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(57] ABSTRACT

A storage system for the mass recording and readout
of digital data with ultra high resolution. An electron
beam structure is provided for forming a beam of ex-
tremely small focused spot diameter, on the order of
0.1 microns, and high current density capability, on
the order:of 1,000 amperes per sq. cm., which records
data by scanning over defined areas of the storage me-
dium surface and micromachining elemental portions
of said medium as a function of beam modulation.
Readout may be subsequently accomplished by simi-
larly scanning the beam at reduced power density and

"detecting electrons that have been transmitted by or

reflected from the storage medium.

6 Claims, 11 Drawing Figures
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1 .
ELECTRON EMISSION SYSTEM

This is a division of application Ser. No. 847,972,
filed Aug. 6, 1969. '

BACKGROUND OF THE INVENTION

I. Field of the Invention

The invention relates to the field of mass storage and
retrieval systems for storing huge quantities of high res-
olution data and, in particular, to high density systems
of this type employing electron beam recording and
readout.

2. Description of the Prlor Art

A figure of merit of 10" data bits capacity has
evolved for mass storage and retrieval systems. A ca-
pacity of this magnitude .is. considered -desirable in
order to satisfy present day archival storage require-
ments and workers in the field continue to be engaged
in finding the most effective means for its accomplish-
ment within a confined space. The principal limitation
of storage systems developed to date is the resolution
of the storage data. Lacking very high resolution, these
systems require extensive storage space for storing
large quantities of data’and access times to said data
are necessarily slow. In order to index elemental data
bits for either storage or retrieval purposes, a relatively
complex and slow mechanical accessing operation is
normally required. In one system known to the art a
laser beam is employed for recording and reading out

data on a photosensitive storage medium which is in the -

form of a long continuous tape. Information is written
by scanning the beam diagonally across the tape as the
tape moves longitudinally, providing parallel scan lines
throughout the tape’s length. Because of inherent limi-
tations in the wavelength of laser energy, on the order
of 5,000 to 6,000 angstroms, data can be recorded with
resolutions no greater than a few microns. Thus, for a
10 bit memory, 2,400 feet of 8 mm tape must be pro-
vided. It may be appreciated that lengthy access times
are required for this system.

Another existing approach is to employ an electron
beam for writing on photographic film. This has been
accomplished employing a beam having a 3 micron res-
olution and recording on 35 mm chips. For a 10" bit
storage capability there are required 200,000 individ-
ual chips. The mechanical accessing requirements for
this system are extremely complex. Further, it is neces-
sary-to develop the photographic film before the infor-
mation can be read out or checked, and data cannot be
subsequently entered.

In the field of electron microscopy it has been sug-
gested to employ a scanned electron beam of extremely
small spot diameter, such as presently utilized in scan-
ning electron microscopes, to record digital informa-
tion by means of selective etching or a comparable
technique. The art has been developed to where there
presently exist beam forming apparatus which generate
beam spot diameters on the order of several hundred
angstroms and less, corresponding to a: resolution or-
ders of magnitude higher tharn in the above noted sys-
tems. However, these are all relatively low power den-
sity beams, not capable of providing directly perma-
nent data storage using presently available recording

materials. Accordingly, there does not exist at- the
present time apparatus for generating electron beams

of minute dimensions for an ultra high resolution re--
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cording which also have extremely high current density
characteristics for a permanent data storage.

SUMMARY OF THE INVENTION

It is accordingly a principal object of this invention
to provide a novel ultra high density storage system
which permanently and directly records data at appre-
ciably higher resolutions than presently obtainable,
making possible the rapid storage of huge quantities of
data within a confined space.

It is a further object of the invention to provide a
novel storage system as above described wherein re-
cording and readout operations are accomplished at
high speed, and do not require a separate developing
step.

A further object of the invention is to provide a novel

‘storage system as described wherein exceedingly large

quantities of data, on the order of 10" bits and greater, '
can be stored on a single, relatively small, storage sur-
face.

It is still another object of the invention to provide a
novel ultra high density storage system as above de-
scribed in which data is recorded by micromachining
elemental portions of the storage medium by means of
a scanned electron beam, the stored data being read
out also by a scanned electron beam.

A still further object of the invention is to provide a
novel electron beam forming structure for generating
a beam of extremely small spot diameter, on the order
of 0.1 microns, and high current density, on the order
of 1,000 amperes per sq. cm.

A yet further object of the invention is to provide a
novel electron beam forming structure for generating
a beam with the above noted characteristics by means
of a relatively low accelerating voltage, on the order of
Sto I0KV.

It is another object of the invention to provide a
novel: electron emission system having a field aided
thermionic cathode that emits electrons with an ex-
ceedingly high current denslty and is extremely stable
in its operation,

Still another object of the inveniton is to provide a
novel field aided thermionic cathode employing a tung-
sten needle coated with an atomic layer of zirconium
which exhibits an extremely long lifetime, on the order
of 1,000 hours and greater.

It is yet a further object of the invention to provide
a novel electron optical system for forming a high cur-
rent density, small spot diameter beam that is capable
of being deflected over a relatively large number of re-
solvable elements.

Still a further object of the invention is to provide a
novel electron optical system as above described in
which the effective spherical aberration of the focus
lenses-is-made low for relatively large focal lengths.

In accordance with these and other objects of the in-
vention there is provided an ultra high density storage
system which employs a scanned electron beam of ex-
tremely small spot size and high current density to re-
cord data on a storage medium by micromachining ele-

. mental portions of said medium. Readout of the stored
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data is accomplished by means of the scanned electron
beam, modulated electrons from the target storage me-
dium being collected by a detector device. The readout
electron beam is at reduced current densities which will
not destroy the stored data bits. For high capacity stor-
age, data is stored as numerous discrete data blocks
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over each of which the electron beams can be magneti-
cally or electrically scanned. Mechanical drive means
are provided for indexing the data blocks with respect
to said beam for both write and readout operations.
With respect to one specific aspect of the invention,
the electron beam is produced by a novel electron
emission system through a process of field aided ther-
mionic emission. The electron emission system is com-
posed of a cathode including a filamentary hairpin with
a welded single crystal oriented tungsten needle which
is of extremely small dimension at the emissive cathode
tip. Sintered zirconium is applied in a ball at the base
of the needle, and upon heating of the hairpin and nee-
dle migrates as a solid up the needle to the tip. The zir-
conium coating acts to reduce the work function of the
100 face on the tip of the tungsten crystal to a value ap-
preciably lower than occurring on other faces. The
emission system further includes an apertured anode
and grid electrode structure for generating a spherical

electric field configuration about the emissive cathode 2

tip which exhibits a very high field gradient at said tip
for causing a high power density electron emission.

With respect to a second specific aspect of the inven-
tion, an electron optical system is provided which in-
cludes first and second focus lenses to provide a single
stage imaging of the electrons emitted from the cath-
ode tip onto the target. The cathode tip, which is at
about the object plane, is positioned at the focal point
of the first lens and the target, which is at the image
plane, is positioned at the focal point of the second
lens. The focused beam impinges on the target at suffi-
ciently high power densities to vaporize away portions
of the target material. Modulation of the beam is ac-
complished by a modulation coil which shifts the beam
axis with respect to a limiting aperture provided in the
vicinity of the beam source. A set of deflection coils are
provided forward of the final focusing lens for deflect-
ing the beam in both X and Y directions in the plane
of the storing medium.

BRIEF DESCRIPTION OF THE DRAWING

The specification concludes with claims particularly
pointing out and distinctly claiming the subject matter
which is regarded as the invention. It is believed, how-
ever, that both as to its organization and method of
operation, together with further objects and advantages
thereof, the invention may be best understood from the
description of of the preferred embodiments, taken in
connection with the accompanying drawings in which:

FIG. 1 is a schematic diagram in a partially broken
away perspective view of an electron beam ultra high
density storage system in accordance with one embodi-
ment of the invention employing a limited area storage
medium;

FIG. 2 is an enlarged side view of the storage medium
and electron detector employed in the system of FIG.
I

FIG. 3 is a partial plan view of the storage medium
employed in the system of FIG. 1, illustrating the writ-
ten data format;

FIG. 4 is a series of graphs illustrating the formation
of the input modulation signal;

FIG. § is a side view of a modified reflective readout
structure,

FIG. 6 is a detailed cross sectional view of the total
electron beam structure of FIG. I;
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FIG. 7 is an enlarged cross sectional view of the elec-
tron emission structure of FIG. 6;

FIG. 8 is a further enlarged cross sectional view of
the cathode structure;

FIG. 9 are several curves illustrating field aided ther-
mionic emission;

FIG. 10 is a schematic diagram in partially broken
away perspective view of a further embodiment of the
invention employing a large area storage medium and
mechanical drive means for indexing said storage me-
dium; and

FIG. 11 is a partial plan view of the storage medium
employed in the system of FIG. 9.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring to FIG. 1, there is schematically illustrated
in perspective view an electron beam storage system
for permanently storing data at ultra high densities, ex-
ceeding 10” data bits per sq. cm. The data is written by
a scanned electron beam of extremely small beam spot
diameter, on the order of 0.1 micron, and extremely
high current density. A magnetic deflection was em-
ployed in the illustrated system, although an electro-
static deflection might also be used. The writing beam,
at the focused spot, exhibits a current density of 10
amperes per sq. cm. and greater, and therefore a power
density of 107 watts per sq. cm. and greater within mod-
erate anode voltages. The writing beam is modulated as
a function of the input data so as to selectively mi-
cromachine by vaporization elemental portions of the
medium 1 as the beam is scanned over its surface. Scan
rates as high as 107 data bits per second and higher are
employed. A non-destructive readout of the stored data
is accomplished by a scanned readout electron beam
operated at reduced power levels, about one tenth that
of the writing beam.

The electron beam structure for both record and
readout includes an electron emission system 3 and an
electron optical system 4 associated with an evacuated
chamber 5 within which the beam is enclosed. The
emission system 3 produces the electron beam and in-
cludes among its principal components a cathode struc-
ture 7, grid electrode 8 and anode electrode 9. The
electron optical system 4 controls, focuses and deflects
the beam and principally includes focusing coils 10A
and 10B, deflection coils 11 and modulation coils 12.
The emission system 3 and electron optical system 4
include features of novelty that make possible the ex-
tremely high resolution, high current density properties
of the focused electron beam, and will be described in
greater detail when considering FIGS. 6 and 7. An
input means 13, shown in block form, supplies input
signals for modulating the beam. Input means 13 may
comprise a conventional source of digital data, e.g., the
peripheral equipment of a digital computer. Although,
in the disclosed embodiments of the invention the mod-
ulation signal contains digital data, the invention need
not be so limited and may be useful with other data
forms such as analog and alphanumeric data,

A medium vacuum, on the order of 107 mm. Hg., is
provided within the chamber 5 by a vacuum pump 14,
schematically illustrated in block form. A vacuum of
this magnitude represents a compromise that it is rela-
tively easy to achieve and maintain, while being com-
patible with the high order of performance required of
the present system. Also housed within the chamber 5
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is the readout structure in the form of an electron de-
tector 15 upon which the storage medium 1 is depos-
ited. The storage medium 1 and detector 15 are
mounted on a base structure 16. An output means 17
is connected to the detector 15 for receiving the read-
out data. A master control logic network 18 is coupled

" to input means 13 and output means 17. The network
18 includes numerous logic circuits of standard design
for providing the sundry logic functions which control
the writing and readout operations, as well as a clock
frequency generator for supplying a master timing of
said operations.

The electron detector ‘15 may be a conventional
component. In the embodiment being considered it is
a single crystal silicon p-i-n junction device which in re-
sponse to penetrating electrons of the readout beam
generates electron-hole pairs. As shown'in the side
view of FIG. 2, the silicon detector includes a p region
20, an intrinsic region 21 and an n region 22, with
contacts 23 and 24 made to the p and n regions, respec-
tively. The storage medium 1 is deposited as a thin film
over the p region 20. A d.c. voltage source 25 is con-
nected through a lead resistor 26 to contacts 23 and 24
for reverse biasing the device. Qutput terminals 27 are
coupled through a capacitor 28 to contacts 23 and 24
for sensing readout current flow through the device 15.

During the write operation the electron beam is oper-
ated at high current and power densities. As it scans
across the surface of the storage medium- 1, the beam
selectively micromachines elemental portions thereof,
corresponding to the data bits, as a function of beam
modulation. A heating and rapid vaporization of said
elemental portions of the material occur in response to
penetration by the beam’s high velocity electrons. With
respect to the vaporization process, the high density
electrons of the focused beam spot penetrate the stor-
age material with relatively high kinetic energy. As the
electrons are rapidly decelerated by the bulk of the ma-
terial, heat is given off which in a localized area ele-
vates the temperature to a point well above the thresh-
old temperature of the vapor pressure versus tempera-
ture curve of the material, the threshold temperature
being that temperature at which the vapor pressure
commences to rise. steeply as a function of tempera-
ture. At this elevated temperature, the vapor pressure
of said localized area is raised orders of magnitude
above the ambient pressure and rapid vaporization of
the material results. .

It is preferred to modulate the beam by applying the
input signal to the modulation coils 12 for recurrently
shifting the beam from its central axis so as to be par-
tially intercepted during its travel, thereby maintaining
a constant current emission while modulating the cur-
rent density at the focused spot. The beam is rapidly
scanned by the deflection coils 11 along parallel data
tracks successively formed on the surface of the storage
medium.

In the embodiment of FIG. 1, the storage medium 1
has a storage area about 36 mils square with about
4,500 data lines and about 4,500 resolvable elements
per data line. Thus, there is provided a storage capacity
in excess of 2 X 107 bits. With reference to FIG. 3, a
small area of the storage medium 1 in a greatly magni-
fied plan view is illustrated, showing four data strips 31,
32, 33 and 34, the edges of which comprise the data
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lines. Tracks 35, formed between the data strips, are
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employed to servo the readout beam as will be further
explained. Information is written along both edges of

-each data strip at resolvable elements on the data lines,

such as shown with respect to resolvable elements m
and n. In accordance with standard practice, the data
lines have a string of known data bits written at the be-
ginning of each line which are used as a reference dur-
ing readout. In the present format the data strips are on
centers spaced apart by 0.4 microns, and each resolv-
able element is 0.2 microns in length. Digital informa-
tion of binary “‘1”’s and *“0”'s is written as a 180° phase
modulation of a square wave at one half the reference
clock frequency supplied by the logic network 18, so as
to correspondingly micromachine the data strips during
either the first or second half of travel of the beam
through each resolvable element. The writing beam

-may vaporize essentially the entire thickness of the

storage medium or only a fraction of this thickness.

. Referring to the diagram of FIG. 4, the binary bits
may be fed in as a series of ““1”s and “‘0”’s at two corre-
sponding d.c. levels, as shown by the Graph A. It will
be assumed that the bits are supplied at a 10 MHz rate.
The clock signal, shown in Graph B, is at twice the data
rate or 20 MHz. Graph C illustrates the phase modu-
lated square wave corresponding to the data bits in
Graph A that is employed as the input signal for modu-
lating the beam. With clock signal at a 20 MHz rate, a
single data bit is written in 0.1 microseconds.

For the operation under consideration, the storage
medium 1 must be a stable material capable of being
selectively and rapidly vaporized at the requisite reso-
lution of the system by the writing electron beam, and
yet be totally unaffected by the lower energy readout
beam. Principal properties of the medium 1 include a
relatively high vapor pressure at the writing tempera-
ture, and a vapor pressure that is a steep function of
temperature above threshold; a high density; and a low
thermal conductivity. A high vapor pressure of the
writing temperature causes the material to rapidly va-
porize in response to heating by the writing beam. The
steep vapor pressure versus temperature function per-
mits a reduced power readout operation that can pro-
duce no vaporization of the material. High density and
low thermal conductivity properties permit a localized
heating of the material necessary for high resolution
writing. The assignment of specific values for the above
noted properties is dependent upon the writing and
readout beam parameters as well as system require-
ments for resolution, speed, etc., and the interrela-
tionship of these factors. For example, the require-
ments for high vapor pressure, high density and low
thermal conductivity are inversely related to the writ-
ing beam current density.

In accordance with existing performance specifica-
tions for a giving system, the storage medium may be
selected from -various classes of materials including
semimetallic, semiconductor and dielectric materials.
In the embodiment under consideration there is em-
ployed an alloy of selenium with 10-20% arsenic for
retaining an amorphous form of the selenium. This ma-
terial has a specific gravity of about 4.3, a thermal con-
ductivity of about 107 calories per sec. per cm°C, and

a vapor pressure of about 10° mm. Hg. at a writing
temperature of 700°C, which pressure reduces to about
10™® mm. Hg. at a readout temperature of 70°C. The
material is deposited on one surface of the electron de-
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tector 8 as a thin film, having a thickness of approxi-
mately 1,500 to 3,000 A.

Considering the readout operation, the electron
beam is operated at reduced power density. This may
be accomplished by several different means, but it is
preferable to reduce the current density of the focused
spot through partial interception of the beam by biasing
the beam off its central axis. The reduced power den-
sity causes a correspondingly reduced heating of the
storage medium, and a very greatly reduced vapor pres-
sure, as previously noted. In the embodiment of FIG. 1,
as the readout beam is scanned the electrons from the
beam are transmitted through the etched portions of
the data elements and penetrate the electron detector
15. Electron-hole pairs are created by the penetrating
- electrons which generate a corresponding readout sig-
nal from output means 17. The readout signal contains
the readout data in the form of phase information simi-
lar to the input signal. To maintain accuracy of the
readout signal, this signal is synchronized with the
clock frequency during the readout of each data bit.

In order that the readout beam precisely follow each
data line, a servo system is provided for sensing and
correcting any tendency for beam offset. One of several
conventional servo techniques may be employed. In the
storage system of FIG. 1, an edge servo system is used
wherein as the beam is scanned along a data line, dis-
placement from the edge of the data track is sensed and
a correction signal generated. A servo unit, including
a low pass filter and an error sensor to which the read-
out signal is coupled, may be embodied within the out-
put means 17. As the beam travel may tend to deviate
from a scanned data line toward or away from the ad-
joining servo track, a low frequency component is in-
troduced into the readout signal the magnitude of
which is a function of the beam displacement. In re-
sponse to said low frequency component, the servo unit
generates a correction signal which is coupled to the
vertical deflection coils for compensating the beam’s
travel.

In FIG. 5 is illustrated an alternate embodiment of
the readout structure of the reflective type. In this em-
bodiment, a storage medium 41 is deposited upon a
supporting substrate 42, e.g., of glass. An electron de-
tector 43 is positioned above the storage surface and
offset from the impinging electron beam. The electron
detector 43, which may be one of several conventional
types including the p-i-n junction device illustrated in
FIG. 2, receives readout electrons which are reflected
from the storage medium surface. The back scattered
electrons can be reflected primary or secondary elec-
trons, or both. An accelerating potential, not shown, is
applied in known fashion to the detector for sensing
secondary electrons. The readout operation is other-
wise similar to that previously described, the detector
responding to the reflected electrons for generating
electron-hole pairs within its volume, which in turn
provides a corresponding readout signal. Other forms
of electron detectors such as channel multipliers and
photon devices may also be employed.

A cross sectional view of the total electron beam
structure including the electron emission system 3 and
the electron optical system 4 is shown in FIG. 6, taken
along the plane 6—6 in FIG. 1. An enlarged cross sec-
tional view of the electron emission system per se is il-
lustrated in FIG. 7, and a further enlarged view of the
cathode structure is shown in FIG. 8. The electron
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beam structure of FIG. 6 and 7 forms an electron beam
having a theoretical current density j at the focused
spot on the target that may be defined by Langmuir’s
equation as follows:

J=Jjo (1 + eV/KT) sin*a

where j, is the emission current density at the cathode
emissive surface;

e is the electron charge;

V is the voltage at the target;

K is Boltzman’s constant;

T is the absolute temperature; and

a is the half angle at the focused spot.

WIth reference to the above equation, it may be ap-
preciated that the requirements of the storage system
impose a number of significant constraints on the elec-
tron beam structure in providing extremely high target
current densities. Thus, a prime consideration for ob-
taining a high target current density j is to maximize the
cathode emission current density j,. The current den-
sity j is also proportional to the target voltage V. How-
ever, the voltage V also determines the velocity at
which the electrons strike the target and an excessively
high voltage will result in expanding the elemental
heated portions of the storage medium and degrading
resolution. Thus, the value of V must be determined
with these conflicting considerations in mind. From the
above equation it is also seen that the current density
J 1s inversely proportional to the temperature T, which
places a limitation on heating of the cathode.

Referring to FIG. 7, the cathode structure 7 includes
a hairpin filament 50 having a cathode needle 51 joined
at the vertex of said hairpin. A potentiometer, includ-
ing a d.c. source 52 in shunt with a resistor 53, is cou-
pled to the terminals of the filament 50 for heating said
filament. A negative high voltage source —V, is coupled
to a tap on the resistor 53. A shield 54 surrounds the
cathode, grid and a part of the anode structure. The
grid electrode 8 is in the form of a disk having an aper-
ture 55 through which the cathode needle extends. A
negative voltage source —V, is coupled to the grid 8,
where —V, is slightly more negative than —V,. The
anode electrode 9 is of the re-entrant type, the re-
entrant portion being provided with a central aperture
56 positioned immediately forward of the cathode lip.
The anode electrode 9 is at ground potential, as is all
structure forward of anode. At the opposite or forward
end of the anode electrode is a limiting apertured elec-
trode 57 in the shape of a disk having a central limiting
aperture 58. A cylindrical sleeve 59 encloses the de-
scribed emission structure. Several passages in the grid
and anode structure, such as at 67, 68 and 69, facilitate
evacuation of the electron emission region. The anode
electrode, grid electrode and cathode needle structure
together with the potentials applied thereto produce a

- hemispherical electric field configuration around the
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cathode tip, with the tip at the radial center of the
hemisphere. The hemispherically configured electric
field in combination with the extremely small dimen-
sions of the cathode tip produce a very high electric
field gradient in the vicinity of said tip. The hemispheri-
cal field also limits aberrations in the focused beam.
In one operable structure, in accordance with the in-
vention, the cathode needle 51 is about 30 mils in
length and extends forward of the grid electrode 8 by

~about 10 mils. This is the dimension g in FIG. 8. The

grid electrode shields the hairpin and assists in limiting
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emission to the tip of the cathode needle, well as in
shaping the hemispherical electric field. The emissive
surface at the cathode needle tip has a radius of about
! micron. The grid electrode aperture 55 is about 10
mils in diameter. The anode electrode 9 is about 30
mils forward of the grid electrode 8, shown as the di-
mension k in FIG. 8. The anode electrode is about
1.125 in. wide at the forward end and has a total length
in the axial direction of about 1.1 in. The anode aper-
ture 56 is about 10 mils il diameter and the limiting ap-
erture 58 is about 20 mils in diameter. For the indi-
cated length, dimension and forward extension of the
cathode needle 51, the grid to anode spacing and the
dimensions of the grid, anode and limiting apertures,
the voltage —V, was at 5.0 KV and the voltage ~V, at
5.3 KV. An electric field gradient of 107 V/cm, was
thereby provided at the cathode tip. For a voltage —V,
of 10.0 KV and —V; of 10.3 KV, the grid to anode spac-
ing is modified, computed to be about 40 mils, for re-
taining the 107 V/cm. electric field gradient at the cath-
ode tip. The filament was heated to a témperature of
approximately 1,800°K. This temperature keeps the

20

cathode tip clean of contaminating absorbed atoms in

the medium vacuum that is used. The extremely high
electric ficld gradient in combination with heating of
the filament 5@ produces a high density field aided
thermionic emission from the cathode tip. It is noted

25

that the high field gradient of 107 V/cm. is obtained

with a moderate anode voltage of less than 5 KV to
about 10 KV: These values of .voltage, particularly at
the lower end, are found not to provide an excessively
great velocity of electrons striking the present target
which might cause diffuse heating of the target such as
to degrade resolution. In addition, for extremely thin
targets, overly high velocity electrons may penetrate
completely through and not generate sufficient heat in
the target material.

In accordance with the operable embodiment under
consideration, the hairpin filament 50 is composed of
rhenium selected for its refractory and ductile charac-
teristics. The filament has a diameter of about 10 mils
reduced to 7 mils-at the vertex, as indicated in the en-

larged drawing of FIG. 8. The cathode needle 51 is an’

oriented single crystal tungsten having the 100 crystal
face at the needle tip, which is the perferential face for
lowering the work function. The 100 crystal face is or-
thogonally related to the needle longitudinal axis within
a one degree limit, preferably. The needle 51 is welded
to the filament 50. A slurry of zirconium hydride is ap-
plied as a bead to the base of the needle 51 around the
weld point. Upon heating of the filament, the zirconium
hydride becomes sintered to form zirconium. The zir-
conium migrates over the surface of the needle and
" covers the tip, providing continuous replenishment for
the effects of evaporation and ion bombardment. An
atomic layer of zirconium is thereby coated over the
surface of the needle 51 which, together with oxygen
_atoms from the residual gas in the vacuum, act to re-
duce the work function at the emissive tip from 4.5 ev

for pure tungsten to 2.8 ev. The reduced cross sectional

dimension of the filament 50 at the vertex raises the
temperature of this region relative to the remaining
length of the filament and assures migration of the zir-
conium along the needle 51 in the direction of the tip.
The amount of zirconium material that need be dis-
persed is very little. A filament temperature of 1,800°K
in a medium vacuum of about 1077 mm. Hg keeps the
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cathode tip clean of absorbed atoms. The described
structure results in cathode lifetime that is extremely
long, e.g., on the order of 1,000 hours and greater. It
is noted that the optimum filament temperature is a
function of pressure and for medium vacuum may exist
in a range, typically, of 1,750°K to 1,850°K.

In FIG. 9 there are illustrated several field aided ther-
mionic emission curves for both zirconium coated
tungsten cathodes and plain tungsten cathodes at dif-
ferent filament temperatures and for a fixed vacuum.
The curves are plotted as emission current density in
amperes per sq. cm. vs. electric field gradient in volts
per cm. Curve A represents a pure tungsten cathode
heated to a temperature of 2,000°K. The curve is seen
to cross the 107V/em. field gradient line at a current
density of about 10 amperes per sq. cm. Curve B repre-
sents a zirconium coated tungsten cathode heated to a
temperature of 1,500°K, which is seen to intersect the
107V/cm. line at a- current density of about 200 am-
peres per sq. cm. It is noted that although the filament
temperature is lower than for curve A, the lowered
work function of the zirconium coated tungsten ele-
ment appreciably increases the current emission. Curve
C represents a pure tungsten cathode heated to a tem- -
perature of 2,600°K, which crosses the 107 V/cm. line
at-a current density of about 500 amperes per sq. cm.
It is seen that the elevated filament temperature raises
the current emission of the pure tungsten cathode
above that of curves A and B. Curve D represents.a
pure tungsten cathode heated to a temperature of
3,000°K, which provides an emission current density in
excess of 1,000 amperes per sq. cm. at the 10"V/cm
line. Although high emission densities are achieved, the
temperature of curves C and D are found to be exces-
sively-high so as to drastically limit the lifetime of the
cathode. Curve E represents a zirconium coated tung-
sten cathode heated to a temperature of 1,800°K,
which is the type employed in the described embodi-
ment. It is seen that this cruve attains an emission cur-
rent density only slightly less than that of curve D but
at a very much lower temperature. Thus, at 1,800°K it
is found that a high emission density and high target
current density is attained, and a stable operation with
long lifetime provided.

Referring again to FIG. 6, a pair of modulation coils
12 of standard design are mounted on opposing sur-
faces of a cylindrical sleeve 59 of the vacuum chamber
5, the sleeve being shown also in FIG. 7. The modula-
tion coils are employed to direct the beam along a sin-
gle axis in the X~Y plane, which is a plane transverse
to the central axis Z of the beam. Forward of the anode
electrode 9 there is mounted a first magnetic focus lens
in the form of focus coil 10A which is wound about the
circumference of the chamber 5 and produces a mag-
netic field predominantly along the central axis of the
beam. The coil 10A is per se of conventional type with
its conductors enclosed by a magnetic ring coil form.
A gap 60 in the inner wall of the magnetic form locates
the reference plane of the focus lens, which is at the
middle of the gap at plane 61. The reference plane is
used for spatially relating the focus coils one to the
other and to the object and image planes. The refer-
ence plane is used for this purpose rather than the con-
cept of principal plane because for these lenses the
principal planes are not readily located. Forward of the
first focus coil 10A is a second focus coil 10B similar
to the first, having a gap 62 in the coil form that places
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the reference plane of the second focus lens at plane
63. An astigmator coil 64, of standard design, is wound
about the chamber 5 for generating a proper axial mag-
netic field in the region of the limiting aperture 58. The
astigmator coil is employed to compensate any astig-
matism that may be produced by the focus coils 10A
and 10B. In addition, two pairs of centering coils 65,
mounted on opposing surfaces of the vacuum chamber
wall 66 in the vicinity of the lens plane 61 are provided
for directing the beam along two orthogonally disposed
axes in the X-Y plane. The centering coils adjust the
beam to pass through the center of the second focus
lens. Two pair of deflection coils 11 mounted on oppos-
ing surfaces of the wall 66 forward of the second focus
coil 10B deflect the beam in two orthogonal directions
in the X-Y plane.

Electron optics principles of the structure shown in
FIGS. 6 and 7 will now be discussed. Electrons emitted
from the emissive surface at the cathode emission
under the hemispherical electric field configuration
will generally be directed along diverging paths corre-
sponding to radii of the hemispherical electric field,
said paths appearing to emanate from a point slightly
behind the cathode emissive surface which may be con-
sidered as a virtual image of the cathode. Only a frac-
tion of the emitted electrons are passed by the anode
aperture 56, the passed electrons being within about a
10° solid angle of the beam central axis. Of the elec-
trons transmitted through the anode aperture 56 only
a small fraction, within a solid angle of about 1°, are
passed by the limiting aperture 58. The first focus coil
10A transposes the diverging beam into a collimated
beam. The second focus coil 10B transposes the paral-
lel beam into a converging beam which is focused on
the surface of the storage medium.

Spherical aberration of a focus lens, C,, is the most
serious form of error existing in electron optical sys-
tems, in general, with respect to providing a sharply fo-
cused image. C, is primarily a function of lens power,
structural dimensions of the lens and accelerating volt-
age. Significantly, C, is inversely related to the lens
power, or otherwise considered, a direct function of the
lens focal length. The present configuration of the elec-
tron optical system very appreciably reduces spherical
aberration of the system by minimizing the effective
spherical aberration C’; of each lens. C', is defined as
follows:

C'y=Cyalf) 4

where a is the distance of the object plane or image
plane to the principal plane of the lens, and f is the
focal length of thelens. o

Through the employment of a pair of focus lenses 10A
and 10B, the cathode emissive surface, corresponding
approximately to the object plane, may be located at
about the focal point of the first focus lens 10A. Thus,
for each lens ¢ = fand ', = C,. This may be contrasted
with using a single focus lens for focusing the cathode
object at the image plane where to do so the object
plane and image plane must be spaced at an apprecia-
bly greater distance than the focal length, so that a>f
and ",>>C,. From the above consideration, spherical
aberration of the system is reduced by increasing the
power of focus coils 10A and 10B, within certain limit-
ing factors. With respect to coil 10A, the limiting fac-
tors are principally the physical size and configuration
of the anode structure. With respect to coil 10B, the
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limiting factors are the placement of the deflection
coils 11 and the requirement for deflecting the beam
over a wide area. Where a reflective readout is em-
ployed, as in the embodiment of FIG. §, a further limit-
ing factor is presented in positioning of the electron de-
tector in the region above the storage medium.

In several exemplary operable embodiments of the
electron optics structure, each of the focus coils 10A
and 10B were identical and had the following specifica-
tions: the bore radius R = 13/16 in., and the ratio S/D
=3/13, where S is the gap width and D the bore diame-
ter. The spacing of the cathode needle 51 to the plane
61, which is the dimension & in FIG. 6, was 1.5 in., the
exact dimension having been dictated primarily by the
length of the anode electrode 9. The planes 61 and 63
were spaced apart by 3.5 in., dimension 1 in FIG. 6,
which is sufficient to accommodate placement of the
cores but is not considered to be a critical dimension.
The coil 10A was provided with ampere turns NI =455
at SKV, and NI =640 at 10KV . C, = 4.85.

With the storage medium 1 spaced 1 in. from the
plane 63, dimension o in FIG. 6, thére were provided
ampere turns NI = 570 at an accelerating voltage of
5KV, and M = 810 at 10KV . C;= 1.85. A spot size of
979 A diameter was achieved. Power density at the fo-
cused spot was measured at 6.64 X 10% watts per sq.
cm. at 10 KV.

With the storage medium spaced 1.5 in. from the
plane 63 N/ = 455 at 5KV, and NI = 640 at 10KV . C,
=4.85. A spot size of 1,058 A diameter was achieved.
Power density at the focused spot was measured at 5.69
X 10% watts per sq. cm. at 5KV and 1.14 X 107 watts per
sq. cm. at 10KV.

It may be appreciated that the angle of convergence
of the beam at the storage medium surface is an inverse
function of the spacing of the medium 1 and the plane
63. The beam spot size is a function of a and C,, and
may be expressed as

V dI+(Ca2) 2, where d, is the ideal spot size with
zero error, and « is the half angle of the converging
beam. In determining the spacing between the medium
1 and the plane 63, conflicting constraints are present.
C, decreases and a increases as the spacing in reduced.
The selected spacing is optimized with respect to these
properties, as well as the requirement for scanning over

arelatively large area.

The dimensions of the coils presented above are pri-
marily for purposes of example and not intended to be
limiting. Other size coils may and have beem employed,
with the electrical parameters appropriately modified
to provide operation in accordance with the present
teachings.

During a writing operation the modulation coils 12
drive the beam along a single axis in the X-Y plane, so
as to shift the central axis of the beam between a posi-
tion in the center of the imiting aperture 58 and a posi-
tion offset from the center where the focused beam is
partially -blocked by the limiting apertured electrode
57. The beam is shifted as a function of the modulation
signal. With the central axis of the beam at the center
of the limiting aperture 56 the focused beam spot is of
maximum current density and will readily machine the
storage material. At the offset position, the focused
beam spot current density is reduced sufficiently so
that no machining of the storage material can occur.
Thus as the beam is scanned along the data lines by the
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deflection coils 11, the current intensity at the focused
spot is modulated and data thereby written.

During a readout operation the modulation coils 12
are employed to fixedly bias the beam in the offset posi-
tion so that the beam is partially blocked by the limiting
apertured electrode 57 for fixedly reducing the current
density of the focused spot. The beam of the reduced
current density is scanned along the data lines by the
deflection coils 11 for providing readout of the stored
data without effecting any physical change or destruc-
tion of said stored data. Alternatively, the anode volt-
age can be reduced during readout for reducing power
density at the focused spot.

In FIG. 10 there is illustrated in a partlally broken

away perspective view a further embodiment of a stor-

age system in accordance with the invention employing
a large area storage medium 71 composed of many data
blocks 72 for providing a total storage capacity several
orders of magnitude greater than that of embodiment
of FIG. 1. A single data block corresponds to the stor-
age area of the medium 1 in the embodiment of FIG.
L. In the embodiment of FIG. 9, the total storage area
of the storage medium 71 is a plane surface about 210
X 210 square mm., providing about 44,000 data blocks
‘and a total storage capacity of 10" bits. The data
blocks are arranged in column and row configuration,
only an exemplary number being shown in the partial
plan view of FIG. 11.

The electron optics corresponds to the structure of
FIGS. 6 and 7 and comparable components are simi-
larly identified but with an added prime notation. Ac-
cordingly, the electron emission system 3’ and the elec-
tron optical system 4’ are identical to the previously
considered embodiment. The input network 13', out-
put network 17" and logic network 18’ may be similar
to that of FIG. 1. Readout is preferably by means of a
reflective structure such as shown in FIG. § employing
the electron detector 43’ positioned above the storage
surface. However, a transmissive readout similar to
FIG. 1 may also be employed, requiring a suitable stor-
. age area electron detector structure for supporting the

storage medium.

The storage medium 71 is mounted on a movable
substrate 73 for positioning in both the X and Y direc-
tions. Movement Of the substrate 73 is provided by a

* pair of motor drive means 74 and 785 located outside of
the vacuum. Drive means 74 and 75 may include mo-
tors of conventional type which position the substrate
73 with an accuracy of = 1 mil. A variable reactance
stepping motor is suitable. Means 74 through a linear
drive shaft 76 drives the substrate 73 in the X direction,
and means 75 through a linear drive shaft 77 drives the
substrate 73 in the Y direction. The drive means 74 and
75 may each include a motion translation mechanism,
such as a conventional ball screw-ball nut arrangement,
for converting the motor’s rotational motion to the lin-
ear motion of the drive shafts. A bellows such as shown
at 78 provides a vacuum seal around the drive shafts 76
and 77 while accommodating their linear motion.

Accordingly, in the operation of the system of FIG.
10, the motor drive means 74 and 75, under control of
the logic network 18’, provide indexing of individual
data blocks 72 with respect to the electron beam struc-
ture and the electron beam. Upon a selected data block
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The invention has been described with respect to a
number of specific embodiments primarily for the pur-
pose of clear and complete disclosure. It should be rec-
ognized, however, that numerous modifications may be
made to the disclosed structure by those skilled in the
art which would not exceed the present teaching. For
example, the present electron optical system has been
employed to great advantage in combination with a
novel electron emission system employing a zirconium
coated oriented tungsten needle having a very low
work function and-capable of operating clean in a me-
dium vacuum so as to provide an extremely high emis-
sion density and a long lifetime. The combination of the
described electron optical system and the electron
emission system produces at the target a focused beam
spot of extremely small dimensions and high current
density. Conceivably, similar operation may be
achieved by the present electron optical system in com-
bination with other electron emission systems exhibit-
ing similar characteristics of high emission density, sta-
bility and low long lifetime in a medium vacuum. For
example, a hafnium coated tungsten cathode or a lan-
thanum hexaboride cathode are believed to have the
inherent properties for such operation, although to
date are not known to have been suitably developed
toward this use.

Further, within the concepts of present invention, the
described storage systems may employ for storing data

~a material whose physical state or properties, other

than or in addition to volume, are capable of being
changed by a high power density beam, which change
of state or properties can be detected by a readout
beam. In addition, the invention is considered to em-
body use of a storage material capable of selective era-
sure by an electron beam.

It is also noted that the electron beam structure de-
scribed herein may have useful application to other
than information storage systems, for e\(ample to mi-
cromachining and micro-etching operatlons in the field
of microelectronics.

What is claimed as new and desired to be secured by

- Letters Patent in the United States is:
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being indexed, the electron beam may provide write

and readout operations precisely as described with re-
- spect to the previous embodiment of the invention.

1. An electron emission system, comprising:

a. a hairpin filamentary heater,

b. a cathode needle of single-crystal tungsten having
an emissive tip joined to the vertex of said filament,
said needle provided with a singly oriented 100
crystal face at said tip,

. a bead of zirconium coating material for reducing
the work function at said supply oriented crystal
face applied to the foregoing filamentary needle
cathode in the vicinity of the junction between said
needle and filament, said material migrating over
the needle surface and coating the tip as a very thin
layer in response to heating of sald filament and
cathode needle, and

means for operating said filamentary cathode in an
atmosphere containing oxygen at a medium vac-
uum, said oxygen continuously combining with said
migrating zirconium to facilitate continuous re-
plenishment of said work function reducing coat-
ing.

2. An electron emission system as in claim 1 wherein
said medium vacuum is on the order of 10~7 millimeters
of mercury.

3. An electron emission system as in claim 2 in which
said filament and cathode needle are heated to a tem-

d.
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perature within the range of approximately 1,750°K to
1,850°%K.
4. An electron emission system as in claim 3 in which
said emissive has a radius on the order of one micron.

5. An electron emission system as in claim 1 wherein
the cross sectional dimension of said hairpin filament
in the region of said vertex is reduced so as to intensify
heating of this region and assist in migration of the
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coating material over the needle surface.

6. An electron emissive system as in claim 1 which
further includes field means for providing an electric
field of generally hemispherical configuration about
said emissive tip with a sufficiently high electric field
gradient in the vicinity of said emissive tip to produce

a high density emission.
* ok ok X ok



