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ABSTRACT

A new type of phenomenon, among those which have been
proposed for application to digital computers, is the highe
frequency glow discharge, oSueh discharges exhlbit bistablility,
may be localized within a large gas-fllled vessel, and may
be tranaferred from point to point within that vessel under
the control of external electrodes. An exceedingly simple,
serial shifting reglster may be comnstructed from a piece of
glass tublng, which contains only low-pressure gas, upon
which are fixed an iterative array of external electrodes.
Appropriate sequential excitation of the electrodes by
thirty-megacycle driver units will shift a pattern of dis-
charges and no-discharges, in either diroa%lon, at speeds
up to thirty thousand bits per second.

This dissertation presents this new phencmenon, and
especially the shifting-register application, by a detalled
analysis of the physiecal and functional aspects of high-
frequency dlscharges and glow-transfer techniques., Some very
promising techniques for decreasing decay time and power con-
sumption are appended, as 8re a number of stimulating possl-

ilities for new structural and application innovations,
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I. INTRODUCTION

High-frequency glow discharges can be made to exhibit
a bistable characteristic, i.,e, either a discharge or a no-
discharge state may exist over a given range of excitation
voltage, These discharges may be localized within a large
tube by the concentrated fields of external elecirodes, and
one such localized discharge may serve to "prime" another,
ad jecent discharge region. These three characteristics allow
the realization of an n-bit, serial shifting reglster in a
long glass tube fitted with simple external electrodes, This
research has firmly established that such reglsters represent
a practical and promising new device for the digital computer
field, and the dissertation presents a basic physical and
functional analysis of their design.

Frevious glow-transfer applications have been limited
to counting tubes, which differ markedly from this new appli-
cation in two very important ways. First, the counting tubes
use internal electrodes, whose geometrical uniformity and
surface condition are guite critical., These registers, on
the other hand, employ external electrodes, whose compeosition
and uniformity are not eritical., GSecondly, at a given time,
only one stage of an ne-stage counting tube may contain a dis-
charge, 8o that it has essentially n stable states, An
"nestage" register, however, may have simultaneous discharges

1



in any of its "stages", and therefore has 2" stable states.
Huch simpler construction, and a greatly increased functional
utility have resulted from these differences,

A serial shifting register is essentially a linearly-
ordered array of n bistable elements, Three essential
characteristies necessary for such an array, in order that
it may function as a serial shifting register, are that:

(1) a suitable, externally-applied signal can cause each of

the elements "2" through "n" to change its state to that

which was occupled by the preceeding element lmmedlately before
the signal...the sction upon element "1" need not be specified,
(2) the first element may be set to either of its states by
external control, and (3) the state of element "a" can be
sensed by an external unit,

The first characteristic provides the "shifting"
feature, and by a succession of n input bits (i.e, settings
of the Tirst element) alternated with n-l shifts, the register
can be "filled"™ with information, This means that any
artibrary lineary pattern of the element-states may so be
established, A succeeding n-l shifts will allow the sensing
unit to be made aware of the pattern, and the information is
thus "read out®,

The diagram below presents the essential features
of the new shifting reglster, The discharge regions 1, 2, 3,
ssePepresent the array of bistable elements, FKach of these
"elements" is capable of remaining stably in elther the dis-
charge or the no-discharge state when line A is appropriately
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Figure l-1. Representation of the input end of a highe
frequency glow-transfer serial shifting register, which is
constructed from a gas-filled glass tube to which are
attached external electrodes as shown,
energized with a high-freguency voltage, Switching the high-
frequency voltage in turn to lines 3, C, and again to A, will
cause one "shift" to the right. The priming characteristic
will have caused each discharge-state to have been transferred
to the succeeding "element" in a stepwise fashion, from eleec-
trode %o electrode, and the bistable characteristic insures
that a no-discharge-state will similarly be transferred, It
is noteworthy that switching the high-frequency voltage from
line A to lines C, B, and again to A, will effect one shift
to the left.

Provision for the input facility is made by use of
& separate high-Trequeney oscillator, which can be keyed
between a low- and a high-output state, so that its con-
tinuously-present discharge can be contracted or extended to
effect optional priming of the first ”elemaétﬁ¢ Read-out



provision may be had by photo-electric sensing of the nth
fglement”. Alternative methods for realizing each of these

facilities are given later.

1.1 Qutline of research.
Three working registers were constructed tc demonstrate

various structural and operational varistions, The limitations
of shifting speed and excitation-voltage variation were
established, and estimates of power consumption were made

from oseillator-loading characteristics. Considerable work
was involved in establishing an appropriate set of functional
parameters with which to specify some of the operational
characteristics of these registers, and to ascertain the re-
lationships requirsd am
optimize the primary functional needs of maximum rellability

g these parameters in order %o

and speed,

Once the basic feasibility of the high-frequency glow-
transfer shifting register had been demonstrated experimentally,
there remained the task of establishing the 1limits %o which
speed and power consumption could be taken by means of design
improvements, The fact that some six different primary design .
variables affect the power consumption and all of the
functional parameters, in a manner which in itself is complex,
makes the establishment of an optimum relationship among
these affected items an lmposing tesk., These primary design
varisbles include: gas composition, gas pressure, excitation

frequency, electric-fisld geometry, discharge-container



gﬁﬁﬁ:té&, ané dimensional scale,

Much has been done with high-frequeney discharge in
the study of basic phenomena of gases and discharges. The
processes governing breakdown are quite extensively written
upon, but those inveolving such equilibrium-conduction and
discharge-decay phenomena as are here experienced are given
only scattered mention, Actual quantitative analysis of any
of thess three phenomenon is only accomplished with great
effort sven for ideal conditions, and no hope was seen for
such an analysis under the conditions found in the application
being studied, at least within the scope of a single disser-
tation.

A qualitative understanding of the discharge phenomena
has evolved, however, with which order-cf-magnitude estimations
may be made, and with which very helpful predictions are
possible. These predictions agree quite well with what is
presently known from experimental observations, but considerable
work in both the theoretical and experimental aspects of the
total problem needs yet toc be done before the limitations of
spesed and power consumption are known, |

A teehmnigue for aseccelerating the discharge decay
process has evolved during the later stages of the research,
This process, termed “"guenching", utilizes externally-applied
voltages, whieh contribute frequeney components and internal-
field strengths just low enough so that the charged particles
which make up the discharge residue are swept to the vessel
walls without causing new ionization in the process, These



quenching techniques promise greatly inereased shifting speeds,
but they also introduce more design variables, Their intro-
duction required a complete reorientation of much of the
design criteria, since many design changes which will decrease
power consumption, and now receive consideration,; would 7
previously not have been acceptable because of their adverse

effect upon speed.

1.2 Summary of conclusions.

It seems quite well established that a high-frequency
glow-transfer shifting register can be a practical device fgr
every-day digital computer usage. The speed limitation which
ruled out previous gas-discharge devices (e.z. decimal counting
tubes) for general computer usage promises to be overcome in
the near future. Working-model, experimental registers have
operated successfully at a rate of thirty thousand bits per
second...and experimental evidence was at hand, even before
the introduction of guenching teechnigques, which predicted
speeds of one-hundred-thousand bits per second, With
quenching techniques now being available, this goal seems
likely to be surpassed several fold, This brings the devices
into a speed range such that it is entirely practical to
consider their use in many computer and data-processing
systems,

The incremental cost, per bit, of extending the
storage capacity of such a register 1is exceedingly small,
The driving ecircultry is expected to cost somewhat more than



that for other types of registers, but the abovementioned
ineremental cost should give these glow-transfer registers
a competitive edge in price before the capacity reaches
fifty bits. Register sizes of a thousand bits, or larger,
seem entirely feasible, and their cost should be low enough
te make them quite practical.

The size of the register units, exclusive of external
eirecuitry, should be quite small, PFresent technigues ecould
guarantee, for instance, a one-hundred-blt register unit in
8 ¢ylindrical package three inches in diameter and six inches
long. Expected future construction techniques should cut
this size at least in half,

Power consumption seems quite nominal, apparently
being of the order of one tenth of a watt per bit. 7This
would allow the above hundred-bit register to be supplied by
miniature-tube driving units, PFPromise of reduction of this
power by future improvements has an estimated lower bound of
five milliwatts per bit,

Rellability promises to be very hish; as does the
1ife of the tube., Having no internal electrodes means having
no cathode sputtering, and also promises a greatly reduced
rate of gas cleanup. Voltage tolerances seem quite large
(as much as plus or minus 30%) in the test models, and
timing of the exeitation seguence ean be given as much

tolerance a8 is needed,

1.3 Organization

Since high-frequency gas-conduction phenomena are new



to the digital computer field, it was considered necessary
to precede any actual application discussion with an intro-
ductory explanation of some of the more important of these
phenomena. C{onsegquently, Chapter 11 is devoted entirely to
& discussion of electrodelecss discharges. First, some of
the basic mechanisms which occur within a gas are treated,
and then the knowledge of these is utilized in a desmeription
of's breakdown, equilibrium, and decay, as they are probably
occurring for the aspplications discussed later, Some quali-
tative curves are drawn, representing the bistable character-
isties of these discharges in terms of the fundamental gas
mechanisms which have previously been discussed.

Chapter III is devoted to actual deseriptions of the
two basie kinds of shifting registers which have been constructed
to date. Construction is outiined, andéd typical excitation
timing sequences are given, as well as the actual operstional
characteristics of corresponding test models. Eaalaﬂ#é also
in this chapter are discussions of possible mcthods of
entering and removing information from the reglsters.

The background of Chapters II and I[II is then utilized
to full extent in Chapter IV, where a detailed analysis of
these shifting registers is given in several aspects. The
functional parameters, such as eritical transfer voltages
and extinction times, are listed in detaill, and their de-
pendence upon the fundamental physical variables is noted
both by experimental curves and qualitative prediection. The
relationships among some of these parameters necessary for



maximum-speed realization is given in a section on the timing
considerations for each of the two kinds of reglsters,
Analysis of the power losses is given, wlth some theoretical
estimations which seem to bear close relationship with obser-
vation, The various possibilities which exist toward a
reduction in power consumption by means of design manipula-
tion of the physical variables are discussed in a gualitative
manner, A final section in this chapter then lists the
fundamental physical variables which may independently be
varied, and with each in turn discusses the expected direc-
tion of change which will tend to favor the coordinated design
eriteria of a register, with mention made of the probable
limiting factors in each case,

There exist various structural possibilities with
regard to these shifting registers which seem gquite worthy
of inclusion in this dissertation. They offer definite
advantages in construction, operation and reliability.
Chapter V ineludes a discussion of several of these, and
also includes mention of a number of other promising appli-
cations of high-frequency gas-conduction electronies in digi-
tal computers, besldes the straightforward shifting register,

The concluding chapiter serves to reiterate the salient
characteristics of the devices included herein. Helative
advantages with respect to competing devices are tabulated,
and the nature of the application possibilities is discussed,
4 mention is made of the possible effect which large, cheap



8hifting registers may have on the trend of data~-processing

techniques, The list of more-or-leses independent research
problems arising from the needs, suggestions, and peossibili-
tlies brought out within the dissertation serve to terminate
the chapter,



II., ELECTRODELESS DISCHARGES

The term "electrodeless discharge” refers to a type
of gaseous discharge wherein the primary sources of energy
are the high frequency electric and magnetic fields which
are produced by means of external electrodes, Only the elec-
tricefield type of discharge will be treated here, since it
is the type applied to the devices under discussion.

A high-fregueney discharge differs from a static-
fleld discharge in three basic ways: (1) internal electrodes
are absolutely necessary for the statie-field discharge,
whereas the high-frequency discharge may be caused by elther
internal or external electrodes, (2) The steady uni-direc-
tional field of the static-field discharge causes loss of
electrons and ions by drift motions which are not as important,
generally, in the high-fregueney discharge., (3) The static-
ricldAdiaehnrga places almost equal dependence upon twoe modes
of charge production,...ionization of gas atoms (or molecules)
by electron impact, and release of electrons from the cathode
surface by positive-ion bombardment, photoelectric eifect,
or metastable-atom de-energization,...while the high-{requency
discharge need depend only upon ionization by electron impact,
which is the predominant chargee-production mechanism,

All three of these differences promise advantages to

i1



the use of electrodeless discharges for such purposes as are
discussed herein, Elimination of internal electirodes can
give a simpler anéAehsaper type of envelope construction,
and can extend tube life by reducing the rate of gas ¢leanup
and by eliminating cathode-sputtering effects, Heduction of
the loss rate should enable development of devices which
consume less power, and independence ﬁf surface phenomena
which are very sensitive $o contamination effects shﬁﬂi&l
result in a further decrease in construction cost and inerease
in tube life and reliability. That these advantages are obw
tained at the expense of introducing r-f cireuitry into the
ploture should be no real deterrent to the development of
electrodeless~discharge devices, since the overall advantage
promises to be positive.

A brief discussion will be made of each of the more
important mechanisms which are involved in typical high-
frequeney discharges, after which a gualitative deseription
will be made of each of the three phases of such a discharge,
l.e., breakdown, steady-state conduction, and deecay.

Those mechanisms which are included below by no means
exhaust the list of the fundamental actions and interactions
which play a part in a typleal gas discharge. Only those are
included which are deemed important to the discussion of the
present application of electredeless discharges,  The first
three of these prove to be the most influential factors in

iz
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the characteristic behaviour of high-frequency discharges in
small vessels, and thelir understanding will be assumed in
the following sections of this chapter.

2,11 Energy Transfor.

Charged particles, acted upon by an electric fleld
E= EQ exp(jot) in free spaaa; have an equilibrium velocity
which is in quadrature time phese with the applied field, and
there is no net energy transfer. If the particles suffer
alastis'eelllsien- such that a continual perturbation of this
equilibrium condition is caused, there will result an in-
phase component of displacement current by means of which
energy will be supplied to the partiecles from the field,
srown (3) develops an expression for the result in the
following manner, considering electrons of mass m and charge e,

Let f, be the collislon frequency, and include the
effect of these collisions as a viscous damping bterm in the

eguation of motion
m(dv/ds) + (mfy)v = -eEjexp(jot). (2-1)

The steady-state solution for the resulting veloeity is

given as

v = eBy exp(jot)/(jum + mfy), (2-2)

Setting the electron density at n electrons per unit volume



gives us a resulting current density
J= —nev= ne’e fc/w =l nezE !
m wr (_(‘/w\l_‘_‘ 3 m wr (_fc/w)Z_‘_‘

- Jr+ \)L (2‘3)

The power per unit volume absorbed by the slectrons from the
field is then given as

P=JrE=(ne"Eme )| “‘2/(43*— wz)] (2-4)

This gives rise to an expression for an effective voltage
E@’ where

2 2 z -
Ee = E_ l-_ {‘/(fcz-\- @ }] 9 {2«5)
which leaves us with an expression for power transfer as
P=ne'E. /m< (2-6)

Thus, the rate of energy transfer is proportional to the
square of the applied field, and it can be shown that the rms
value of E, effects the same power transfer as would a static
field of the same magnitude, Conditlons involved in the
present applications result in many collisions per eycle, so
that Eg very nearly equals E,

The collisions suffered by the electrons are predominantly
with neutral gas atoms whose mass ¥ 1s very much larger than
the mass m of the elecirons., The result of such elastiec
impacts is an average net energy loss by the elsctron of
approximately 2m/M of ite energy per impaet, If the eolli-

sions remain elastie, an eguilibrium electron energy will be



reached at which the average energy gained from the field
between collisions just eguals the average energy lost per
collision, In this manner the electrocns may attain energy
levels many thousands of times higher than that possessed by
an electron in the same field in a vacuum, (3, p.l)

The eguilibrium energy for ions is very much lower
than that for the electrons present in the same gas, This
is due to the fact that the very much larger mass of the
ions ceuses a proportionately lower rate of energy gain from
trhe field, and e very much larger average cnergy loss per
impact with neutral atoms,

2,12 Ionization.

There is effectively no lonization produced by ione
atom collisions, both because of the very low equilibrium
energy attained by the ions, and because of the exceptionally
high energy which they would require., (10, p. 758)s The pree
dominant ionization mechanism in the type of high-frequenecy
discharge considered herein is that of lonization by electrone
atom collisions, Some mixtures of gases find an appreciable
ionlzation contribution due to collision of metastable atoms
of one gas with atoms of another kind of gas, where the
ionization potential of the second gas is lower than the
metastable level of the first., Metastable atoms may also
migrate to the walls, where they ean release an slectron if
their energy is higher than the work function. Langmuir (9)

cites a case where metastable neon atoms were found to be



releasing electrons with five to ten electron-volts energy
from glass walls, However, even if the latter mechanisms
were to contribute appreclably to the overall ionization
rate, the regquisite energy must still come from inelastie
collisions with electrons, and it is the energy and density
distributions of the latter which control the ionization

process.,

2413 piffusion.

The random motions of the particles in a gas tend to
produce an even distribution of the population of sach type
of particle found in that gas. Any density gradient existing
for a particular t;pa of particle then causes an average
drift velocity to exist in the local population of that type
of particle in sueh a sense as to tend to eliminate the
gradient, This process is known as diffusion, and for each
type of particle there will be a diffusion coefficient D such
that the diffusion current density {the number of that type
of particle per second per unit cross section) will be given
by the expression

M=—DVN (2-7)

where N 1s the population density of that type of particle
as a function of the space coordinates, The coefficlent D
for & given population is given by the expression

-

o a%_ (2<8)
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where L and ¢ are, respectively, the mean free path and the
average velocity experienced by the particles of the given
population, In so far as the local values of D remain
unaffected, the above diffusion phenomenon is being experienced
by each separate population in a manner independent of other
“superposed” populations and independent of other fielde
induced drift eurrents within itself.

When either an eleciron or an ion diffuses to one
of the walls of the discharge contalner it ls effectively
eliminated from membership in its respective space population,
since either sort of charge will remain trapped on the wall
until neutralized by the arrival of an oppositely-charged
particle, The introduction of this unilateral constraint
upon the boundary of a region causes each of the separate
populations (ion and electron) to see effectively a zeroce
density boundary slightly beyond the actual container wall
(for practical purposes, this boundary is usually considered
to coincide with the container wall),

From the condition expressed in equation 2~7 we can
see that the rate of change of particle density at any peint
within the container due to diffusion loss is given by the

egquation
ar\%t:_v.p-_-..ov’l\h (2-9)

in whieh D is assumed to be constant with position. The
containers which are utilized for the devices considered in
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this study are eircular cylinders of radius R and length Z,
where Z 1s very much larger than R The elementary solutions
for this equation, in the cylindrical coordinates r, 0, and

z are of the form

=
N = eT"[A sin (h?“ 9-)-(—- B cos (-k%i 3)][(: sm(h e)+ D cos(n )] X

L& 3 (Vo () + F u(Ven - (59)7) ]
(2-10)
where [ is the time constant of the diffusion process;
A;B,0,D,E,F are constants] and k and v~ are integeré; {2)
Any arbitrary spatial distribution of W will then be composed
of a unique linear combination of such solutions, each of
which will have its characteristic time constant as given by
the zeroes of the EBessel functions

Jor RVe5-BE)Y )= o (2-11)

If S, 1s the first zero of J,- , then the time constent ean

be expressed explicitliy as

i 2
E -1 0-4
where
—/\-7’ . (\/(%—)2-‘_ _hzlf)z )-I {2"13)

is known as the characteristic diffusion length of mode m,
With the above-stated condition that 7z is very much larger
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than R, we can say that

g
A= e (2-14)
and that
L
T = 5D (2-15)

Thus we see that the higher modes have shorter characteristie
diffusion lengths and shorter time constants than do the
lower modes,

The above solutions hold for each population having
the constraint that its particles are trapped when they strike
the container wall, and therefore holds for elesctrons, each
type of ion present, and probably for each type of metastable
atom if T is small enough compared to its lifetime, The
independence of this proecess among the different populations
was mentioned above, but iy proves expedient in cases of suffi-
cient electron-ion density to introduce a new "effective"
diffusion coefficient, applicable to both populations separ-
ately, which includes both the effects of their independent
diffusion processes and the effeets of space-charge induced
drift eurrents, Because the diffusion coefficient for the
electron population is very much larger than that for the
ions, regions which began with equal densities of both would
soon develop & positive space charge. The steady-state
condition will be such that the combined effects of space~
charge induced drift currents (opposite dirsctions for the
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two populations) end "free" diffusion currents (independent

and unequal, but in the same direction for the two populations)
will produce exactly the same net current for each population...
and this loss can be abiributed to a fletitlous diffusion
procoui, termed ambipolar diffusion,

Analysis of the above process combines the diffusion
coefficients of the lons and electrons (D, and D_ respectlvely)
as well as their mobilities (k,and k_ respectively) to give
the following expression for Dy, the ambipolar diffusion
coefficient, ‘

D+k-+D-R2+
Do= amee (2-16)

The mobility k of a charged particle may be defined as the
ratio of its average, field-induced, drift veloclity %o the
magnitude of the fleld causing the drift., Loeb (10, p. 200)
shows that, when the electron temperature (T.) is conalderably
higher than the ion temperature (T ), the above expression

reduces to

Ds T
Da = == (2-17)

and goes on to state that typical discharges may find this
temperature ratio to be from five to twenity.

if we make some assumptions for n;ea gas at the
pressure currently being used, 7.5 mm, of Hg., we can arrive
at én estimate for the ratio of the diffusion coefficients
of electrons and ions in a typlecal discharge, We find
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representative values for the mean free paths of electrons
and ions, assuming that the electron energy is L electron
voltes and the gas temperature is 300°%, to be 0.0183 em.
{4ype5) and 0,00185 ems (7,ps1l13) respectively,

D- S WwWe Z L-,fI:‘/_“_’\_
D Eie = L 1 m
+ +3 L*J—i_._ + =%

_o.0183 T e
“o0.00185% \RZO)(\e.‘se,) i b

(2-18)

From equations 2-17 and 2-18 we can thus infer that a typical
value for the ambipolar diffusion coefficient during a dise
charge can be perhaps five to twenty times that for free-lion
diffusion, and 1/430 to 1/850 that for free-electron diffusion.
Loeb further states (10, p,208) that, when T _equals T, the
ambipolar diffusion coefficient is "sensibly equal® to the

ion diffusion coefficient.

At a given temperature, the coefficient of diffusion
will be laversely proportional to pressure. A representative
value for the ambipolar diffusion cocefflelent of neon at 300%
is given by the following expression. (13, Jan. 15,1949, p.l1)

D,p = 130 _cm® mm. Hg. (2-19)
SecC,

During s discharge, this value should be multiplicd by the
ratio of electron to gas temperature to obtain a representa-
tive figure, since both the electrons and the ions will
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diffuse faster under these conditions,

There is another mechanism, besides that of diffusion,
by which electrons and ions may be lost to the ?esani walls,
The oscillating drift motions of the electrons, under the
influence of the excitation fields, can tend %o sweep a por-
tion of the electron population into contact with the walls
during each half eyecle. At lower frequencies, where these
oscillations will be relatively large, this loss can exceed
greatly that due to nmormal diffuslion processes. When plasma
densities are high enough to impose ambipolar diffusion condi-
tions, the greatly increased electron leoss due to Lhese drift
currents will cause an increase in the potential difference
between the space charge and the walls. This will then bring
about a new "ambipolar-duffusion” condition, which has a
higher transition density and a higher diffusion coefficient
th#n the normal type, and correspondingly greater losses.

For each random encounter of an electron and a
‘positive lon within the plasma, there is a certain probability
that these two particles will re-combine to form a neutral
atom, thereby diminishing the plasma population. The effect
of recombination is usually expressed by the equation

where N represents the density of each the positive and
negative particles, and &, is the recombination coefficient,
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This assumes both particles to be present in approximately
equal densitles, which is usually the case in a dlscharge
plasma,

Recombination coefficients seem to be independent of
pressure (at least below a few millimeters Hg.), but little
is said in the literature about any expected relationship

- between a, and temperature, It can be inferred, from discus-

sions concerning the probability of capture upon encounter
{10, p. 522), that an increase in electron temperature will
cause a decrease in 8, and this seems to be verified by the
experimental evidence of Goldstein et al (6), The latter
group subjected a decaying plasma to short bursts of micro-
wave energy (e.g. a 10 usec, pulse, 100 usec., after exeitation
of discharge was removed, of 83,5 milliwatts at 8600 me,) and
observed a very marked coineident decrease in afterglow
intensity., 1t was estimated that T_ was belng ralsed teo
several times ambient temperature, and it appeared that the
light intensity was decreased by a factor of about 45% during
the pulse,

For neen, a, is of the order of 10°7 om3/sec. (8, p.
24j2) when the electrons are in thermal eguilibrium with the
gas at room temperature, Under these conditions, the pre-
dominant recombination is presumed to be a dissociative
process, i.e. Eo; +e Ne + Ne, No recombination data
are found for the conditions existing during a discharge,
but estimations of the order of 10°12 are found for the value



of a  during the discharge. (10, p. 566). Small traces of
impurities can cause considerable variation in the effeective
value of the recombination coefficient, and this effect is
very often pressure sensitive, depending upon the nature of
the impurities. (10, p. 565).

3‘15 ,,,;,,,.:Ux S5
There are certain molecules (e.g. gﬁ, 3@2‘ Eg& and NO

)
2
which, when encountering an electron, will exhibit a certain

tendency to capture the electron and form a negative ion.
This process is known as attachment, and it can be charactere
ized by the attachment probability h, which is given as the
inverse of the average number of collisions with the gas atoms
per attaching collision, Apparently h is usually quite small,
of the order of 10”3 attachments per collision or less, (2)
If h is assumed independent of electron energy, and if the

; velocity distribution of the electrons is assumed Maxwellian
{(only Jjustifiable when few inelastic collisions are ezperienced),
Brown (2) shows that attachment loss can be expressed by the
eguation

X
n=hee * {2-21)

whers

o :

n is the electron éanai&y,lﬁ is the electron mean free path,

- m is the electronic mass, k is Beltzmann's constant, and T




is the electron temperature., This expression is for electron
loss in & gas composed entirely of one kind of molecule with
an attachment probability h. If a certain ratio s of this
type of molecule to non-attaching atoms (or molecules)
exlisted In a gas, then 1t could be assumed that the value

of U for the attachment loss in this case would be 1/s times
that given ahave; This would be the case for these molecules

appearing as an impurity,

2,2 Breakdown.

In section 2,12 we saw that the primary source of
ionization in a high-frequency discharge is that due to elee-
tron~-atom collisions, and it follows from this that the
electron population is the contrelling faetor in the breakdown
phenomenon, Assuming an initisl smell number of electrons
present, we say that breakdown will occur when the production
of new electrons by ionization exceeds the loss of electrons
by the processes of diffusion, recombination and attechment
(assuming diffusion loss to inelude that due to drift oseil-
lation). For the pressure and container dimensions being
utilized in the devices under discussion, the diffusion co-
efficients are relatively high and the characteristic diffusion
lengthes are relatively short. Frior to breakdown, the plasma
density is too low to incur the conditions for ambipolsr
diffusion, and the very high value of D_ ensures domination
of the diffusion loss over resombination losses. Losses by
attachment are an aaégsirsaSIQ oscurrence, and suitable



gas-purity precautions will render them negligible.
The rate of production of electrons may be expressed
by the eguation
dn/ét = r, n , (2-23)

where ry is the average fregquenecy of lonization, expressed

as electrons per second per electron., This value 1= & funce
tion of the electron energy-distribution function, which in
itself 1s exceedingly difficult to calculate when non-ionizing
inelastic impacts (excitation impescts) are liable to occur at
electron energy-levels below that required for ionization,
Since this condition prevails for the gases under considerw
ation, ry; is simply assumed to depend, in a monotonically
inereasing fashion, upon the average energy gained per elece
tron between collisions. It can be derived from equation 2-6
that this quantity is proportional to (E/p)2 for the elastic-
¢ollision case (where £, is assumed proportiocnal to p), and

it will be assumed that there will be some other monotonie
relationship between this energy and E/p when inelastic cole
lisions occur, It is usually the case then, for empirical
work, that the value of r, be assumed to inecrease monotonically
with an inorease in E/p, and breakdown data are often plotted
as a function of this guantity.

Assuming the lower diffusion mode to be dominent (with
ite characteristic diffusion length /\ ), we see that the net
rate of change in the eleciron population is expressed by

an/at = ryn ~(D./As Jn = (rg = D/ ) me (2-213)
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If the ionization rate exceeds the diffusion rate, the
electron population will grow at a rate corresponding to
their difference. "hen the eleciron density n reaches a
certain value, termed the ambipolar transition density, the
electron diffusion begins to be affected by the positive~ion
space charge and the effective diffusion coefficient begins
to decrease toward that expressed in equation 2-16 as the
ambipolar diffusion coefficient, Assuming the value of ry
to remain constant in this region, the decrease in diffusion
losses will cause an acceleration in the electron-density
growth, Through this region, there is actually & positive
third derivative of the electron density with respect to time,
and the increase in dinsity to its steady-state value is so
rapid that breakdown can effectively be considered to have
occurred when the density has reached the ambipolar transition
point,

The actual transition from free to ambipolar diffusion
is gradual and takes place over several orders of magnitude
of electron density, Allis and Rose (1) have made an intene
sive theoretical analysis of this transition process, Else-
where (13, Oct. 15, 1951, pe 9) it was illustrated that the
ratio oi the diffusion coefficient of electrons in the presence
of space charge to that in the absence of space charge,
Dg/D_ eould be expressed as & functlon of a_éﬂ? s where n_
is the electron density at the center of the discharge region,
and /\.1s the characteristic diffusion length, This latter



analysis was applied to hydrogen but seemed to be general in
nature, and included a curve of the above mléﬂmh&p whieh,
for the values of a,.ej\? of 195 ’ }.66 s and 167, gave the
following respective values for Dg/D_ t 0.6, 0.15, and s‘h@hﬁ*
with the curve apparently levelling off as it went beyond 167
on the abscissa.

Allis and Rose (1) state that the electron Uebye
length ( An) is the principle factor which controls the
transition to ambipolar diffusion, and when An=A the ion
density is about twice the electron density and By = 2Dy
They alsc state that this point is about midway in the trans-
ition, An 18 the distance at which the electrons will shield
any stationary charge, and is given by the relationship

2

_ EoD- :
Ao = £22= (2-25)

where £, is the permittivity of free space, and e 1ls the
electronic charge. The ratio k_/D_ (mobility/diffusion) for
electrons in any gas 1s a constant divided by £, the ratioc
of electron to gas temperatures. (10, p. 214) This constant
has the value of 42.7 volts=} (10, p. 194), and so the above
transition peint for a gas can be expressed as

“_/\lf: (%) \/ou's)_( = ‘_3)“04_{ ein!

T (2-26)

The MIT group, in which both the above references were
written, essumes a value of 100 for f in hydrogen quite
consistently, which would give the above transition point at



about a.A? = l@g s which seems to agree fairly well with the
abovementioned curve,.

Since the diffusion loss rate decreases quite rapidly
in the ambipolar transition region, it is quite evident that,
if the high-frecuency sxzcitatlion were applied tc the cone
tainer when there already existed space charges corresponding
to these transition conditions, the "breakdown voltage" re-
guired across the external electreodes would be reduced from
that for the case with no sueh “"priming".

The above analysis of the breakdown phenomenon inveolved
some implicit assumptions which will be brought out at this
ézss¢ Brown (3) points out some limits of the physieal para-
meters assoclated with the discharge breakdown beyond whieh
diffusion is no longer the controlling phenomenon. Those
limits pertinent to our discussion are the following:

1) H¥ean Free Path Limit, wherein the mean free path of an
electron becomes large enough to be ecomparable in size with
the container dimensions, This limit may be expressed by
stating that we must have

' L.t (2-27)
2) Oseillation amplitude Limit, wherein the fleld~induced
displacement of the electrons approaches in amplitude the
dimensions of the container, From equation 2«2, assuming
fé to be considerably larger than o, we can deduce that the

electron displacement x will vary as

eko Jot (2-28)
x = — e
-amw-(‘
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The limiting case here would be that in which all of the
electrons would hit the walls, l.e. when Raax, above is
equal %o half the length along the eleetric field from wall
to wall,

“hen either of the above limits are approached, the
breakdown mechanism is complicated by such secondary effects
as increased wall loss, or secondary emission from the walls,
it is estimated that the oseillation amplitude limit is
reached or exceeded in some of the applications to be dise
cussed herein, with the probable result that breakdown flelds
need be higher than if diffusion were the only loss, This,
in itself, is actually a desireable effect. For analytical
purposes, exceeding the oscillation amplitude limit causes
Increased wall losses which may be accounted for as an
effective decrease in /\ .

2.3 Equilibrius Conduction.

By the time that the ambipolar transition density
has been exceeded, the space charges within the container ecan
no longer be neglected when calculating the forces on the
electrons, The entire electron populstion will be displaced
as a result of the applied fleld (the lons suffer a muech
smaller displacement, and their motion will be neglected in
this discussion), and the resulting relative displacement of
electron and lon populations will produce space-charge
fields which counter the applied field. At the equilibrium
condltion, this countering field must reduce the effective



fleld to the point where the elestrons gain only emough
energy to reproduce themselves, L.0, until r; = ﬁwziLa
(assuming diffusion to be the dominant loss factor), B,
may be other than Dg at this point if the elesctron-cloud
oseillation amplitude 1s large encugh to inerease the statie
potential difference botween the plasma and the walls. How=
ever, assuming this to remain essentially constant, it is
evident that one would expect the electron temperature within
the discharge to remain effectively constant even if the
applied field were toc be inereased, This follows from the
assumption that rt is dependent primarily upon eclectron tem-
perature,

Verification of this equilibrium, counter<field hypothe
esis is found in the literature (13, Jan, 135, 153, pb). 4
special microwave cavity was constructed in whieh the steady~
state discharge phenomena could be studied, It was found
that the average electron energy at the center of a hyérogen
discharge was 2.2 electron volts, and remained constant as
nearly as could be determined while £/p was varied from 20
to 50 volts/em~mm Hg., The gas pressure was in the range
Ce5 to 3 mm, Hg., and, although container size was not
reported, work by the same group with cavities rescnant at
this seme frecuency has previeusly placed dependence upon
the dominance of diffusion losses in hydrogen within this
pressure range,

The above situation must be altered somewhat if



recombination losses do not remain negligible, FRecombination
would seldom be an importent faa%arzia the breakdown mechanism
begause the free-diffusion loss of electrons la quite large
and the electron density quite low, During eguilibrium cone-
duction conditions, however, the diffusion loss has decreased
and the density has lncreased to the point where, in the total
loss expression (negleeting attechment),

dn __ Delw 2 .
T eResemies | S itk -

the second term on the right can attaln relative lmportance,
¥hich term dominates will be found to be primarlily a matter
of pressure, for a glven gas and characterlistic dirffusion
length, At higher pressures, the diffusion coefficlent drops
and the recombination loss becomes dominant. The transition
pressure is, of course, dependent upon gas compesition and
container size,

A rough cheek will be made of the relative importance
of the two loss mechanisms for typicel parameters used in the
devices to be discussed., Neon gas at 7.5 mm, Hg, is used in
a container for which A is 0.0757 em. . Values of a, = 2.1
x 1077 (13, oet, 15,1948, ps 7), of Dyp = 130 om>/sec-~mn,
Hge at 300°%, (13, Jan. 15,1949, ps 10), and of £ = 10° seen
valid, Actual losses over the volume will vary as a2 for re-
combination, and as n for diffusion, and so total-loss come-
parison can only be made by a volume integration for a given
density distribution, However, it is informative to conslder
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the relative losses at the center, whsra n is undoubtedly
greatest, bearing in mind that this makes the recombination
losses seem greater than they really are., The value of n at
this point, for which the two losses there become egual, is

given as

Da 12
= =2 LgE X0 elact o
n e 45 elec rons/cm (2-30)

This can be compared with & reasonable estimate for the
density at the center which can be obtained by use of
equation 2-26, and assuming that the density is ten times

the value at the ambipolar transition point (where E‘ is down
to 2§‘), These seem %o be quite reasonable sssumptions for
the types of discharge employed, and lead to a value for the
censity at the center of the container of

4
n= 0?:‘:;’)(“?;}3(;0) =2.27% o° elec{rons/cm3 .

(2«31)

At this sagiaated electron density, the diffusion
loss rate is ﬁ,p{}f =7x lﬁlh alsetren;/&m.3 8¢C,, while the
recombination leoss rate is a,nz =1 x iﬂig elestrons/ ﬁﬁaa 88Cey
and we see that the diffusion loss rate is some seven hundred

times that for recombination loss. The observed decrease in

a, for neon at electron temperatures above that of the gas
(ef, seetion 2.14), gives further weight to the eonsideration
that recombination for the above discharge conditions is
negligible. However, the very possible presence of impuri-
ties in some of the tests which have been made could well



have casused attachment losses, &s well as increased recombin-
ation losses, which eould have altered the above relatlonship.
Higher wall losses, which may be caused by appreaching
the oscillation amplitude limit, would complicate the above
discussion by imposing a higher electron density at equilibrium.
This would inerease the recombination losses, but it 1s certain
that the losses to the walls under these conditions would
8till make the recombination loss appear relatively insigni-
flcant.
fHaving established that the primary loss mechanism
is fery probably that of diffusion allows us to i1llustrate
the equilibrium condition with some rough, qualitative curves,
Gonsider Figure 2.1, where a typical curve of 9.[AL2 ve, n is

sketched, which i1llustrates the relative loss rate in electrons

By¥ 5ok
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Figure 2-1, A qualitative sketeh of the possible behaviour
of the coefficients of gain and loss vs. electron ﬁﬁﬁﬂ&%g
(with reference to the equation dn/dt = (ry = Dg/A “) n )



W/ per electron per second, Superposed on the same coordinates
are three curves showing the possible form which vy V8. n
may take for cach of three different values of applied field...
this also being in the units of electrons per electiron per
second,

posite value

of 1/n dn/dt vs. n by taking the differences betwesn the

production and loss curves for the different applied flelds,

The result is plotted on Figure 22,

From Figure 2«1 can be developed a cou

1/n dn/at

Figure 2-2. A gualitative sketeh of the possible behaviour
of the net rate of gain, in electrons per electron per second,
as a funetion of the electron density. (Compiled from the
hypothesized curves of Filgure 2-1.)



It is quite apparent that El is the only one of the
three values of applied fleld which would effeect an unprimed
breakdown, and that the resulting equilibrium density will
be that at a, E, and 23 will neither be able to effect an
umprimed breakdown, but both will be able to attain discharge
equilibrium once the density has reached values above the
points e and d respectively...and their respeetive equllib-
riun densities will be at the pointes b and ¢,

The effeet upon the equllibrium discharge conditions
of approaching the oscillation amplitude limit is an increased
wall loss, The relatively large displacement of the "free"

electron population causes a very high initial eleciron loss
to the walls, but the resulting increase in positive space
charge soon limits this loss per cycle to that which can be
matehed by the inerease in positive-ion loss caused by this
same space charge, In this respect, 1t has somewhat the same
effect upon plasma loss as would a rise in the electron tem-
perature, i.e. both the "ambipolar" transition density end
the "ambipolar" diffusion coefficient will be increased.
Alternatively, but with less of & natural connection, the
effect of approaching the oscillation amplitude limit may be
iikened to a decrease in the characteristic diffusion length.

Inspection of Flgure 2-2 reveals that Aif ﬁs were re-

duced very much farther, no stable state sueh that 1/n dn/dt =
0 and d/dn (1/n dn/dt) is negative will exist, with the result



It is quite apparent that ﬁl is the only one of the
three values of applied field which would effect an unprimed
breakdown, and that the resulting equilibrium density will
be that at a. 32 and EB will neither be able to effect an
umprimed breakdown, but both will be able to attain discharge
equilibrium once the density has reached values above the
points e and d respeetively...and their respective equilib-
rium densities will be at the pointe b and ¢,

The effeet upon the equilibrium discharge conditions
of approaching the oscillation amplitude limit is an incressed
wall loss. The relatively large displacement of the "free"

electron population causes a very high initial electron loss
to the walls, but the resulting increase in positive space
charge soon limits this loss per cyecle to that which can be
matched by the inerease in positive-lion loss caused by this
same space charge, In this respect, it has somewhat the same
effect upon plasma loss as would a rise in the electron teme
perature, i.e. both the "ambipolar" transition density and
the "ambipolar" diffusion coefficient will be increased.
Alternatively, but with less of a natural connection, the
effect of approaching the oscillation amplitude limit may be
likened to a decrease in the characteristic diffusion length.

Inspection of Figure 2«2 reveals that if Ez were ree
duced very much farther, no stable state sueh that 1/n dn/dt =

0 and d4/dn (1/n dn/dt) is negative will exist, with the result
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that the density must drop to zero with ever increasing rapidity.
This limiting velue is termed the extinction or minimume
maintenance fleld, and is the lowest value of applied field
which permits bistable dlscharge conditlions,

The electron-density deeay under the above eirouﬁatuncos
is at a rate corresponding to & curve (elecirons per electron
per second) very nearly like that of the E3 curve to the left
of point @ in Figure 2-2., The decay conditions encountered
with the devices to be conasldered herein will be siightly
different from this in that excitation such as EB or Ea will
suddenly be terminated. For this situation the decay is at
a rate corresponding to the -D‘é\? ecurve of Figure 2«1,
Also, the effective decay time in these situations is that
time which is required for the density to deecrease to points
d or o respectively of Figure 2«2, since the deecay criterion
here is that reapplication of the given value of applied field
will not reinstate the discharge.

On the strength of the above analysis if would seem
r-a;ehabla to assume that, since the rate of decay increases
quite rapidly at densities below that of point d, the effec-
tive difference in decay times between the EE and E3 values
of applied fileld would be essentially the difference in ambi-
polar-diffusion decay from b and ¢ to d, It must be intro-
duced here, as a complicating factor, that the electron
temperature will be decreasing rapldly during the decay time
between densities b and d, and that it has been shown
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in Bquation 226 that the amblpolar transition density 1is
directly proporticnal to the ratlio of electron to gas temper-
atures, It is thus quite probable that, within a few micro-
seconds, the ambipolar transition density has dropped by a
factor of perhaps 10”2, and that the decay time for such at
Ea will probably be that required for ambipelar diffusion
decay all the way down to point e. Re~sstablishment of
exeitation will raeise the electron temperature so rapldly
that 1t will still be the gaine-density relations of Flgure
2«2 which must be satiasfled in order to reinstate the dis- |
charge,

It must also be pointed out, with reference to
Equation 2-17, that a decrease in electron temperature, whiech
causes the drop in the ambipolar transition density, will
have the simultaneous effect of decrsasing the value of the
ambipolar diffusion eoefficient by the same factor. A4nd,
if conditions were such as to have approached the oscillation
amplitude limit, cessation of the excitation fields will
cause an early inerease in the effective diffusion length
to cause an even further reduction in the "diffusion” losses.

To complete the above discussion, an estimation will
be made of the temperature decay characteristics of the
electron population after the termination of the excitation,
Since the electron will lose approximately 2m/M of its energy
per elastic collision (m and ¥ are the respective masses of
the electrons and gas atoms), the rate of temperature decay



¢an be caloulated if an estimate can be obtained for the
collision frequenecy. Brown (4, p. 5) gives data for the
probability of elastic collision for an electron in neon as
a funetion of volt:llé. Assuming a mean electron energy of
1 volt through the deeay region of interest, and inserting
the resulting probability value in the collision-Ifrecuency
equation given on page 3 results in & value of 2 x 1019
collisions per second (for the gas a room temperature and
7+5 mm, Hg, pressure). The resulting time constant for the
exponential temperature docrease is one microsecond...and so
we could expect electron temperature to have decreased nearly
%o that of ths'gas after five or ten microseconds.

It has been discovered that application of lowe
fregueney flelds to the discharge region during the period
following the removal of the excitation flelds can effect a
drastiec reduction in the decay time., This is called gquenching,
and it is apparent that the quench fields overrides the space-
charge fields to cause drift currents to the walls, The driflt
velocities of the charged particles due to fleld forces are
considerably higher than the velocities involved in diffusion,
where the "force" is due to a density gradient in the particle
population., The application of gquenching filelds has become
an important aspect in the design of highe-frequency discharge
devices,



III. DESCRIPTION OF BASIC SHIFT-REGISTER STRUCTURE

The bistable discharge characteristics which were
illustrated in Figure 2-2 for typical highefrequency discharge
conditions immediately introduce the possibility of the ap-
plication of such %o digital computer devices. The additional
properties of having the discharge boundaries fixed within a
given chamber by the configuration of the applied electriec
field, and of having the breakdown voltage effectively lowered
by the initial presence of a suiltable plasma density, are
naturally suggestive of the functional requirements of a
serial shifting register,..a device in common usage in the
digital computer field, This chapter will be devoted to &
deseription of the fundamental structures by means of which
these requirements may be met,

Figures 3-1 and 3-2 illustrate two fundamental
structural realizations of what is called a three-line
shifting register. The use of three separately-excited sets
éi electrodes, which are connected in iterative sequence to
three driving lines, is the origin of the designation "three-
line", The region within the tube which is under the
influence of a given electrode 1is termed a "cell"™, and because
three cells are required for every stored bit, the linear
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distance occupled tf three adjacent cells is called one

"bit length®, The term, “transfer channel,” is given to any
continuous passageway along which a discharge may be trans-
ferred. Here, the entire inside of the tube represents the
transfer channel, but later in the dissertation it will be
shown that e number of separate transfer channels may exist

within the same envelope.

B Driving

——— —~r e ——

y o !
S B
Typical il

Discharge
Glow

Figure 3-1, Representation of & three-line glow~transfer
8hifting register which utilizes transverse electiric fields,
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Figure 3-2, Representatlion of a three~line glow-transfer
shifting reglster which utiliszes axial electric fields.



The following functional deseription is applicable
to either of the three-line registers illustrated here,.
Assume that the high-frequency voltage appllied to line A is
such that it will sustain a discharge which already exists
in any one of its e¢ells, bub it will not initiate a discharge
in any of these cells unless a discharge exists concurrently
in a nearest-neighbor eell (or existed in the very near past).
The latter condition assumes the following ocecurrence, that
the equilibrium discharge in a given cell will, by reason of
an overlap in their respective electriec~field distributions,
protrude a suificient distance into each of its neareste
neighbor cells so that normal excitation of either cell will
cause the discharge to spread intoc that cell, it is evident
that the plasma density within the overlap volume is at least
within the ambipolar transition range, and that the newly-
applied excitation fields cause this localized region to

Va
0..
Applied !
High- e
Frequency V
Voltages 3 0
—
v
e

Time

Figure 3-3. Typical sequence of excitation voltages %o
effect a one~bit shift in & three~line reglster,



establish an eguilibrium density and then to spread and
occupy the entire cell,

Assume the initial condition that line A 1s excited
at the veltage level mentioned above, and that an arbitrary
pattern of glow and no-glow states exists in the A-cells
along the channel, If the excitation segquence illustirated
in Figure 3-3 is then experienced, where the voltage on each
line is switeched between zero and the above~-prescribed oper-
ating level as shown, the consequences of the specified dis-
charge characteristics will be that our initial glow pattern
will have moved one bit-length to the right, This assumes,
of course, that the switching times which are involved are
longer than the plasma decay times,

A working model of the transverse-field design was
made using 3/8 0.D. Pyrex tubing filled with a 93%/7% neon-
xenon mixture at lj.5 mm Hg., and using "3/16-wide foll elec-
trodes spaced with about "7/8 between centers., Execitation
voltages of 100 to 150 volts, 28 to 35 me. were used, with
fastest allowable operation of about 8,000 bits per second
at the lower-voltage limits., Register capacity wus 20 bits,

A working model of the axialefield cdeslign was later
made using "1/8 0.D. Pyrex tubing, with a neon filling at 7.5
mm, Hge., and with electrodes made of A,W.G. size 20 bare
copper wire (dila. of 0,032 inches), This register had a
capacity of 27 bits, and could be shifted at up to 30,000
blte per second, Excitation voltages of 175 te 215 velts,
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at 35 to 4O megacyeles, were used to drive this reglster.

3.2 Two-line register.

Puring the latter phases of the research the prineiple
of quenching was discovered as was mentioned in Seetion 2.4,
and this led to the conception of a means to realize a shifting
register requiring only two separate sources of high-I'requenecy
excitation voltage. The basic form of such a register is
shown in Figure 3«4

Driving .
Lines A
ot l Fa% Va ot l 0\ 0\ =% l FaN
9] ) $
Ta viw = , ARl - T )
Quenching 2 ;
Lines 1

Figure 3-4, Representation of a two-line glow-transfer
shifting register which utilizes axial electric fields,

Consider the respective cells here to have the same
discharge ahgransoristies which were attributed to the cells
of the three-line register in section 3.1, with the exmception
that the period after the termination of the excitation of
& given cell within which its priming of an adjacent cell is
still effective now has two very different values, depending
upon quench conditions. If the overlap region is subjected
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Figure 3-5, A typlcal "shift" sequence of excitation for a
two-line reglster, with gquenchevoltage timing indicated for
a one~bit shift to the right, a one-bit shift to the left,
or a one-cell-right, one-cell-left sequence which is an
equivalent "hold".

to a quench voltage, priming decay is very rapld, and the
excitation gap illustrated in Figure 3«5 is toc long to effect
a glow transfer, If no gquench voltage is present, however,
the priming decay is slow enough so that this same exciltation
gap will not inhibit a glow transfer,

Suppose the first Becell contains a discharge during
a Be-phase of excitation. If no guench voltages are impressed
during the following excitation gap, the beginaning of phase A



will find discharges transferring into both of the first two
A-cells, I1f, however, quench line 2 is energized during this
gap, the plasma density in the x and y cell-halves will be
decreased too far by the time the A-phase begins to prime the

y eellehalf, and the transfer will only oceur into the v celle
half to the left. Conversely, quench voltage en line 1 instead
of line 2 during this gap would have effected a transfer teo

the right,

A transverse-ficld version of the above type of two-
line register could be realized by segmenting the ground-
strip electrode so that each segment symmetrically overlapped
a pair of adjacent exciting electrodes. Electrical connec~
tions and mode of operation would be the same as outlined
above.

A working model of the axial-field design was made
and tested using single~pulse quench voltages, This model
utilized "1/4 Pyrex tubing with A.W.G. size 18 bare copper
wire (dia, of 0,040 inches) for electrodes, A.,c., quenching
voltages have been found to be much more effective than the
pulsed "d.o.,” voltages, but suitable switching and low-
frequency-generator e¢ircuitry was not avallable, and time did
not permit their construction for this model. For pulse
quenehing, the excltation-velteze and timing tolerances were
quite close, as were the tolerances on quench-pulse amplitude,
length, and relative location, but successful shifting contrel
was demonstrated re§ each of the three shift modes illustrated
in Figure 3-5.
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Successful operation of a serial shifting register
requires a means of introducing information at the input end
of the register, For the above-described glowstransfer
shifting registers, this is satisfled by any technique which
will allow optional instipgation of the discharge condition
in the first cell, Several possibilitiles for such are out-
lined below. 4

A general reguirement for the input systems of these
registers seems necessarily to be that a continuous discharge
be held at some point which is isclated from the rest of the
register, and that instigation of the discharge in the first
cell be accomplished by transfer from this "keep-alive" dis-
charge, This requirement stems from the statistical irregular-
ity which is characteristic of the unprimed-breakdown formative
times, It is felt thait, Iin later working models, z pair of
electrodes introduced into the envelope for the purpose of
providing a d.c, keepe-alive discharge would be the most
practical solution to this problem, In the experimenting done
to date, a separate high~-frequency, low-power oscillator was
used to hsié a keep-alive discharge, but since no switehing
is involved, it is quite apparent that the cost of the elec~
trode insertions would be justified by the resulting eircultry
simplification,

Transfer of a dlscharge into the first regular
register cell may be accomplished by several means, Figures
3-6 and 3-7 illustrate two of these. The requirements of the
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Figure 3-6. Heans of optionally transferring discharge into
first register cell by means of an auxiliary high-frequeney
keyed oscillator and external electrode,
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Figure 3-7. Means of optionally transferring discharge into
first reglster cell by means of an auxiliary internal electrode,



input-transfer mechanism regarding decay times are considere
ably less stringent than those for the regular register units,
The only regquirement for the former is that the priming effece
tiveness of the transfer discharge must decay during one
complete bit-shift cycle. The design of the r.f's transfer
mechanism would be very straightforward...since plenty of
power would be available, an extra long electrode could be
utilized to ensure adequate 1solation of the first replster
¢ell from the keep-alive discharge, In the design of the

d.¢. transfer mechanism, care must be taken that the electrode
does not distort the high-frequency fields to the extent of
altering appreciably any of the discharge characteristics of
the first register cell, However, some portion of the plasma,
which 1s caused by the d.c. transfer discharge between the
grounded eathode and the auxiliary electrode, must extend
into this same high-frequeney fileld with sufficlent density
to ensure a reliable discharge transfer.

3.

utput Possibllities.

The most obvious method of extracting the information
which the glowetransfer shift register may contain, is by
photoelectric conversion of the radiation which accompanies
a discharge. All the information within the register is
avallable on a time~sampling basis at the last cell, and so
enly one such readout terminal needs to be provided.

By means of a 9314 photomultiplier tube, the radiation
from some typleal discharges was observed, and it was discovered



hat both the buildup and decay of this radlation involved
what appeared to be exponential processes with a time constant
of approximately three microseconds, The reason for the de~
lay in the rise and fall times of the radiation is not undere
stood, and further study is suggested if photoereadout is to
be utilized at shifting speeds avove 100,000 bits per second,
Alternative toc the optical readout system would be a
system utillizing internal electrodes to sense the presence
of a discharge., Either of two general schemes could be
employed for this purpose, Two electrodes, which are
bounded by the plasma when discharge ocecurs, will experience
a ve#y large change in their two-terminal input conductance
between the discharge and no-discharge states, Also, two
slectrodes, which are exposed to plasma rigi@nn of different
electron temperatures, will experience a d.c. voltage across
them, This voltage is equivalent to that from a high-impedance,
20~ to 100-volt source, Hither of these two phencmenon could
be utilized by simple extermal eirecultry to provide usable

output signals,
These avove phenome

non have been checked experimentally
by the use of the small, commercially available Ne-2 neon
diodes, which are rated at 1/25 watt. Effective d.c, resis-
tances of the order of ten thousand ohms mey be measured
between the input leads of such a dlode when it containes a
high~frequency discharge, This discharge may be induced by
means of either the internal electrodes, separate oxternal
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electrodes, or an internale-external combination., Geisler,
of the International Business Machines Corporation, Poughkeepsie
Laboratories, reports the use of special gas diodes in this
manner as high-speed switches, whose "opening" and "elosing"
are controlled by high-frecuency voltages across external
electrodes, (i)

If, with the above Ne-2 dlodes, one electrode is
grounded and the other isolated by high impedance from
ground, so that the r.f. fleld strength near each is guite
different when an external eleetrode is energized, as much
as thirty volts d.c. may be measured across the internal
@lectodes during an r,f.-induced discharge., The Decker
Aviation Corporation, Fhiladelphia, Pennsylvania has
recently put on the market a line of transducers which
utilize gas~filled diodes excited by single external elect-
rodes, The d.c, veltage appearing across the internal elece-
trodes of one of these diodos, may be used as a sensitive
indication of the degree of unbalance between the two electrode~

to-ground capacitances,



IV, SHIFTING-REGISTER FUNCTION AND DESIGHN CONSIDERATIONS

The proper design of the type of glow-transfer shifting
registers which are under discussion will require a coordine-
ated consideration of many items., First, there exists a
large number of functional parameters among which the speci-
fication of reliability, speed, power consumption, fabrication
means, ete, of these registers diectate certain limiting ree-
lationships. Then, among these parameters, there are mutual
dependencies upon the fundamental physical variables of gas
composition, gas pressure, excitation freguency, e¢lectrode
geometry, cell geometry, and dimensional scale, To adjust
these physical variables towards an optimum setisfaction of
the reliability, speed and power-consumption requirements will
necessitate a coordinated analysis of the effeets upon all
of the latter of changing each of the former.

The first requirement is assumed to be one of maxi-
mam reliability. The aim of establishing such registers as
usable devices in the dlgital computer field has caused the
matter of maximum speed to be the dominant secondary objec-
tive in this research. Hinimization of power consumption is
very important, but nevertheless was ranked third, Decreasing
the overall size, and providing for cheap and simple struc-
tural techniques, are undoubtedly important for a final
analysis of the worth of these devices, but it was felt from
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general observation that in these respects the glow-transfer
devices seemed quite acceptable at the outset.

The first section of this chapter will be devoted
tc the definition of those functlonal parameters which have
been found useful in analysing the operation and design re-
quirements of the registers. The dependence of each of these
parameters upon the abovementioned physical variables will
be outlined as it is presently understood, The actual coordine-
ated discussilon for overall register design is set up by a
section each on the functional-parameter relaticnships which
are dictated by a maximumespeed requirement, and on the

phenomena and control of power consumption,

h-l Funetic

changes.
An analysis of the operation of these shifting
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reglsters 1ls facilitated by the definition of certain charactere

istic, functional parameters., These parameters are, for the
most part, limiting values of excitation time-gaps and ex-
citation voltages, with respect to the breakdown, extinetion,
and tranqr.r characteristies of the discharges, Knowledge

of the variation of these parameters, with changes in gas
composltion, gas pressure, excitation frequeney, electrode
geometry, cell geometry, and dimensional seale, is necessary
for the proper design of a shifting reglster, BEnough is
known about this variation to enable the construction of
working registers, and this knowledge 1s given in the form of
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facts and experimental data, with reference to the appropriate
parameters, Predictions, based upon the present theoretical
understanding of these discharge phenomena, are included
wherever possible.

beil Breakdown voltage, Vy.

This is the voltage (measured in rms volts) required
to be applied across a given set of electrodes to produce a
discharge breakdown with no priming. This seems somewhat
affected by the past history,..at least since the preceding
discharge. FReproduecible values of Vi, may be obtained during
a gliven set of tests after the first breakdown, but 1: a few
days have elapsed since the last discharge, the first breake
down may be very difficult to achieve even with the aid of
a high-frequeney spark coil which puts out about 15 kv,
Since abnormally high values in themselves are no threat for
our purpose, this phenomenon has not been studied further,

Included in the pertinent past history must be the
change 1n d.c¢, voltage across the electrodes since the last
discharge. This faet was not recognized during much of the
early part of this research, and has invalidated a number of
Vy, test values which were obtained with the r.f. voltage
which was fed directly from the plate tank of an r.f, power
oscillator, whose ocutpul level was controlled by the d.e.
plate voltage, This caused as much as one- to two-hundred
volts of change in the d.c. voltage across the external elec-
trodes, and so set up a static field within the discharge cell
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which served to sweep out the sporadically-generated 1ﬁitiat1ns
electrons before they could multiply enough to effect a
breakdown., Only when the electrode~to-inside-surfeace capaci-
tance becomes charged to neutralize this type of field can
a normal high-frequency breakdown occur,

it may be feasible to utilize the above phenomenon
to increase the safety factor of a working shift register
by sultable superposition of d.c. and high-Irecuency voltages,
but of more direct concern are the varlatlions of Vb with sueh
parameters as pressure and frequency. Figures Lel1 and L2
illustrate each of these for representative conditions., It

is evident from the discussion of Chapter II that higher
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Figure l-l, Breakdown and extinction voltages as a funection

of pressure for neon in a "1/4 0,D. Pyrex tube, Transverse-

rielg electrodes arranged as indicated., Execitation frequency
is 20 me,,
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Flgure L~2, Breakdown and extinction voltage as a funetion of
excitation frequency for xenon at li.3 mm, Hg in a "3/8 0.D.
Pyrex tube, with transverse-field electrodes as indicated,

pressures will decrease the diffusion loss and thus deecrease
the value of the field required to initiate breakdown. Above
a certain pressure, however, the associated increase in elec-
tron collision frequency will reduce the rate of energy
transfer to the elesctrons more rapidly than the losses will
decrease, and the breakdown voltage will necessarily rise
again, (See Equation 2-86) The explanation for the change

in Vb due to changes in excitation frequency is that the
wall losses which are due to the "oxeillation amplitude™
will decrease with increasing freguency.

h.12 Extinction voltage, V.,

This is the voltage which is mentioned in section 2.l
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as the lowest which permits bistable discharge conditions.

It may also be described as the lowest voltage which will
maintain an already-established discharge, Typical variations
of Vy with pressure and excitation frequeney are shown in
Figures l-l1 and L2 respectively.

Lel3 Self-transfer voltage, Vig.

At low pressures and low frequencies, the discharges
even in the transverse-{ield type of tube exhibit a reduction
in discharge intensity directly under the excitation electrode.
The result is that a discharge being established on cne side
of the electrode does not guarantee establishment of a dise
charge on the other side...which deprives us of a consequence
which we know to be necessary for proper operation of a
shifting register, The voltage to which the excitation elec-
trode must be ralsed in order to effect a transfer from one
side of the electrode to the other is called the self-transfer
voltage,

The value of Vis relative to Vx seems more affected
by excitation rroquonuﬁ than any other factor, at least for
the eylindriecal transfer channels which have been used to
date, The effect is gquite probably due to the escillation
amplitude limit being passed in the discharge region where
the electric fleld actually is predominantly transverse., At
the two sides of the electrode there exists more of the axial
component, which permits larger electron-cloud oseillation

for a given wall loss. This same analysis seems applicable



to the axial-field models, with the added feature that the
actual fileld strength in the region directly under the eleec-
trode 1s quite small. A typleal relative variation of Vi,
to V, with excitation frequency is illustrated in Figure =3,
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Figure lj-3, Self-transfer and extinction voltage as a funetion
of freguency for a 93%/7% neonexenon mixture at l4.5 mm, Hg. in
a "1/8 0.D. Pyrex tube, with transverse~-field electrodes as
indicated,

Lol Transfer voltage, first-nearest-neighbor, V...

Consider the same oxcitation voltage being applied
to two adjacent electrodes, with the value so little above
v: that we can assume a discharge to exist in one c¢ell but
not in the other, The value to which the common voltage

must be raised before the discharge tranafers over into the

adjacent cell is th. In the registers bullt to date, this



voltage has always been lower than V, and no dats have been

ts
taken on actual variation with physical changes. It is quite
apparent that Ilncreasing the electrode separation, decreasing
the fregqueney or presgsure, or decreasing tube dilameter should

serve to increase Vige

415 Transfer voltage, nth-nearest-neighbor, V., (where n =
2’ 3. tld)i
Assume the electrodes between a given electrode and

ites nth nearest neighbor to be grounded, and a common excita-
tion voltage applied to these two, If a discharge existe in
the given cell, the level to which the common voltage must

be raised in order to effect a transfer across to (but not

an unprimed breakdown in) the nth nearest neighbor is Ven®
This voltage, since it is actually but a generalization of
Vgis 1= affected by the same type of physical changes, It

is, of course, always larger than th.

1416 Operating voltage, Vo.

This is the value of the excitetion voltage which is
actually switched on and off the driving lines under the
operating conditions for the register, It is obvious that
va must be greater than the larger of Vi and vtl’ and must
be less than the smaller of V, and vtB (or, in some cases,

vta).



4417 Self-extinetion time, Tyg

The definition for this which is implieit in its
usage for timing~-limit discussions is, "the minimum time for
which the excitation may be removed from a discharge-containing
cell without causing re-cstablishment of the discharge upon
the reapplication of the excitation." The easiest method of
approaching this limit axperinnnﬁally is to begin with a
small gap in the excitation suech that the discharge will be
re~-established, and to increase the gap until the discharge
does not reappear,

Reference to Section 2.4 and to Figure 2«2 allows us
to prediect that higher pressures (lower diffusion coefficient),
greater tube size, and increased ve should each cause Txn to
increase., FRemembering that the ambipolar transition density,
as well as the ambipolar diffusion coefficient, will be
decreasing towards about 0,01 times thelr equilibrium-dis-
charge values as the electron temperature decays, we ¢an see
that T,g can increase very rapidly as the above physical
changes take effect and the eleotron population has time to
cool off, Typleal changes in ?xs with pressure and V, are
illustrated in Figure lel.

The value of T,, when quenching flelds are applied
to the discharge region is identified as T:aq' and these
values can be significantly less than the normal Teg
Experiments on the effect of gquench voltage were carried out
with a fairly large-sized tube and fairly high Ea. 80 that
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Te5 mm, Hg., with axial-field electrodes (#18 AW.G. wire)
arranged as shown,

61



é2
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to measure the resulting values of Txlq' since the ratio of

o Was abnormally high. This was done in order to be able

decrease would have precluded such measurement ir ?x’ had
been small to begin with, Varlation of Tz.q with a Gypical

quench-frequency voltage is illustrated in Figure L5,

¢ell containing a discharge, and assume that the nearest

neighbor cell was excited by the same value of voltage after
a eertain time interval. The minimum length of this interval
which will not effect a transfer of the discharge into the
neighboring cell is Tg1+ It seems %o be affeected most by
relative spacing and by Vg, when no quenching fields are
present, The corresponding time limit under guenched con-
ditions is referred to as Tyy,. Figure 4~6 shows a typical
variation in Tzlq with quenchevoltage magnitude.

Le19 Extinction time, nth-nearest-neighbor's priming, Txn

-‘M = - : ‘

Assume the elecirodes between a given electrode and
its nth nearest neighbor to be grounded. T,, will be that
minimum time interval between termination of the excitation
voltage V, on a discharge in the given cell and the appli-
cation of the same voltage to the nth nearest neighbor ecell
which will not cause a primed discharge transfer into that
cell, This is a meaningful value only when v° is egual to
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Figure L-6, Variation in T.,. with magnitude of a 2,5 me,
quench voltage for a "1/4 xﬁ Pyrex tube filled with neon
at 7«5 mm, Hg., and oquippod with axial-fiold electrodes
(#18 A.W.G. wire) spaced as shown, H£g is 110 volts rms, at
35 meq.

or greater than V.., and will be affected primarily by rela-
tive spaecing and by Vo when no guenching fields are present.
The values of this characteristiec time which are affected by

the presence of quenching flelds are referred to as T:aq'

4e2 Timing considerations. _

The relative timing of the excitation on the vaézonn
sets of electrodes of a reglster determines directly the
shifting rate of the register, To achieve a maximum shifting
rate, this timing must be coordinated with the extinctione
time limite which were defined in the preceeding section,.



4.21 Three-line registcis.

It must be mentioned that the guenching technigue was

not developed until quite late in the research program, and
that the very short extlinction times promised by this means
have shifted the design limitetion now to the switching and
rof. gonerating eireultry, The analyses given below are
8%ill valid, however,

Consider Figure l-7, which i1llustrates a general
tining arrangement for a three-line register, The values
for Ts will become negative if there exists an overlap in
the excitation instead of an actual gap. £ one-bit shift
will require the time T,, and a goal of higher speeds will
require a reduction in T,. Below 1s written a 1lst of the
limits on the excitation times with respeect to the various
extinction times,

3 Ts + 2 T, > T;‘

2 !‘ + To S T

(4=1)

The first inequality states that each cell has to
experience an excitation time-gap greater than Tl. during

each bit-shift cycle, and the second states that the discharge

shifted out from the suceeeding cell during the last blte-
shift eyele must have been gone for a loenger time than
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Figure L«7. A typleal three-line register diagram (a), with
its excitation timing diagram (b), and with the preferred
schematic representation of the timing diagram (c).

T4y in order not to prime the given cell and cause a "flashe
back", The third ineguality guarantees the same situation
for the second cell ahead of the given one, and the last

inequality guarantees that the given cell will be primed by



its nearest neighbor during the present bit-shift c¢ycle. The
third inequality is assumed to be easily met for any practical
case, since V., can usually be made greater than Vé. Ve shall
assume, for the following discussion, that relative cell
geometry can control Txl‘ and that Tx‘ is to be the limiting
parameter,

Consideration of the straightforward timing sequence
given in Figure 3«3 for a three-line reglster reveals that
Ty here will equal 3kT, /2, where k represents the ratio by
which the first lnequality above is exceeded, and may be
termed the safety factor on T:.. A similar inspection of
Figure l=7 results in equating T, to kT, + T,» and it can
be seen that, if it is possible to make T, less than kT _/2,
there will be a decrease in T, and an increase in the shifting
speed, The limit upon this, of course, is when ?o approaches
zero, which will realize a fifty per cent inerease in shifting
speed for a given value of k?:l. This mode of operation is
based upon the fact that the discharge reaches its equilibrium
state very rapldly, and it is accordingly assumed that this
lower limit upon the length of Ty is not reached.

S8ince Txl is bounded by two limits, it appears that
a coordinated safety factor for this parameter would require
Ty to equal Tg\/ﬂ + To/ TB o 4s T, 1s made ever smaller,
the safety factor under which wll operates will approach a

lower limit of 1.4, There would seem to be no advantage in
making k greater than this, and 1t would seem risky to make
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it much less, so it appears that the lower limit for T, which
one could approach with reasonable safety would be about
1¢ST” .

The present switehing and r.f, generating equipment

is not capable of measuring the lower limit for T s Imuch

x8q
less be able to develop a switching sequence making Te less
than kTygq/2. It is not imown, therefore, what sort of lower

1imit is reallzeabls for 3‘3 +« Present plans for attaining

maximum shifting speed call :er & constantly-applied quench
voltage (since the lowe-frecuency quench voltage would take

too long to switeh on and off) and a time overlap of succes~
sive excitation volbtages (1.e, both above vtl at the erosse~

over point),

he22 Iwo-lime registers.

The two-line reglster described in Section 3.2 ree-
quires for its operation that the gquench voltages be soc switched
that within one half of a bit-shift cycle there ls a change
from maximum quench to minimum gquench. Unless techniques
are found for improving the effectiveness of the single-pulse
guench voltage, the only reliable guench voltage will be one
which is oscillating at a f{requency considerably lower than
that of the excitation voltage. The speed of such a register
therefore seems limited by the switching time of the guench
voltages and 1s not expected to be able to compete in speed
with the three-line registers,
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The power which is consumed per bit, while fairly

small, is still an ifmportant factor to consider if register
systems of large size are to be bullt, There are certain
stepes which can be taken to effect a reduction in this power,
but 1t 1s not yet known to what extent these will be limited
by speed and rellability requirements., The various mechanisms
of power loss will be reviewed, and some possible measures
toward power reduction will be dlscussed,

The fractional energy given up by an electron, per
elastic collision with the ges atoms, is of the order of 2m/M.
For neon, then, approximately 5.5 x 10'5 of the total elece
tron energy is ioct per elastie collision, If the collision
frequeney 1s evaluated for neon at an assumed average elec-
tron energy of i electron-volts, by the same process as was
outlined in Section 2.4, a value of the eollision frequency
fe of 6,5 x 101° aue""1 is obtained. The power loss per unit
volume may be expressed as rcnuan/l, where u is the average
eleciron energy, and n is the number of eleectrons per unit
volume, For the above figures, we see that the collision loss
per unit volume will equal approximately 3.6 x 166 nu eleetron
velis per second,

The energy lost as an electron reaches the wall will
be the sum of its kinetic energy and the ionization energy,

u +V,, For neon, v1 is 21.6 volts, which is approximately
five times the potential ogalvnlont of the average kinetle



energy, 4. This means that the loss of an elestron accounts
for the loses of about 6u electron volts, If it is assumed
that a characteristic diffusion length of 0,0757 em., is typieal,
that u = lj electron volts go that f is 102 (where £ is the
ratio of electron temperature to gas temperature), that the
pressure is 7.5 mm, Hg., and that the room-temperature
ambipolar diffusion coefficient for neon is 130 cna/hoe. we
can arrive at an estimate for the power loat per unit volume
due to ambipolar diffusion of 1.8 x 106 nu electron volts

per second, We thus see that the collision loss is approxi-
mately twice the normal diffusion loss for a typiecal aiaehnrsi}

If a typleal cell is assumed to have a diameter of
0,363 cm, and a length of 1,27 em,, and if, to be generous,
it is assumed that the entire volume has a density of 1610
electrons per o-?, each with an energy of four olectrenrveltl,
an estimate for the order of msgnitude of the expected power
lost by the combined collision and normal diffusion processes
will yield a value of about five milliwatts,

It 1s almost certain that the inecreased wall losses
incurred by the eleetron-population oseillation, at the
frequencies and vessel dimensions being used, exceeds the
above listed losses., The peak to peak drift swing of an
electron in neon, at 7.5 mm, of Hg., is of the order of a
third of a centimeter at normally-expected values of the
applied field. This swing should be reduced econsiderably
at equilibrium-conduction densities, but it is quite evident



that there will exist a considerably deeper potential well
within the vessel than normal ambipolar-diffusion conditions
would produce, and that the resulting losses will be accor-
dingly greater,

The upper limit for the power lost by this mechanism
can be established erudely by assuming that the electrone
oscillation swing 1is 80 great that all of the electrons are
removed at every half cycle. For a typleal frequency of 30
me,, and assuming for neon that an eleetron which is lost
to the walls dissipates about 6u electron volts, we can
eastimate that the upper 1limit for the power per unit volume
lost due to the oseillation process would be (2) (3 x 107)
(n) (6u) = 3.6 x 103 nu electron volts per second, This is
one hundred times the estimated collision leoss, and for the
typical cell used above would result in a total power loss
of some 333 milliwatts, or a third of a watt,

It has been observed In the laboratory that some
ten discharges being loaded into a register would drop the
output voltage of the power oscillators (8324 twin tetrodes
in push-pull, tuned-plate tuned-grid circuits) by as much as
fifteen percent. A pure-resistance load connected in place
of the reglster, with appropriate retuning, gave about the
same fifteen percent output drop when it was absorbing
8lightly less than a watt, This implies that about 100
milliwatts per bit is being absorbed by the register, whieh
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seems entirely reasonable in the light of the above discussion,



Since the oscillatlion losses can be interpreted as
an increase in the free electron diffusion rate, equilibrium
conditions when these losses are effective would probably
invelve very nearly an equivalent ion-electron loss-equili-
brium relationship to that analyzed for ambipolar diffusion,
The effective "ambipolar" diffusion coefficient will be quite
high, of course, but there would seem to be enough similarity
so that an equivalent transition density would exist for this
process just as for the normal diffusion case, This woulg
imply that the minimal equilibrium density would vary inversely
as the square of the characteristic diffusion lemgth. Thus,
increasing the diameter of the discharge vessel by a factor
@ should reduce the requisite electron density by d~2, as

well as decrease the loss per electron per second by a2,

The volume is increased by d’

s and the net result is a net
decrease in the total electron-per-second loss by a factor
of a"1, This first-order qualitative estimate is further
strengthened by the second-order effects,..the reduction in
the necessary reproduction rate allows a decrease in electron
temperature and a decrease in applied field, which cause yet
a further reduction in loss,

Increase of the dimensions past a certain point where
wall losses have decreased quite far, will result in the
collision loss, which increases roughly as d’. becoming domine
ent and causing the total loss to begin inereasing with 4,

The relative dimenzional increases required to reach & minimum
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such as this, or the relative decrease in total power con-
sumption which might s¢ be realized, are not known and will
need experimental determination, This inerease might well
be limited by total-size or extinction-time considerations
before such a minimum-loss point would be reached, but it
seems that the use of quenching voltages to control the extince
tion times should allow some measure of power reduction by
means of increasing the dimensions,

An inerease in the exeitation frequeney is expected
%o reduce the oscillation losses, but at the same time will
probably reduce the value of Vb at a greater rate than Vx.
This latter trend is observed in experimental results up to
LO me., but seems to be levelling off there. It is not yet
known whether or not a safe range between Vh and v; will
remaln as the frequency is raised much above the presentlye
used values,

1t could be expected that, for a given discharge
vessel, a change of gas filling should produce a decrease in
the oscillation-induced losses if the new gas elther hes a
lower positive-ion diffusion cocefficient or a lower ionization
potential., The former should reduce the losses for a given
value of electron oscillation, and the latter should reduce
the osecillation for a given reproduction rate by reducing the
field strength reguired for discharge maintenance. Actually,
decreasing the diffusion loss by the former mesns will pre-
duce a decrease in the applied field by reason of the decreased



reproduction rate required, and the correspondingly decreased
electron temperature requirement.,

An increase in pressure, for a given filling, will
serve to decrease the positive-ion diffusion coefficient, and
therefore may be expected to reduce the power loss., The
value of E/p, which determines the energy which the elecirons
will receive between collisions, will be able tc decrease
somewhat due te the secondary effect of a reduction in elec-
tron-temperature needs, but quite probably the pressure will
increase faster, so that 1t is not expected to realize a
decrease in applied voltage by this mesns, The incresse in
pressure will have the added effect, however, of inereasing
fe in direct propertion, which we can see from Equation 2-28
to have the effeet of decreasing the oseillaticn amplituds,
it 1s therefore evident that imereasing the pressure will
8srve both to decrease the effective "electron temperature"
and to decrease the diffusion losses for a given value of
that "temperature",

It is thus seen that thers are four possibilities of
eacroaniné the power requirements by altering the physical
design factors., Increasing the dimensions of the eell, the
frequeney of the excitation voltage, the prossure of the gas,
or making sultable changes in the gas filling, can each be
expected to reduce the losses within the eell, This seems
to be quite promising for the future, since the power ¢consumpe
tion already seems to be of a guite acceptable value,
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Lol Design coordination.

This section iill contain an analysis of the relation-
ship which each of the basic physiecal variables has upon the
combined set of fundamental operational characteristics of
reliability, speed, and power consumption, These physical

variables include gas composition, gas pressure, excitation

freguency, dimensional scale, electric~field and cell geomet-

ries, and the guenching voltage and fregquency. A brief re-
view of the intermediate requirements which the so-called
functional parameters must meet to satisfy the above funda- ;
mental daairoé is given first, and then the physical variables
are consldered in a segquence which seems best to allot
priorities to the more important of possible interacting
effects., The analysis is based upon three-line operation
and the use of guenching voltages to control the extinction
times,

The primary requirement of reliability will dictate,

in a parametric sense, only that V__ exceeds the larger of

t2
Vt. or th by a margin within which v° may easily be kept,
and in an operational sense, that fa be well controlled and
that the inegqualities

3?8 + 2T, > Toy
21’8 + 'I‘o\,.‘l‘u
Ts >Tﬂ

Tg <.T;1



are generously exceeded, leeting a given apeed specification
will require the various extinction times to be controlled
so that these timing safety factors can be met with approp-
riately low values eof Te and TB' Power minimization can be
effected by judicious increase in pressure, frequency,
dimensional scale, and by a proper cholce of gas composition,
but in the usual case these factors must be limited by their

concurrent effect upon the extinction times.

boll Gas composition.
The easiest gas to quench will be one with a high

ijonization potential and high values of elecitren and lon
mobility. Conversely, the easiest gas in which to maintain
a discharge (i.e. power consumption lowest) will be one with
a low ionization potential and a low value of ionic diffusion
coefficient, In general, the most efficient gas which will
provta- the necessary extinction times will be chosen.
Reliability of the device is affscted somewhat by
the choice of gas composition, If successful operation is
dependent upon a proper proportion of a mixture of gases,
long-time elcanup effects can jeopardize the rellability be-
cause of the fact that the different component gases usually
have different cleanup rates, FPure-gas fillings are best
in this respect, although a noneritical mixture of noble
gases would probably be acceptable, Use of a gas which
suffers an excessive amount of cleanup must be avolded,

although it can be predicted that one of the advantages in
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the usage of high-frequency discharges is that gas eleanup
will be much less than it is with static-field discharges.

L2 Gas pressure.
As the pressure goes up, the power consumption should

decrease and the extinctlion times should increase. A balance
of these two reactions with respeet to the specified speed
will have to be met, There is the additional reaction to an
increased pressure in that the exeitation voltages will rise.
The problems which this will raise in reap&et to impedance
matehing and power distribution could well determine the

upper tolerance for such a rise.

h43 Excitation frequency.
This seems to be the only physical variable which

has no effect upon the extinetion times, at least in the
first-order analysis. As the frequency is raised, the values
of VB and Vx are reduced, and the power consumption zhould
decrease, An upper limit is placed upon the freguency by

the practical faet that, beyond a certain point, the cost per
watt of generating capacity begins to increase and will soon
ocoutwelgh the gain in discharge efficieney which higher
frequencies promise, It is possible that the upper limit
caused by a too-narrow margin between Vh and vx-nny be a
controlling factor. At any rate, it would seem that the
frequency should be as high as is practical to use, below

the above limits,
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It could be pointed out that neither of the above

limits may yet be reached at the point where the power consump-

tion ceases to decrease with increasing frequency., In this
case, it would be profitable to decrease the size of the
vessel to the point where the oscillation amplitude limit
gegins to be approached, and to operate at the lower of the
frequency limits set by power cost or discharge voltages.

If 1t is not possible to utilize frequencies high
enough to allow a reduction in size, as sbove, the optimum-
power choice as to dimensions would be to increase them nntilh
a power-consumption minimum was reached. Thls, of course,
will be limited by the specirications upon the extinction
times.

boh5 Geometry.
If the values of the foregoing variables have been

determined, the roles which the cell and electric-field
geometries can play toward meeting the original goals are
such as to control the relative values of Vio, Viqs and Vg,

as well a8 the relative values of Tx and Txa' Transfer

channels which are rectangular in er:aa section, with the
longer dimension in the fleld direction, could help to
econtrol Vt. as well as the power loss., Also, the relative
size of the reglons of high field strength will be a factor

in controlling the power consumption.



lsos6 Quenching fields.

The strength and frequency of the quenching fields
for which a minimum self-extinction time may be realized will
most certainly be dependent upon all of the other physical
variables, with the exceptlon of exeitatlon frequency, The
field strength must be low enough not to cause appreciable
jonization, and the frequency must be low enough to induce
displacement oscillations of sufficient magnitude,.

If the quenehing voltages were applied between elec-
trodes which had relatively large areas, so that the capaci-
tance from the electrodes to the inside surfaces of the tube
were fairly large, it is predicted that lower-freguency com-
ponents of quench voltage would be considerably more effec-
tive than they were with the wire-ring type of axial«fleld
electrode, Effective single-pulse quenching voltages would
be very advantageous for higher speed registers, because the
switehing time of the altermating quench voltages is so long
that they will of necessity have to be applied consbtantly,
which will cause an extra power loss that is undesireable,
Single-pulse guenching, on the other hand, could easily be
arranged to be applied to the cells only when the excitation
voltages were removed, which would eliminate this added power
loss. Also, the two-line mode of operation discussed in
Section 3.2 would be much less limited in speed if single-
pulse gquenching were effective.
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le6 Quenching fields.
The strength and frequency of the quenching fields

for which a minimum self-extinction time may be realized will
most certainly be dependent upon all of the other physical
variables, with the exceptlion of exeitatlon frequency. The
field strength must be low enough not to cause appreciable
jonization, and the frequency must be low enough to induce
displacement oscillations of sufficient magnitude,

If the quenching voltages were applied between elec~
trodes which had relatively large areas, so that the capaci-
tance from the electrodes to the inside surfaces of the tube
were fairly large, it is predicted that lower-frequency com-
ponents of quench voltage would be considerably more effec-
tive than they were with the wire-ring type of axial-field
electrode, Effective single-pulse gquenching voltages would
be very advantageous for higher speed registers, because the
switehing time of the alternating quench voltages 1s so long
that they will of necessity have to be applied constantly,
which will cause an extra power loss that is undesireable,
Singlo-pulne guenching, on the other hand, could easily be
arranged to be applied to the cells only when the excitatlon
voltages were removed, which would eliminate this added power
loss, Also, the two-line mode of operation discussed in
Section 3.2 would be much less limited in speed if single~

pulse quenching were effective,
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V. MISCELLANEOUS FPOSSIBILITIES

A number of quita promising possibilities, regarding
both structural and application innovations, have become ap-
parent during the foregoing study. Some of the most promising
of these are included in this chapter.

5«1 Structure. Of the three structural innovations discussed
below, the first two are certain to be utilized in the next
series of experimental and working models of the shifting
reglsters to be built, The third possibility is more basic,
and its realization can be adapted within the first two of

the structural possibilities listed with fairly evident
advantage, It also makes more practical most of the items

in the second part of this chapter,

5.11 Parallel channels.
A single-channel shift register, under normal working

conditions, will present a load to its r.f, generators which
will rluotnise from zerc to its maximum value in an unpredic-
table fashion, as the information content of the register

is altered. The obvicus result will be a corresponding fluec-
tuation in the value of Vos which means that either very wide
voltage tolerances must be provided at a sacrifice of speed,
or that the difficult problem of regulating the peak levels
of the excitation-envelope pulses must be faced.

79



80

A solution to this situation which has some very
desirable additional consequences, is to bulld each register
with parallel transfer channels, with corresponding cells
of the two channels being adjacent to the extent of appearing
to be at the same point as far as the power distribution
system is concerned, Under this arrangement, the bit of
information held at a particular point along the register
will be represented by which one of the two parallel cells
at that point contains a discharge, and at every successive
bit length along the register there will be a discharge in
one or the other chamnnel but not in both, In this manner,
the total number of discharges sustained within the register
at any instant is constant, as is the effective distribution
of the r.f, load,

.The type of random malfunctioning which i1s the usual
forewarning of inciplent breakdown of a system would have a
very high probablility of causing elther both, or neither of
the channels to contain a discharge at some point. A falrly
simple check at the output of the two channels could make
sure that one and only one channel contalned a discharge in
its output cell, or otherwise could indicate that an error
had been detected. This would offer considerable improvement
in the effective reliability of most systems, From a reliabile
ity point of view, it is apparent that the two channels should
be part of the same econtinuous gas system, Any change of
pressure or of impurity content in one, then, would naturally
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appear in both, so that any resulting possible change in
operating characteristics could be compensated for by adjuste
ment of thelr mutual control cireuitry,

5.12 Heliecal e els.,

Construction of the transfer channels in s helical
form so that adjacent turns are in close contact seems to
offer about the optimum arrangement for the two consider-
ations of compactness and r.f,-distribution simplicity. The
electrode separation and the helix diameter should be coordine
ated so that cells of like phase are adjacent axially, and
therefore the driving lines can be straight and will have
thelr cells spaced with maximum density along them,

If the parallel-channel feature is to be incorporated,
the hellx ean be wound bifilarly as easily as not, or, if the
ratic of helix to channel diameter is large, there e¢an be an
inner and an outer helix for which one common set of driving
lines can be used, Furthermore, the use of the trensverse-
field mode of exeitation can permit the external surface of
the hellix %o be a grounded conductor, which should help to
eéliminate any objectlional r.f, radiation or coupling., Use
of a "1/} 0.D. Pyrex tube as the channel form, with transverse-
fileld electrodes, would allow the bifilar, parallel-channel
construction of a 100-bit register as a cylinder three inches
in diameter and six inches long.

5413 Sandwiched dielectric,

Adjacent channels in the above helical reglster forms
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can be placed much closer to each other if their separating
walls do not have to withstand etmospheric pressure, as they

do when glass tubing is utilized for the channel form, Assume
that a sultable dielectric meaterial is formed into a hollow
¢ylinder, with bifilar threads cut into the outer surface so
that thelr groove cross-sections are appropriate for transfer-
channel operation, An outer cylinder, with smcoth ilnner and
outer surfaces, can then be slipped over the threaded dielectriec
c¢ylinder, with relative diameters adjusted so that there is a
reasonably snug fit, If the inner dielectric 1s suitable, '
the upper and lower rims of these cylinders can be sealed snd-
the volume between can be given the desired gas filling., If
not suitable for such, the inner dielectric can be fitted
between two glass eylinders, or simply inside one envelope.

#e now have a much less fragile structure than the glass-tubing
¢oll was, with probably more than twice the storage density
possible,

Electrodes for this type structure can be of the
"printed circuit" variety, since they are on continucus sur-
faces, The sandwiched dielectric may be machined or molded
plastic, or molded ceramic or glass, It is not yet known
what effect plastic surfaces will have upon discharge char-
acteristics, but this would offer the simplest realization
of this type of structure. There is a certain freedom
associated with such a design in that the channel cross sec-
tion need no longer be eircular, nor need it be uniform along
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the length of a cell, This could well offer the opportunity

to tallor such parameters as Vg' and th more effectively.

5.2 Applieation.

There have arisen some other possibillities for the
application of high-frequency gas~conduction electronics in
digital computers besldes that of a serial shifting reglster,
The first is but an alteration of the input technique, which
allows parallel input of information and so allows some added
valuable applications, of which one important one is discussed
ag an example, The other three possibilities are much more .
basie and important than the first., Thelr very existence
should give considerable impetus to the further research in
this field,

5.21 Parallel input.
As 1s implied by the name, parallel input to a

ah&fting reglster allows the insertion of more than cne bit
of information at a time, It appears that the use of guenehing
techniques in the following manner will allow a form of this
to be realized, in what 1s otherwise very much like the
ordinary shifting registers discussed above,

Assume that the guenching line associated with each
"A" gell of a given channel is separately brought outside the
given structure, Assume further that this channel is loaded
with a discharge in each of the "A" cells, Then, if
guenching voltages existed in some arbitrary pattern on the



separate quenching lines, a sultable gap in the exciltation
would allow discharge extinction in the quenched cells but

not in the ungquenched cells, The resulting discharge pattern
would now contain the information whiech previously had been
contained in the configuration of quench and no-guench voltages.
To provide this feature for a parellel-channel register would
require that complementary sets of guenching voltages be
provided, and that the parallel channels have separate sets

of gquenching lines brought out.

A very useful application of this feature is lmmed-
iately apparent, Transferring Information from punched cards
into electronic data-processing equipment is made cumbersome
by the fact that the information is taken from the eards in
parallel, and is further complicated by the time separation
in the arrival of this information (actually, the information
is contained in the time of arrival). Four, eighty-one bit
shifting registers, equipped with appropriate parallel-input
faeilitles, can receive all the numerical information whieh
an IBM card can normally contain, with simultaneous conversion
from decimal to binary-coded decimal form, Between carde
reading eyecles there exists ample time for these registers
to shift serlally all of this information into the assoclated
date-processing eguipment,

Se22 Display.
The easy visibility eof the individual discharges
associated with the glowe-transfer shifting reglsters suggests



an alternative use of these shifting technigues, besides that
of information storage., If only one channel of a register
were made visible, and the register were laced baeck and forth
in a plane so that every third cell was a member of a uniform
spot-grid, the illumination of appropriate combinations of
these cells can deplct alphabetic or numerie characters in

a manner which ils common in the digital computer field,
Sequences of such grids can be a serial extenslon of a single
register, so that suitable shift series can move the entire
display pattern to the right or left. 4 grid of five spots
wide by seven spots high is common, and should be rtnllsoublo.
by a thirty-five blt register, which can be loaded in either
serial or parallel fashion.

Alternative to such a construction could be the use
of seven registers, each running horizontally, and spaced so
that each five~bit linear interval would produce an approp-
riate five-by-seven spot grid, Each character could be
loaded in parallel or series parallel, If the sandwiched-
dielectric mode of construction is developed, so that these
registers can all be contained within a common flat envelope,
there exists an added input possibility. A short serial
register, one column-height in length ( in the asbove example,
then, seven bits long), can be loaded in serial fashion with
& given column pattern, and can find itself so located with
respect to the first column that 1ts serially-loaded discharges
¢an be transferred in parallel into the first cells of the
display registers, -
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Several added possibilities exist in this direetion.
For instance, the cells whose illumination will provide the
actual display cean be made larger than the auxiliary transfer
cells, to effect an increase in apparent display-cell density.
Or, these display cells can be divoreced from the shifting
function by having the actual shifting registers, with small
eells and fast shifting speeds, be behind them, with inter-
mediate transfer electrodes such that display and loading can
be done independently. ‘

5423 mvi .
The three logical connectives of conjunction, dis-

junetion, and negation are very important in the manipulation
of information which is done within digital-computer types

of equipment. To be able to realize these connectlves with
respeet to the physical representation of the information
within the glow-transfer devices, without the necessity of
reading this information out into conventional logieal
¢ircuitry and then, perhaps, re-inserting it into a shifting
register, would effeet a tremendous inerease in the potential
worth of the glowetransfer devices, Several possibilities for
realizing these logical connectives have arisen within the
course of the researech, but the phenomena upon which they are
based are not verified experimentally to the extent that
those of the previously-mentioned application possibilities
were, For this reason, their presentation will be omitted,
although the importance of their existence warrants ﬁsatian.



The action of the diffusion processes discussed
in Chapter 1II is such as to tend to bring all of the bounding
surfaces of the disecharge into relative eguilibrium potentials.
If a surface is not at such a potential, space currents flow
to it that tend to bring it to the equilibrium value, If we
assume that one of these surfaces is a conductor which 1s
held at a given potential, then we must assume that the
equilibrium potentials of the other, dielectric surfaces
are fixsed,

If some of the above mentioned dlelectric surface is
actually a_thin film of dielectric material coated over a
conducting surface, & very large capacitance per unit area
may exist between the gas-exposed surface and the metal eoa;
ductor. The charge stored by this capacitance is held fixed
when a discharge is not present within the vessel, but will
change to bring the dielectric surface to its equilibrium
value whenever a discharge is initlated. The resulting
charge displacement will, in effect, contain the information
as to what relative potential change had taken place between
the two conductors in guestion since the termination of the
last discharge,

it is not Intended here to go intc the details as
to how this phenomenon could be utilized in the memory system
of a digital computer, A few salient points will, however,

be mentioned, The surface-to-conductor capacltance could be



of the order of a microfarad per square centimeter for voltage
ratings quite usable in a memory system, The surface density
of storage cells will be limited mainly, then, by the

speed with which the cell capacitance must charge, and the
current demsities which the discharge can furnish, and these
two factors can then set the appropriate value for the capaci-
tance per unit area,

All the "memory cells” of a given bloeck of memory
may be excited by a common highe-frequency generator. The
isclated cell or groups of cells, to which access is desired
&% any given time, may then be "selected” by being primed by
@ single discharge that has been shifted into the approp-
riate location in response to the selection specifications,
The use of the sandwiched-dielectric mode of eonstruction
will be necessary to realize fully the potential capabilities
of this type of storage.

Good-quality, plastic dielectrics can hold a charge
practically indefinitely, and it would seem that such a
memory system could be constructed so that for practical
purposes, it would not be classed as a "volatile” type, 1.e,
it would not require fre-uent inspection for the purpose of
roinstating any charges which might be decaying towards

ambiguous values,



VI, CONCLUSION

The title of this dissertation 1s, "A study of
highefrequency gas-conduction electronies in digital
computers,” and it must hore be stated that the conelusion
of this study leaves this author in a very optimistic state
of mind concerning the acceptance which this new art will
find in the digital computer fleld, The only recognizeable
disadvantage which is suffered by these gas-discharge doviens.
is that their speed of operation is limited, although adequate
for a large number of uses. (Speeds of thirty-thousand bits
per second have been realized, and promise exista for speeds
some ten times as great.) Speaking only of the devices of
this art which have yet been built, the highefrequency glow-
transfer shifting regilsters are endowed with the following
list of advantages:

1), Their 1ife should be very long, comparable with
that predicted for transistors. Cas eleanup, leakage, or
contamination should be the only limiting faetor, and of
these, eleanup should be very slow with no internal electrodes
present, and contamination elements in the gas will diffuse
evenly throughout all of the cells so that the register
characteristics should change uniformly. This latter means
that simple adjustments of the operating voltages or timing
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can take care of many of the consequences of contamination,

2)s The reliability of these registers should be
limited mainly by that of the associated circultry. It is
not expected that, within the life of the r,.f. power tubes,
changes in the characteristics of the reglster tubes will
occcur which are severe enough to require readjustment of
voltage levels. When these latter tubes are replaced, the
operating voltage level may be changed if necessary.

3)s The one-tenth watt per bit power consumption of
these devices seems already to be low enough to be acceptable,
in meny cases, in comparison with transistors, and seems
definitely favorable in comparison with vacuum tubes, Future
research should be able to reduce this consumption still
further,

l4). The simplicity and promised low cost of the
reglster structure seems to be unparalleled in the presente
day computer art,

5)e The symmetrical structure of these reglsters
allows either forward or backward shifting, the direction
depending entirely upon the excitation sequencing. This
effectively halves the access time for some applications,
which serves to compensate for the relatively slow speed.

6). The contents of these registers are directly
visible, which is a great operational advantage when a system
is being searched for troubles,



91

7)e With very little added cost, an error detecting
system ean serve to give a very high guarantee of error-free
service within each shifting reglster,

8). The size of these registers 1s quite small, The
estimate has been made that a hundred-bit register ean be
built into a eylindrical form which is three inches in
dlameter and six inches long. This 1s with presentlye
avallable techniques,

These register unite have an area of application which
is restricted by thelr speed limitation, but which promises
to be expanded by the conseguences of their low cost, In
the approaching era of large-scale data-processing systems,
there is a great deal of relatively slow-speed manipulation
of data which must be done, Unless a very cheap, high-
capacity, non-volatile type of memory is developed which is
much faster than any which is yet publicly proposed, the
above data processing will be foreced into being done teo a
large extent at speeds attainable by the glow-transfer shift
registers, The very fact that large-capacity, ehnaﬁ registers
are avallable may well stimulate the development of datae
handling techniques which utilize more of them, The task of
sorting seems quite ripe for this sort of effect.

Development of self-contained logical operations
within a single envelope would seem to guarantee wide-scale
usage of glow-transfer devices, Indications are p&aninina
that such a development can be realized, However, there 1is
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a great deal of research yet to be done in this new fleld
before predictions can be of any great value, A4s a fitting
tormination to this dissertation, a number of the more impor-
tant research and development tasks which are now faced will
be listed in brief detall,

Teehnigues for the forming of glowetransfer channels
in a sultable dlelectric, so that freedom to utilize three-
dimensional topology in channel flow and eonfluence may be
had, would be very valuable, This type of project would need
to include a development of appropriate excitations and quench-
voltage dzstripubion systems for such structures,. :

The problem of realizing self-contained logic is an
extremely vital one, but many of the poessible techniques
would rest upon the availability of the above type of struc-
ture...at least to be practical for production, THowever, a
large amount of theoretical analysis and laboratory experi-
ment could be done, and working logical-devices demonstrated,
before these structural techniques were fully avallable,

The stored-charge type of memory system, whilch was
briefly sketched in Section 5.2l, could possibly furnish a
very large semi-permeancent memory system which could have
some very novel and advantageous features, For instance,
selection of the memory cells to which access is desired
could be effected by the movement of a single discharge
alonz some specified path through a large number of succes-
gively selected branches to the point where it would provide
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the necessary condustivity to the storage surface, Almost
an absolute minimum of auxiliary selection equipment would
be needed for such a system, Also possible is such as a
serial readout or write seguence, in which successive memory
gcells are located at successive shifting-reglster cells and
one discharge is shifted down the channel.

The display devices which were mentioned in Section
5,22 could prove to be very useful to the computer field,
Cathode-ray-tube types of display seem to be the only real
competitor...their resolution would be impossible to equal,
but where character size may be desired to be large it would
geem that the glow-transfer device would be very promising.

The highe-frequency power sources for these glowe
transfer devices, as well as the assoclated impedance-matching
networks and distribution systems, will need attentlon, The
present speeds are limited by the envelope rise and fall
times of the high-frequency egquipment which 1s belng used,
Higher frequencies will do much to alleviate this limitation,
but it seems possible that the actual speed limitations which
may be reached, for practical registers, may be similarly
imposed, The change in impedance which 1s experienced during
the buildup of the excitation envelope could well require
speclial attention to the transmission and distribution system.

A eareful study needs to be made of the actual relation-
ship between the numerous physieal variables (as listed in
Section l.i) and the amount of power consumed per cell. This



would furnish a nicely combined theoretical and experimental
problem, and the findings could do much for the development
of the glow transfer devices,

A similar study ls needed of the gquenching techniques,
How best to hasten the decay by practical means will be very
important knowledge,

An applications study 1s needed, from a logiecal
designer's point of view, as to the advantages which may be
obtalned, 1in the design of wvarious funetional systems common
to the computing and data-processing field, by the free usage
of shifting registers,.,.of any desired capacity. Since the :
cost of large register systems promises to be low, even an
inefficient usage of them could still furnish a cheaper over-
all system, Special note in this respect can be taken of the
fact that the two-line reglsters described in Section 3.2 are
capable of being ineluded in large systems in which all of
the excltation power is furnished by two large generators,
which are switeching on and off at a clocked rate in a con-
tinuous timing sequence similar to that of Flgure 3=5, The
control of individual registers is then effected by separate
low-power quench sources which, if single-pulse quenching can
be improved in effectiveness, will be of very simple eircults.
There 1s great promise here for very cheap and very large
reglster systems,,.and there should be found good uses for

such,
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