in the oxide laye» apparently causes the temperature
to rise above the meliing point, ard a meral filament forms between the particles. A
coherer which has been {ired ic returned to s high resistance state by mechanical shock
which breaks the chains of pariicles, Holm agreks that there are cases where coherer
action takes plare without sufficient energy to melt the metal.

There are other thenries which may possibly lead to a bhetter uﬁdersmnding of ceherers.
When Cw,0 has a per{ i latfice structure, the reésistivity is 107 ohm-centimeters. In
the non- Stoichiome - .« ferm with vxcess oxygen, CuyQ can have a resistivity of 100 ohm-
centime wrs. Thus, a change in the ratio of oxygen io the metal in 2n oxide can give the
order of magnitude of the change in resistance of a coherer. It is not known whether
such a change can be initiated by the forming current. [ is more likely that CuQ
predominates on the bronze and copper spheres used in coherers.

It may be possible that the coherer action is essentially the same as dielectric breakdown.
If so, a knowledgs of the critical temperature separating electronic and ipnic conduction
would help deiermine which mechanism applies. A theory developed by Zener te explain
dielectric breakdown applies to the conductivity of n-type semi-conductors but ot to

-~ dielectric breakdown. This alternative theory has been applied by Shockley to ‘*hot’’
electrons in germanium. This invelves. ihe interaction of electrons with the optical mode:
of crystal vibration, The glectzon waves have energies b@twg‘en tlb.e conduction band and
the valence band, a reglon which has received litile attention. hoxq.gh this Zener curren
has some features consisient with cohering action, so far it has ndt been possible to
ascertain it s applicability on account of the coherer action involving a transient effect,
while the available theoretical curves for the 7Zener current arefdr steady-state condi-
tioms. The following references contain material on these alternative theories:

Ragnar Helm, Electric Contacts, Steckholm (1946). PP 96~-143.
H. Frohlich and I. H Simpson, ‘‘Intrinsic Djelectric Breakdown in Solids®’,
Advances in Electironics 11 (1950). PP 185-219.
A. R. von Hippel, ‘‘Dielecirics Made to Oyder’’, Electrenics, 24, June 1951.
PP 126-8.
D. A, Wright, Semi~-Cendustors, London (1950). PP 24-49.
N. F. Mptt and R. W. Guroey, Electronic Processes in Ienic Crystals Oxford
{1948). PP 152-201, 249-268.
W. Shockleyv, “"Hat Elfrctrons in Germanium and Ohm’s Law’', Bell System
Technical Journal, 30, Ocigber 1951, PP 990~1034. ‘
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4. Recent Developmenis,
a. Mellon Ingtii
The Mellon Tneilp.oe haw fnue stigated the [grrmaiion of chains in the coherer poewder,

calculate< the ene gy egured (o0 shvoherance, and «stimated the temperature and

filamenri z15: & s wspunding to the reliing of metal fo form the chaing in the
p . g

coherer. They mave - uned ooted »Bepzice toghs ol (1-ing vo'l.i.age, and fired resistance
as a funciion o the inetal ard by arze of the cell, Meiallic elements have been

classiiied inte the fuiluwing tazses: [a) coherahle, (b) non-cohevable, and (c¢) conducti

They point wut hat the advantags of roherses Sn rompate-s is that they stay in either
of its swa <fahic states worthont the application ol powes. The extent of application

as a ¢ Giapater Ul nt ey depend opan the cpeed of transfer, particularly decoherenc
They ranside - tha! © wvarch or decahs ~ing and obfaining uniform firing potentials

and nitorrn cohe d s sistaese vala s dse werthwhile enly il coherers can be
suce«asfully naea n gangrd switiling and storage devicss. A binary-io-octal converte
was developed and @ cohere s 08 Hator was demonsirated. Supersonic and magnetic
attermnpis 10 decohe vy wers unsurcessinl, except one special magnetic system,

b. Harvard Computation Labo

P R

-_'I'-wo-i:--h-m&n’{. angd m.dti-y lﬂ:l'f i ghe s s s were consitaried, Three-elemeant coherers
for coniral uniiy wew nve stigated angd werr {oasnd snreliable, Combinations of two-
element rohe reva wes e made trto paraliced ronirel civesits, series cholce clrcuits,
and pvramid swits hing «irg iits,

C. IBMﬁ San -Jg.‘-.k'
IW?}_E;} esvareh program was e<fablished to leasn more about the physics of
coheter acrion and t2 obtare statistical data on varioss fypes of coherers. Two effects
have been faund: the  packing’ »ilect and the " time delay’” «ffect. Packing of
powder a' tox bottom of a cohy e tends to lower the fiving voltage., This time delay
effect means tha: « oherers can he made to fire at a lower voltage if the lower voliage
is applied fo- a luangew time,

The eifects o atmuspheric preszure, temperatare, and electrode configuration have
been investigaied Data on the oifect of a magnetic field on the firing voltage of
nickel powrler was obfained. Variee metal powders were investigated, of which the
best are brosze. rrckes, and aiominum bronze,

Recent expe ~trmental and theovetical wark is available in the following report:
H. E. Singhaus, Rreliminary Pragress Report on the Coherer Investigation
Program , I1BM Report 203.000.026,

5. Coherer Technigues.
Varieus techniguss of D-ing. reading and decohering have been tried. The principal
methods, both the succressful and the unsurcessfal oneg, are included in the following

wed in vuhe rers to understand both the advantages
and disadvantages of difle-ent 1ephriques,
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Firing of Coherers

Since coherers consist of hundreds of metal spheres having oxide coatings of varying
thickness, the path may be different for each firing. This means that there will be

a statistical variation of the firing voltage such as is shown in Figure 2. It is de-
sirable to design coherers so that the mean deviation of the firing voltageis small
so that a reading voltage can be used which is well lglow the minimum firing voltage.

\ e A
f w
f 0] WA OR .
. S V_F
>.-
- | é
= | >
<m( ! G MiN,
fih) ! z
& | o
(i ' i
|
3 _L. LI
K —
VFMM Ve V‘C\MM
FIRING VOLTAGE SEPARATI N ©OF ELECTRODES

(PARALLEL WIRES)
FIGURE 2.~ Probability of Coherer Firing at Voltage V.
and the Variation with Electrode Separation.
Several methods of firing coherers are considered, as follows:

(1) Direct Current Firing of Coherers.

R

COHERER

FIGURE 3.
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The direct current firing of coherers is accomplished by direct switching of a

d-c voltage source of high enough voltage across the coherer, as is shown in Figure
3. Data on firing voltage for various mgterial and spacing arewsvailable in the
following reports: :

IBM, San Jose, Code 203.001.026.
Mellon Institute Reports,

Transient Firing of Coherers.

Troubles in design of coherers can result from firing of coherers on transient
voltages occurring 2t the opening of switches. The transient voliages can be analyzed
into their Fourier components, which reduces the problem to that ef #adie frequency

firing.

Radio Frequency Firing of Cocherers.
The firing of coherers with radie frequency voliage source eliminates the need for a

direct connection, since firing can be dggomplished through a capaciter, as is shown
in Figure 4.

—~—

Coherer

FIGURE 4.

This permits a certain isolation of elements such as the feliowing three-electrede
coherers in Figure 5.

| cohever powder

FIGURE 5.
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Thus, if 1 or 3 are tied to ground an r-f voltage on 4 will cohere
paths 1-2 or Z2-3 by going through the coupling apacity between 2

and 4. In r-f firing stray capacitances can cause serious difficulties.

(4) Parallel Coherers

If coherers are simply put in paralld, all the current would go
through the first one fo fire. To insure that all coherers in parallel
bank fire, they can be isolated by either resistances or capacitors, as
is shown in Figure 6.

Ve I e i s

b o & o
T EEEEE

FIGURE 6

(5) Firing of Coherers from Ferroresonant Storage Matrix

A possible way of using a coherer storage matrix is to fire the
coherers on the read-out pulses from a ferroresonant storage matrix.
The firing of coherers through a ferroresonant core element has

been demainstrated by W. Christopherson.

Reading of Coherers

By switching a reading voltage across the coherer, a current will flow if the
coherer has previously been cohered. The reading voltage must be
sufficiently lower than the minimum firing voltage of Figure 2 to avoid

false readings due to the reading voltage firing the coherer. Most proposals
for reading coherers use electronic switch tubes or relays to read out the
stored information. A metl.od has been proposed for parallel read-out of

a row of coherers through phantom wound magnetic cores.
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5
v

c. Ekcohe?ﬁing

(1) Mechanical Shock Decuherieg,

Thir hasic method ol cestoring cabe o< fo ther Bign evistancs
sfate is 1o dedahss ther by fhe rpechanieal shock ol a o tay e

solenoid. Cobe oov aowe nof voonamiieal 1o decohe ving coparatly.
They borome viognormical when 2 mattix af m x »n elemernts g
decohe red by & singie soleanid a0 cwdsv. Varwgus propuzals o
provide for separate dr cohe rorg o i @M sal wlr mente are deos ot d

in the lollowing parag-aphs.

raurn Deo oh- ing

The Melion ezt pabr ceporls nnsuter @ AN cwate, Thg cehe i win
mounted an a &@& rn tutanate e lect-orme L]"E:L’\ oAl !»angﬁﬁr«-r Wi th
resonant brequencivs of 200 ke, The coherer was fieged with a d-
potential, Application ol 500 volts oo m.gnal to transdiices pvuri.;:g--»--x_i
no decoherencs, The i radiation Grid cohered the powds -,

{3) Audie Frequen:zy Decoheving

Proposals have been mads oo maantiog cohesors on a loudspeake:
core, hut no reliable dB-igns have hren develuped

(4) Magnetic Decoherenge

A D ‘:_:(f et
Ef:?;:?, 77T T ':’“_’_ff;!,
S T
A vl K A S i W N 11"_"
= (e il 7a

EEYYR) W"S”TVI

FIGURE ¥

The cchersr of Filgure 7 ha, fwa seis of vled frode s, 2 and
3-4. A magnetic mate vial, sarh as nicks! powder is used in the
coherer, Tou decohere, a direst vuroent s connected 1o the ¢l
5=6, which moves thy powder to slectrades 3-4, thus deeohering
and switching ti the altvrnate (v eminals. Afrver fiving 3«4, runping
current in opposite direction is supposed 1o move powder o0k to

I-2.

The Mellon Toststate has s oported a socoesstinl magnetic decohe s with
one set of electrades, wh.  the powdes is returnsd by gravive,

A‘tf"m}ﬁk i, m the F = « 'fr].:: OV B‘? wnterac Hign betwesn the
current in Llu cohered chain a o & .. onse g magnetic Lelg wene

sy esnial.
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Capacitor Discharge Decoherence

The discharge of a capacitor across the terminals of seme tvpes of
coherers will cause a transient short circyit current t¢ cxplode the
cohered chain in the powder. Although this system works, thare is
danger of sending transients through the nearby elements.

Coherer Oscillator

<

<20 Q\(C_LE.S/SEQ<
| MEG - C:.OSNf G-T ALUuMInLKM POWDER

e
/li{& PN MOV E R A oL,
C—/———

FIGURE 8

The capacity discharge of ¢oherers leads to the coherer oscillator
of Figure 8, which has been demonstrated at the Mellon Institute.
The wave shape had an irrggular, step-wise manner, apparently
corresponding to individual elements and gmw ups of elements firing.

6. Application of Coherers

The principal places where the economy of the coherer can be utilized js for

sp rage where a matrix of coherers can be decshered with one solencid or relay.
Coherers can be developed as logical circuit elements for special cases not
requirihg separate decoherence.

a. Storage

(1)

Coherer Matrix Storage

Figure 9 is an example of matrix storage in which the input pulses
are applied to switch A. A and B are synchronized in time to
cover the matrix. When a pulse enters A, the coherer is fired
through a neon bulb or diode rectifier (to eliminate back circuits).
For reading, a constant voltage is applied to D while C and D are
switched. When the switches C and D connect a fired ccherer, the
current through the dropping resistors R gives a voliage pulse

at terminal P-n,

Punched Card Coherer Storage

A coherer matrix has been investigated where the elements match
a punched card. as shown in Figure 10. The card fo be transferred
is placed over the matrix and charged brushes are run across,
cohering the elements under punched holes. Later, the card can be
duplicated by running brushes arross the maitrix, obtaining a current
through a relay or tube correspcading o each fired coherer.
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FIGURE 9 _.:
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FIGURE 10
b. = Logica] Circuit Elements
(1) Coherers for Logical Circuit Components
A
OR AND - s Aor B net AE R
= |
NoT
A\
AND A A B

B FIGURE 11
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A pgketch of a binary half adder is shown in Figure 1l to illustrate how
binary calculations could be made if three itypes of coherers could be
developed:

(1) logical AND
(2} legical OR
(3) logical NOT

The operation of such logical circuits may be complex if an
ebnomical way to decoherer single elements is not found.

Choice Circuit

<
-
FIGURE 12
In the douple two-element coherer of Figure 12, a is to be connected

to b or b'. If a pulse is applied to b first, before a pulse is applied at
a, then a is connected to b’.

(3} Pyramid Switching Circuit

® ©® ®
: Y.

FIGURE 13
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Switching on Vigy (r=f) would sometimes fire coherers A and/or G
in Figure 15. is trouble can be eliminated by tying terminals

Bl and B2 to ground for r-f§y adding capaciters C. Where a bank
of coherers use the same box of powder, there are serious problems
of firing between rows and columns,

(6) Separation of Contrelling Cirkuit frem Controlled Circuit

FIGURE 6

Terminals A, Bf in Figure 16 are the controlled electrodes, and
protrude into the powder; C, D are the controlling electrodes which
are separated from the filings by the dieleciric E. The difficulties
with this system stem from r~f flelds that can propagate on wires
A and B to cause trouble in adjacent elements.

(7) Four-Element Coherer

FIGURE 17

Branley in.z._1890 observed that cennection of any twe of the elements

A, B, C, and D in Figure 17 resulfed in coherence of the whole mass

of filings when a spark gap oscillator was used. No recent experiments
are known to have been mad= as vet to check the microwave behavior
of coherers.
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Three~Element Contrel Cohever

L
FIRURE 18

S
-

In Figure 18, p is the control electrode. Electirode b is commected to
ground by aphlying a voliage to a. The chain sometimes bypasses b.
At Harvdkd it was found that connection of b and ¢ by a high impéance
improves results, but is not perfect, Use of two separate Z-element
coherers is more reliable. The first coherer can bewgplaced

by a small capacitor.

Anti-Coherer as Logical GCircuit Element

Since potassium, arsenic, lead and lead peroxide increase in resistianc
in an electric field, they are poiential negation devices., I{ is not
known if the increase in resistance is reliable@aug& for practical
application.

C
a—t i
T
FIGBRE [9

1

an anti-coh@rer were developad sueh that a pulse ona or b in
Figure 19 weliiyincrease the resistance to an applied voltage on c,

the following table weuld apply:

a b R t-’k Output

0
0
1
=

— D e
I m oo
O 0D

This is equivalent to the Shefier siroke in logic:

a/ata noi oa



7. Conclusions

oans L
fact that iv wiil hold Wormation without e« of

requireftents of large scale sc
Hmits cnherers to storage rn%;tr ices snod swide
coherers ar e,%dxsfcr.sh@:red at the same tome. T
class of logiégﬂ circuil clemenis which mous

There are several features which could o
due to lack of understanding of the fundamenza- . v L0

+

been found®npirically which have a small rraa ot oy ol

lack of vnderstanding of the mechanism of o dvig vomalel e sooangrs which
Ae {or P

might be unstable after small design changes ]
of irwpurities in {lie oxide on the metal spheres i~ no wo il on
ssing specifications for the cohern: -

est: Llish proce

m st ke investigated. The increase of the mear Jdevintios 17 G
dicates potential trouble with rnultiple cobhersn sgpit,. L e :-.
Doilan ik . e

view of these poteniial difficulties, it .5 recorr:
be roore thoroughly explored and checked by a il



