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This invention relates to apparatus which employs the
electron spin resonance phenomenon. More particularly,
it relates to apparatus in which electron spin resomance
in paramagnetic materials is utlhzed as a means of stor-
ing mformauon

It is known from the study of paramagnetic resonance
that the normal population distribution among the energy
levels of unpaired spinning electrons may be altered by
applying to the sysiem wave energy having a frequency
which corresponds to the separation between two given

levels. The relation between the frequency and the sepa-
ration is expressed by Bohr’s equation
E,—E,
VETTR T

where % is Planck’s constant). It is characteristic of a
system in thermal equlhbrlum that the population of the
lower energy levels is greater than that of the upper
levels. By applying a signal of the proper frequency
and amplitude it is possible to disturb the equilibrium
distribution. Such’ distribution will tend to remain dis-
turbed for a time which is described as the spin lattice
relaxation time. During such time, the medium will offer
less absorption to applied wave energy of the correspond-
ing frequency than otherwise. In fact, if the equilibrium
distribution has been inverted by the initial application of
wave energy, as is possible under known conditions of
operation, the medium will be stimulated to emit radiation
on the subsequent application of wave energy of the ap-
propriate frequency.

The invention is based upon my realization that based
on the occurrence or nonoccurrence of absorption of an
applied signal at the resonant frequency the existence or
nonexistence of a population disturbance between two
particular energy levels, and hence the previous history
of the two particular energy levels, may be aovanta-
geously employed to store information.

An object of the present invention is mew and im-
proved apparatus for storing data,

A feature of applicant’s invention is a storage medium
which includes a collection of paramagnetic jons and
which is disposed in-a magnetic field to provide a collec-
tion of electron spins each characterized by a pair of
discrete energy levels, the collection providing a system
exhibiting a plurality of electron spin resonant frequencies.

Another feature of the invention is an arrangement
for providing to the storage medium described a first
sequence of resonant frequencies for the storage of infor-
mation and a second sequence of resonant frequencies
for the read-out of information. FEither or both of the
sequences may be random. )

The invention is suitable for use in high speed digital
computers, either as a buffer store or as the main digital
store. Flexibility with respect to function is due to the
wide range of storage times which may be attained by
appropriate choice of the resonant medium.

In an embodiment in accordance with the invention,
a paramagnetic storage medium is positioned in an in-
homogeneous magnetic field to create a plurality of cen-
ters having different resonant frequencies. A backward
wave oscillator is used to supply the input information to
be stored to a microwave circuit which surrounds the
storage medium. The frequency of the backward wave
oscillator is varied in accordance with the information to
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be stored. There is interposed between the oscillator and
the microwave circuit a switch which is under the con-
trol of signal information to insure that the oscillator is
effectively connected to the microwave circuit when a
signal corresponding to a piece of information is to be
stored. Reading out of the stored information is achieved
by the use of the oscillator to generate a frequency coi-
responding to the particular piece of stored information
to be recovered and the application of the resulting wave
energy to the microwave circuit. Such microwave en-
ergy will be absorbed by the medium in the absence of
any previously stored piece of information at that fre-
quency but will be little attenuated in the presence of a
stored piece of information at that frequency.

The invention will be more fully understood from the
following more detailed description, taken in conjunction
with the accompanying drawing, in which:

FIG. 1 shows apparatus suitable for use as a memory
unit according to the principles of the invention; and

FIG. 2 depicts schematically an illustrative arrange-
ment of a data storage system in accordance with the in-
vention.

Referring now more specifically to the drawing, there
is shown an electron resonance memory unit 19 compris-
ing a solid storage medium 11 including therein a collec-
tion of paramagnetic centers which is situated between
the poles of a magnet 12. In accordance with the prin-
ciples of the invention, the storage medium 11 includes
therein many paramagnetic centers having different res-
onant frequencies so that a plurality of pieces of data
may be stored in each unit. A broad band microwave
circuit 14, shown in the drawing as a helix, is coupled
to the storage medium %1 so that signals corxespondmg
to the various resonances and representing separate pieces
of information may be applied thereto and abstracted
therefrom.

A large number of different spin resonances can be
attained in a sample of a particular paramagnetic com-
pound by placing it in an inhomogeneous magnetic field
as shown, since the strength of the field determines the
Zeeman splitting between pairs of energy levels. In sub-
stances where the resonant frequencies vary with the
orientation of crystalline axis in a magnetic field, a powder
of randomly oriented paramagnetic crystallities may be
used as the storage medium: to widen further the storage
band. Additional bandwidth may be attained by utilizing
as the storage medium an intimate mixture of several
types of paramagnetic centers having different resonant
frequencies. 'The widest band is achieved by combining
all three techniques.

The storage capacity of a memory unit of the type
shown in FIG. 1 depends prmmpally upon the maximum
permissible number of spins per cubic centimeter of the
storage medium and the width of the frequency band
required for rapid write-in and read-out of each piece of
information. The density of spins should be hlgh enough
to. give a read-out sufficiently above the noise level for
faithful recovery but low enough to avoid spin-spin cou-
phng which results in an undesirable broadening of the
various reonances and limits the capacity of the medium.
A density of about 10% for each resonant frequency is
suitable. Actually each resonant frequency will be a
narrow band of frequencies.

In most applications it will be desirable to insert and
remove a particular piece of information without- disturb-
ing the others stored in different “cells” in the medium.
It will be convenient to refer to each group of spins of a
particular resonance band as a storage cell. To this end,
the extended frequency range available for storage of data
in the memory medium will generally be divided into
discrete narrow bands, each of which will be of a band-
width sufficient to write in and read out a piece of in-
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formation without substantially lapping over into the
adjacent bands of the spectrum which correspond to other
storage cells. It can be seen that the speed of operation
will affect the number of available bands and hence tend
to limit the capacity of each storage unit. A very high
speed application of the device may, for example, utilize
a read out signal which builds up in about 10—8 seconds.
Such a burst contains components spread out over a 30
megacycie frequency band. To avoid overlapping it might
be desirable to allocate about twice this bandwith, or 60
megacycles, to each storage cell.

Speed of operation also affects sensivity of read-out,
since the magnitude of the amplification experienced by
the sensing burst depends to some extent upon the dura-
tion of its interaction with the inverted spin system.

A wide range of memory times can be achieved by the
use of various suitable materials as storage media. Thus
phosphorous-doped silicon at liquid helium temperatures
is capable of storing a bit for about one minute. This
material provides a spin concentration of about 107 per
cubic centimeter so that about 100 storage cells, each
containing 105 spins can be attained in an element of
reasonable size. Other paramagnetic materials are known
which provide spin concentrations as high as 1019 per
cubic centimeter with relaxation times between one mil-
lisecond and ome second. Such materials include alkali-
halides bombarded for the introduction of paramagnetic
color centers therein, as is disclosed in application Serial
No. 618,864, filed October 29, 1956, by G. Feher, now
abandoned.

In the data storage system 20, shown in block schematic
form in FIG. 2, a backward wave oscillator 21 is em-
ployed as the source of write-in and read-out signals. An
advantage of such a device is that its output frequency
can be conveniently and rapidly varied by controlling the
voltage applied to its slow wave structure for fixing the
velocity of its electron beam. Thus the data input and
program information is translated into a voltage wave
form and is conducted from the master control unit 22
of a computer or data processing system, to the control
oscillator 21 to control the frequency of its output.

The output of the oscillator 21 is supplied to the
microwave circuit of the storage unit 19 through a selected
one of the traveling wave tubes 23 and 24, utilized in the
illustrated system as microwave switches. The storage
unit 10 is as described in FIG. 1. In this capacity the
traveling wave tubes serve to isolate the storage unit from
the oscillator 22 while the latter is being swept to the
frequency at which a piece of information is to be in-
serted or withdrawn. Thus the power output of the oscil-
lator 22 is allowed to remain steady while the switches
prevent the intermediate frequencies covered during its
sweep from affecting the storage cells having resonances
at such intermediate frequencies.

The traveling wave tube switches 23 and 24 are con-
veniently opened and closed by a voltage wave form sent
out by the master control 21. In the diagram, the switch
23 has been designated as the write-in switch. Advanta-
geously, it is adapted to transmit a relatively high power
while the read-out switch 24 is adapted to transmit a rela-
tively low power. This is so that the write-in signal will
saturate the appropriate energy transition in the storage
unit 18 while the read-out signal will be sufficient merely
to sense whether the transition has been saturated. A
read--out switch 25 which is open during the writing-in
interposed between storage unit 18 and the load 26 is
inserted to insure that none of the write-in power reaches
the load.

The operation of the system 20 typically is as follows.
At a time ¢, the master control has available a piece of
information which is to be stored in a particular storage
cell corresponding to a particular frequency band f;. The
master control accordingly develops a voltage of magni-
tude such that when applied to the backward wave oscil-
lator, the latter generates an output frequency f,. The
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master control also provides a control pulse to the travel-
ing wave tube serving as the switch 23 for closing the
switch when frequency f, is available at the output of the
backward wave oscillator. Accordingly, energy of fre-
quency f; is supplied to the microwave circuit of the
storage unit 16 for saturating the corresponding stor-
age cell.

At a later time f, the master control has available a
different piece of information which is to be stored in a
different storage cell corresponding to a frequency band
fo. The master control accordingly develops a voltage of
magnitude such that when applied to the backward wave
oscillator frequency f, is developed at its output. The
master control also arranges to have energy of frequency
/2 supplied to the circuit of the storage unit for saturat-
ing the appropriate storage cell.

The process is continued at times 13, #4, etc., for storing
succeeding pieces of information in different cells of the
storage unit.

An important advantage of the described arrangement
is that the various cells may be stored in a random man-
ner.

Reading out is accomplished in an analogous fashion.
The master control can read out the piece of information

in a particular cell simply by developing the appropriate

voltage for generating in the backward wave oscillator
the frequency which corresponds to the resonant frequen-
cy of the particular cell. Energy of this frequency when
applied to the microwave circuit of the storage unit will
be absorbed if the storage cell is not in a charged or
saturated state but will pass it little attenuated to the
load if the storage cell is in a charged state. The two
read-out switches 24 and 25 are closed at appropriate
times in the reading-out stage under the control of the
master control unit.

It can be appreciated that the system is characterized
by random access of the stored information. Simply by
supplying the appropriate voltage to the backward wave
oscillator a particular cell can be sampled. Alternatively,
by supplying a particular wave form to the backward
wave oscillator the cells may be sampled in a desired
sequence. In the reading process too, the master control
is used to develop appropriate gating pulses for closing
the read-out switch at appropriate times.

Various other modes of operation can be devised par-
ticularly if it is satisfactory to employ a regular sequence
for storing and reading out. In such instance, the back-
ward wave oscillator can be supplied simply with a volt-
age of sawtooth wave form for developing sequentially
the resonant frequencies of the different cells in the stor-
age unit. The signal input information can be applied
simply to the write-in switch for closing it whenever
there is a piece of information to be stored. In this way
the input information can be stored in a first sweep of
the sawtooth wave. The stored information is read out
in a succeeding sweep of the sawtooth wave simply by
closing the read-out switch regularly as the output fre-
quency of the backward wave oscillator passes through
successive resonant frequencies of the storage system.

It is evident that various modifications can be intro-
duced without departing from the spirit of the invention.

In particular, it will be obvious that a plurality of pieces
of information can be stored simultaneously and/or read
out simultaneously by applying to the storage unit energy
including simultaneously appropriate frequency compo-
nents. In particular, by applying a pulse having all the
resonant frequencies of the storage unit all the cells can
be sampled simultaneously and the output will contain
only energy of those resonmant frequencies which had
previously been stored. It is obvious that this adapts the
system to various logic functions important to computers.
In such applications, the multifrequency source may be
provided by a plurality of backward wave tubes each sup-
plying a common or separate microwave circuit surround-
ing the storage medium.
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What is claimed is:

1. A data storage system comprising a storage medium
having a plurality of paramagnetic ions characterized by
at least two discrete electron energy levels, means for
supplying to said storage medium, under the control of
information to be stored, read-in energy of frequencies
corresponding to the separations between a pair of said
energy levels, said read-in energy being effective to trans-
fer a substantial proportion of the electron population in
the lower of said pair levels to the upper level of said
pair, means for supplying to said storage medium, under
the control of read-out intelligence, read-out energy of
frequencies corresponding to the separations between said
pair of energy levels, and means for simultaneously de-
tecting absorption of said read-out energy.

2. A data storage system as in claim 1 and further
comprising means forming an inhomogeneous magnetic
field, said storage medium being positioned in said field,
said field being effective to establish in said medium a
plurality of storage cells each having a different character-
istic separation between pairs of energy levels.

3. A storage system in accordance with claim 1 in
which the storage medium comprises a powder of ran-
domly oriented crystallites.

4. A data storage system comprising a paramagnetic
electron-resonant storage medium characterized by an
electron-resonance frequency band, means for supplying
to said medium, under the contrcl of information to be
stored, read-in energy of frequencies within said resonance

band for saturating corresponding storage cells, means for 3

supplying te said medium, within the electron spin-lattice
relaxation time of the storage cells and under the control
of read-out intelligence, energy of frequencies within said
resonance band for sampling corresponding storage cells,
and means for simultaneously detecting absorption of said
read-out energy.

5. A data storage system as in claim 4 and further
comprising means forming an inhomogensous magnetic
field, said storage medium being positioned in said field,
said ficld being effective to esteblish in said medium a
plurality of storage cells each having a different resonant
frequency band.

6. A data storage system as in claim 4 wherein said
storage medium comprises a powder of randomly oriented
crystallites,

7. A storage system comprising means forming a mag-
netic field, a storage medium characterized by a plurality
of paramagnetic ions each of which has at least a pair of
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discrete electron energy levels said medium being posi-
tioned in an inhomogeneous portion of said magnstic
field, said field being effective to establish in the storage
medium a plurality of storage cells each having a different
characteristic resonant frequency, a microwave circuit
coupled to the storage medium, a backward wave oscil-
lator capable of generating the resonant frequencies of the
medium, means under the control of input information
for supplying to the backward wave oscillator voltages
adapted for providing at the output of the backward wave
oscillator energy of selected resonant frequencies of the
medium for application to the microwave circuit for satu- -
rating corresponding storage cells of the medium, means
under the control of read-out intelligence for supplying
voltages to the backward wave oscillator adapted for pro-
viding at the output of the backward wave oscillator en-
ergy of selected resonant frequencies of the medium for
application to the microwave circuit for sampling corre-
sponding storage cells of the medium, and means for
simultaneously detecting absorption of said selected fre-
quencies.

Refevences Cited in the file of this patent
UNITED STATES PATENTS

2,718,629 Anderson —oo . __ Sept. 20, 1955

2,955,252 Williams —ooomme Oct. 4, 1960

3,072,890 Smith v Jan, 8, 1963
FOREIGN PATENTS

817,475 Great Britain meoeccm e July 29, 1959

OTHER REFERENCES

Publication: “A Solid State Paramagnetic Resonance
Spectrometer,” from Journal of Scientific Instruments, vol.
34, June 1957, pp. 236-239, 324--58.5.

Publication: “Solid State Spectroscopy,” from Spectros-
copy at Radio and Microwave Frequencies, by Ingram,
pages 12-14, published by Buferworth’s Scientific Publi-
cations in London, 1955.

IBM Technical Disclosure Bulletin, vol. 2, No. 2, 1959,
Spin Resource Memory Adder and Apparatus, W. V.
Smith,

Beli Laboratories Record, vol. XXXI, No. 4, April
1953; “Paramagnetic Resonance Absorption in Organic
Free Radicals,” A, N. Holden; page 121.

Physical Review, vol. 104, October-December 1956;
page 846, “Paramagnetic Resonance of Hydrogen Atoms
Trapped at Liquid Helium Temperatures,” Jen et al,



