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ELECTRON SPIN RESONANCE
MICROSCOPE FOR IMAGING WITH
MICRON RESOLUTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to and the benefit of co-
pending U.S. provisional patent application Ser. No. 60/598,
100, filed Aug. 2, 2004, which application is incorporated
herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with Government support from
the National Science Foundation (NSF) under Grant No.
CHEO0098022. The Government has certain rights in the
invention.

FIELD OF THE INVENTION

The invention relates to magnetic resonance imaging in
general and particularly to high resolution electron spin reso-
nance (ESR) imaging.

BACKGROUND OF THE INVENTION

Many fields of science and medicine require the close
observation of small samples, for example, thin tissue slices
extracted from living organisms or living/fixed cell cultures.
Currently, the leading modalities for these kinds of observa-
tions are optical and fluorescence microscopy. These tech-
niques are very mature and provide rich information regard-
ing the investigated sample. Nevertheless, such optical-based
modalities lack the ability to observe moderately thick three-
dimensional (3D) non-transparent samples. They can not
measure vital parameters such as molecular self diffusion and
3D flow vectors, and, for example in terms of medical tissues,
many times result in inconclusive clinical diagnosis of histo-
logical samples. Furthermore, using optical methods, the fol-
lowing difficulties are encountered: it is difficult to image
accurately the O, partial pressure in specimens; it is difficult
to recognize with high specificity various superoxides in the
imaged sample; one can not measure a variety of image
contrasts such as the spatially-resolved magnetic resonance
relaxation times (T, and T,) and the lineshape of the spins in
the sample; and optical methods lack the possibility to corre-
late in-vitro with in-vivo measurements.

Nuclear Magnetic Resonance (NMR) microscopy, in
which the nuclear spins can be considered as a unique kind of
magnetic stain or dye, is currently a relatively widespread
complimentary imaging tool for small samples that is found
useful in many diverse clinical situations to achieve high
identification specificity and measurement accuracy in cases
of inflammation, fluid diffusion, blood flow and perfusion,
lipid content, tissue types such as cancer, and tissue necrosis.
NMR microscopy has also been found useful in materials
science and botany to investigate and measure flow and
porosity. Several NMR devices and applications of NMR
microscopy are described in U.S. Pat. Nos. 5,258,710, 5,394,
088, and 5,416,414. Thus, NMR microscopes are routinely
employed in many fields of science and medicine, and several
companies are producing such instruments commercially.
Some people have even combined NMR and optical micro-
scopes. The main drawback of the existing NMR micro-
scopes is their high price (in the range of $500,000 to $1,500,
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000, mainly due to the superconducting magnet technology
required for their operation), and the limited image resolution
they offer (>10 microns), which can not rival the <0.5 micron
resolution of optical imaging modalities. Due to these limi-
tations (and regardless of the many potential advantages), the
full potential of magnetic resonance microscopy cannot be
readily exploited and such instruments are presently much
less abundant than the optical-based microscopes in scientific
and medical laboratories around the world.

Another, less common technique of magnetic resonance
imaging, employs electron spin resonance (ESR) in paramag-
netic molecules, rather than the spins of hydrogen nuclei.
Whereas the field of NMR microscopy is well developed,
ESR microscopy is not. Nevertheless, ESR has inherently
many potential virtues over NMR, which could make this a
technique of choice for Magnetic Resonance (MR) micro-
scopic applications. For example, the signal per spin is much
higher than in NMR, diffusion does not limit the resolution in
the short time scales (T,’s~us) of the ESR measurements,
ESR micro-resonators detect with a quality factor (Q) of
~1000 compared to the Q~10 of the NMR micro-coils, and
the ESR lineshape is more sensitive to dynamic effects, lead-
ing to richer information. An additional factor is the low cost
of electromagnets used in ESR as compared to the expensive
superconducting magnets of NMR microscopes. Since most
samples do not contain stable paramagnetic molecules, para-
magnetic species (often in the form of stable organic radicals)
must be added in a manner similar to that of adding contrast
agents in NMR or dyes in optics. This is a standard procedure,
especially for microscopy, which also offers the benefit of
eliminating any concerns associated with a large undesirable
background signal, (such as protons in NMR). An ESR
microscope can provide similar spatially resolved sample
parameters to those obtained by NMR measurements, (i.e.
spin concentration, relaxation times T,, T,, and diffusion
coefficient), which compliments the information obtained by
conventional optical microscopy.

Up to now, most ESR imaging (ESRI) efforts in biological
samples have been directed towards observation of large sub-
jects and to determining the radical and oxygen concentration
(by its effect on the radical line width). U.S. Pat. Nos. 5,502,
386, 5,578,922, 5,678,548 and 5,865,746 describe some of
these efforts. Such experiments, conducted in-vivo, employ
low fields of ~10 mT at low RF frequencies (which results in
relatively low spin sensitivity), so that the RF energy will
penetrate deeply into the relatively large biological object.
Consequently, a typical voxel resolution in low frequency
ESR experiments is ca. [2 mm]°. Most low-field ESR imaging
techniques are based on Continuous Wave (CW) detection
where the image is obtained by applying static gradients in
various directions with respect to the object, which is some-
times referred to as the back projection technique. However,
utilization of a single pulse Free Induction Decay (FID)
sequence in conjunction with pulsed and static gradients has
been also explored.

Previous publications, including a paper from one the
inventors, have described in the past an ESR resonator based
on high permittivity KTaO; and demonstrated its application
in the field of ESR spectroscopy. Such high permittivity small
resonator structures, however, were not employed in the past
as a basis for a miniature ESR imaging probe (which includes
a resonator and the imaging gradient coils).

Other emerging techniques of high resolution ESR imag-
ing include the use of magnetic tips (Magnetic Resonance
Force Microscopy), Hall detection, scanning-tunneling
microscopy (STM-ESR), and miniature microwave scanning
probe. Nevertheless all these methods can be employed only
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to a very limited extent when botanically and biologically-
related or relatively thick samples are considered. Thus, for
example, the detection by magnetic tips as described in U.S.
Pat. No. 6,683,451 suffers from low 3D sensitivity, especially
when the samples are thicker than a few microns. Further-
more, this technique requires extreme physical conditions
(high vacuum and often low temperatures), and can be
employed only after complicated sample preparation. The
STM-ESR is a surface (two-dimensional, or 2D) technique
capable of handling only solid state samples placed over a
conductive surface and also required extreme physical con-
ditions for successful operation. The Hall detection and the
miniature microwave scanning probe methods also operates
only on the surface, or slightly below it, and have not proven
to be useful in micron resolution imaging.

A number of problems in nuclear magnetic resonance
imaging have been observed, including the need for strong
magnetic fields, requiring expensive superconducting mag-
nets, and the limited spatial resolution of images that are
obtained.

There is a need for magnetic resonance imaging systems
and methods that provide high resolution 2D and 3D images,
especially for thin and thick biologically-related samples, at
modest cost, and in short (1-10 min) acquisition times.

SUMMARY OF THE INVENTION

The present invention is an ESR-based microscope, which
may be employed to obtain micron resolution images of bio-
logical- and materials science-related samples. Conceptually,
it combines the fields of NMR microcopy with the field of
large scale in-vivo ESR. One novel element of the invention
lies in the use of specially designed miniature microwave
resonators along with integral miniature magnetic field gra-
dient coils, which facilitate the combination of high sensitiv-
ity and high spatial resolution. The miniature gradient coils
set are placed very close to the resonator without affecting its
microwave performance. Other novel aspects are related to
theuse of fast pulsed field gradient, unique sample containers,
the use of special stable free radical material as an imaging
contrast medium, and the system architecture.

A publication, published by the inventors less than a year
before the submission of co-pending U.S. provisional patent
application Ser. No. 60/598,100 of which priority is claimed,
describes the general theory of ESR microcopy, both for CW
and pulse operation, in terms of image signal-to-noise-ratio
(SNR) and image resolution. It also provides an example of a
2D CW ESR imaging probe, with some measured results.

In one aspect, the invention relates to a electron spin reso-
nance instrument for obtaining electron spin resonance
images of a specimen. The electron spin resonance images
have a resolution of at least 10x10x30 microns. The images
are acquired in a time period of less than 10 minutes.

In one embodiment, the electron spin resonance image has
a resolution of 5x5x10 microns. In one embodiment, the
electron spin resonance image has a resolution of 3x3x8
microns. In one embodiment, the electron spin resonance
image has a resolution of 1x1x5 microns. In one embodiment,
the electron spin resonance image has an electron spin sensi-
tivity of 10° spins per voxel for 60 min acquisition at room
temperature. In one embodiment, the electron spin resonance
image has an electron spin sensitivity of 10° spins per voxel
for 60 min acquisition at room temperature.

In one embodiment, the electron spin resonance instrument
is configured to operate using continuous-wave electron spin
resonance (CW ESR). In one embodiment, the electron spin
resonance instrument of comprises (a) a conventional CW
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ESR spectrometer; (b) an imaging probe comprising a micro-
wave resonator, and one or more gradient coils in electrical
communication with the CW ESR spectrometer; (c) a signal
conditioner for receiving, amplifying and conditioning the
signal from the ESR spectrometer and provides an amplified
and conditioned signal as output; (d) a computer which con-
trols an imaging process and processes the conditioned output
signal; and (e) at least one current driver for the gradient coils,
the at least one current driver being controlled during the
imaging process and driving at least one of the gradient coils.
In one embodiment, the signal conditioner is a filter and a
base band amplifier. In one embodiment, the baseband ampli-
fier operates up to a frequency of 250 kHz.

Inone embodiment, the electron spin resonance instrument
further comprises a mechanical fixture for holding a sample.
In one embodiment, the electron spin resonance instrument
further comprises () a control unit.

In one embodiment, the magnetic resonance instrument is
configured to operate using pulsed electron spinresonance. In
one embodiment, the electron spin resonance instrument
comprises (a) a computer which controls the overall image
acquisition process through a user interface; (b) a timing
system; (c) a digitizer; (d) an analog output device; (e) a
microwave reference source; (f) a low power pulsed micro-
wave bridge; (g) a low power microwave transceiver; (h) a
solid-state power amplifier; (j) at least one pair of gradient
coil drivers; (i) a pre-regulated high voltage power supply; (k)
an imaging probe; (1) a high voltage tracking power supply;
and (m) a monitor scope.

In one embodiment, the computer is a personal computer.
In one embodiment, the user interface is a graphical user
interface. In one embodiment, the timing system comprises a
plurality of TTL outputs, time resolution of less than or equal
to 10 ns, programming time of 10 us or less, and minimal
pulse length ofless than or equal to 50 ns. In one embodiment,
the timing system comprises at least four analog outputs and
an update rate of at least 200 kHz. In one embodiment, the
microwave reference source comprises a power output of
approximately 10 dBm at the 2-18 GHz range. In one embodi-
ment, the low power microwave transceiver operates in the
6-17 GHz range. In one embodiment, the low power micro-
wave transceiver is a homodyne transceiver that comprises
one transmission channel with bi-phase modulation, which
controls the individual pulse phase. In one embodiment, the
individual pulse phase is a selected one of 0°, 90°, 180°, and
270°.

In another aspect, the invention features a miniature imag-
ing probe for an electron spin resonance imaging apparatus,
comprising a microwave resonator and at least one gradient
coil.

In one embodiment, the microwave resonator comprises
high permittivity material. In one embodiment, the high per-
mittivity material has a non-conducting dielectric ring struc-
ture. In one embodiment, the microwave resonator is config-
ured to permit gas flow for temperature stabilization of the
microwave resonator. In one embodiment, the miniature
imaging probe for an electron spin resonance imaging appa-
ratus further comprises a microstrip to obtain a high coupling
coefficient. In one embodiment, the at least one gradient coil
is configured to exhibit fast response when operated in pulsed
mode. In one embodiment, the at least one gradient coil is
configured to consume less than 1 Ampere when operated in
CW mode.

In one embodiment, the miniature imaging probe for an
electron spin resonance imaging apparatus further comprises
a shield material having electromagnetic shielding properties
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in the microwave regime, while providing electromagnetic
transparency in the megahertz regime.

In one embodiment, the resonator material possesses at
least one of the following unique features and advantages for
ESR microscopy: a high concentration of electromagnetic
[EM] field by high-permittivity dielectric (thereby yielding a
high SNR and a small “effective volume” from which the
signal is obtained); a proportional concentration of B, field
and correspondingly reduced r.f. (radio-frequency/micro-
wave) input power; a proportional reduction of power dissi-
pation in gradient and modulation coils; a smaller resonator
and consequently reduction in the requirement for the volume
ofhomogenous B, which allows the use of a smaller primary
magnet; a minimized resonator volume that alternately per-
mits the use of a permanent magnet assembly (with vernier
scan coils) for the B, field; a non-conducting dielectric ring
structure that is inherently immune to eddy current effects. In
one embodiment, the construction features facilitate speci-
men insertion and manipulation (e.g., for precise positional
adjustment of high permittivity bio-samples). In one embodi-
ment, the open design permits unimpeded gas flow for tem-
perature stabilization of resonator (for controlled-tempera-
ture experiments and removal of heat generated in gradient
and modulation coils). In one embodiment, the microwave
coupling scheme utilizes microstrip or thin coaxial antenna to
obtain high coupling coefficient in limited space without
introduction of a deleterious metallic ground plane in sensi-
tive regions (which can cause the reduction of the resonator Q
or enable Eddy currents that disturb the magnetic field near
the sample). Coupling may also be achieved through the use
of'adielectric waveguide antenna. Such an antenna allows the
elimination of any metallic parts in the vicinity of the reso-
nator and consequently provides better immunity to eddy
currents effects that may arise due to the pulsed field gradi-
ents.

In one aspect, the invention features efficient magnetic
field gradient coils for CW and pulsed imaging. In the CW
embodiment, the coils consume currents of less than 1 A to
produce the necessary gradients. In the pulse embodiment,
the coils exhibit the fast response necessary for pulsed imag-
ing.

In one aspect, the invention relates to shielding for the
imaging probe that comprises a material having electromag-
netic shielding properties in the microwave regime, while
providing electromagnetic transparency in the megahertz
spectral regime, of the applied pulsed field gradients.

In one aspect, the invention relates to the use of stable
organic radicals for microscopic calibration and labeling
applications. In some embodiments, the organic radicals
include, for example, trityl ((tris-(8-carboxyl-2,2,6,6-tet-
rakis-methyl-benzo[1,2d:4,5-d"bis(1,3)dithiole)methyl),
LiPc (Lithium Phthalocyanine radical) and their derivates. In
addition, functional and sample preparation aspects related to
the invention such as pulsed 2D/3D ESR imaging, sample
preparation methods, spectrometer architecture, and CW and
pulse current drivers are believed to be novel and patentable.

Other exemplary features of the invention that are believed
to be significant include: the possibility in CW mode of vary-
ing the phase and or frequency of the excitation of the gradient
coils during the integration time to improve the SNR and/or to
reduce artifacts; the use of high permittivity material with low
losses as components of the imaging probe; the ability to
position samples in a millimeter-sized resonator to accuracies
of' 50 to 100 microns (and proportionally more accurately as
the resonator size is reduced); the use of automatically con-
trolled or computer controlled (as compared to manually
controlled) high gain amplifiers in baseband amplifier and
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filtering units; the possibility of using temperature shift at the
resonator for tuning the resonance frequency; and the use of
many generally known deconvolution methods, and associ-
ated computer programs or software modules for obtaining
images in the projection reconstruction method.

In some embodiments, data obtained from the use of the
ESR microscope may be combined with confocal optical
and/or fluorescence microscopy data to provide better assign-
ment of the image and more complete information about the
imaged object.

Other types of samples that may be imaged by ESR micros-
copy are samples for materials science applications (such as
paramagnetic semiconductors), samples for botanical appli-
cations, and even limbs or organs of small animals (ex-vivo
and in-vivo).

In another aspect, the invention relates to the process of
operation of an instrument used to obtain magnetic resonance
images with a resolution of better than 1x1x5 microns in
several minutes of acquisition for small samples.

The foregoing and other objects, aspects, features, and
advantages of the invention will become more apparent from
the following description and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects and features of the invention can be better
understood with reference to the drawings described below,
and the claims. The drawings are not necessarily to scale,
emphasis instead generally being placed upon illustrating the
principles of the invention. In the drawings, like numerals are
used to indicate like parts throughout the various views.

FIG. 1 shows a block diagram of an exemplary CW ESR
microscope, according to principles of the invention.

FIG. 1A shows a block diagram of an alternative embodi-
ment of a CW ESR microscope, according to principles of the
invention.

FIG. 2 shows a block diagram of an exemplary pulsed ESR
microscope, according to principles of the invention.

FIGS. 3a, 3b, and 3¢ show schematic drawings of an exem-
plary imaging probe, according to principles of the invention.

FIG. 3d is an exploded view of an embodiment of three
orthogonal gradient coil pairs, according to principles of the
invention.

FIG. 4 shows an exemplary sample container, according to
principles of the invention.

FIG. 5 shows an exemplary imaging sequence for pulsed
ESR imaging, according to principles of the invention.

FIG. 6 shows an example of a CW ESR image of a solid test
sample, according to principles of the invention.

FIGS. 7a-7f'show 2D and 3D ESR images acquired using
apparatus and methods embodying principles of the inven-
tion, and a corresponding optical image.

FIG. 8a is an optical image of a LiN¢-BuO liquid suspen-
sion in a thin nylon mesh.

FIG. 85 is an ESR image of the LiNc-BuO liquid suspen-
sion obtained according to principles of the invention.

FIG. 9 shows an example of a pulsed ESR image of a liquid
sample typical of a biological specimen, and a corresponding
optical image, according to principles of the invention.

DETAILED DESCRIPTION OF THE INVENTION

An Electron-Spin Resonance [ESR] (also referred to as
Electron-Paramagnetic Resonance [EPR]) microscope is
described, and methods of use of the microscope are pre-
sented. This imaging system overcomes the resolution limi-
tations of existing NMR-based magnetic resonance micros-
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copy and provides complimentary 3D information to optical
microscopy, in a sub-micron resolution. The ESR microscope
may be realized as a compact stand-alone instrument or as a
retrofit compatible with existing ESR spectrometer instru-
ments. Two distinct means of obtaining ESR micro-images,
based on continuous-wave [CW] and pulsed signal acquisi-
tion methods, are possible with minor variation of the ESR
microscope invention. As used in this application, the term
“image” and its variants (e.g., images, imaging, and so forth,
whether used as a noun or as a verb) refer to spatially resolved
(1D, 2D, or 3D) information that can be obtained about the
examined sample, or the act of obtaining such information,
using the inventive instruments and methodologies described
herein. This information can be any of the spin concentration,
the spin relaxation times (T, T,), the line shape of the spins,
the diffusion coefficient of the spin probes, or any other
spatially resolved parameters known in the art to be measur-
able by magnetic resonance imaging techniques.

We describe new instruments and methodology to obtain
high resolution (better than 1 micron) magnetic resonance
images of small samples (mainly, but not limited to, biologi-
cal samples) with relatively simple and inexpensive means.
The method relies on the imaging of stable radicals, which are
affixed to the sample, rather than observing the hydrogen
protons or other nuclear spins (as NMR does). The imaging of
stable radicals (termed FElectron Spin Resonance, or ESR,
imaging) is a well known technique commonly employed in
the scientific community for more than two decades. It pro-
vides similar or, in same cases, even superior information to
that obtained by NMR imaging. The process of affixing the
stable radicals to the sample is fairly well developed and is
similar to applying contrast agents in NMR or fluorescence
probes/dyes in optical microscopy. However, the previous
resolution obtained by ESR imaging (especially for bio-
samples) has been limited to ~0.1 mm for 2D and 3D images.
We overcome this limitation and can produce resolution that
is better than 1 micron, for a relatively short acquisition time
of several minutes, by the combination of a new microwave
resonator, efficient gradient coils, advanced imaging algo-
rithms, novel stable radicals used as the imaging media, the
use of higher microwave frequencies, and data acquisition
technology. Combining these novel subsystems enables us to
produce a desktop ESR microscope, based on electromagnet
and modern microwave technology that facilitates fast, low
cost and reliable magnetic resonance imaging of small
samples for a variety of biological, biomedical and materials
science applications.

General System Description

The ESR microscope is comprised of a static magnetic
field source, a microwave source and a detector, a microwave
resonator, a mechanism for sample positioning and align-
ment, at least one and preferably three gradient coils, option-
ally bias coils for Field Frequency Lock (FFL) (a mechanism
that uses the ESR signal to correct for any magnetic field
drifts by means of DC biasing one of the gradient coils within
the imaging probe), and a computer for control and data
processing. Either continuous-wave or pulsed operational
ESR microscopy instruments are possible with appropriate
sub-system variations, and have been demonstrated. In the
ESR microscope, a primary magnetic field polarizes the elec-
tron spins of the free radicals. The gradient coils generate
magnetic fields that are added to the static main field and vary
across the sample volume to facilitate the spatial resolution of
the system. The microwave source excites the spins, produc-
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ing characteristic signals, which are concentrated by the
microwave resonator, then detected, digitized, and analyzed
in the computer.

System Features

In the embodiments described herein, the high resolution
of'the ESR microscope is achieved through the use of one or
more of the following system features: 1. a miniature resona-
tor (typical size of 0.3-3 mm, depending on the frequency); 2.
efficient gradient coils producing gradients of ~1-10 Tesla per
meter (1/m) for one ampere (1 A) of current (for CW and
pulsed systems); 3. the ability to apply either or both of
integrated modulated-gradient field [MGF] and projection
reconstruction [PR] methods for CW imaging; 4. advanced
fast pulsed magnetic field gradient current drivers; and 5. high
repetition averaging capability for pulsed-mode imaging.

System Capabilities

The systems of the invention described herein have been
demonstrated on samples having size: 4x4 mm and ~0.3 mm
thick. It is believed that a resolution of better than 1x1x5
micron can be attained (depending on frequency of opera-
tion). To date, in some embodiments, ~5x5x10 micron reso-
Iution has been attained in pulse mode at 9 GHz, ~3x3x8
micron resolution has been attained in pulse mode at 16 GHz,
and ~10x10x30 micron resolution has been attained in CW
mode at 9 GHz. Typical image acquisition time is approxi-
mately 10 min for a 256x256x64 pixel (or voxel) image in
pulse mode and ~60 min for 128x128x32 pixel images in CW
mode. The high resolution results (down to sub micron) men-
tioned should be achieved at higher frequencies, e.g. 35-60
GHz. Different types of images representing different type of
information from the same sample, may be obtained through
the use of different pulse sequences as known in the art (e.g.,
image of the radical concentration, image of the lineshape of
the radicals, image of the spatially resolved relaxation param-
eters T, T, of the radicals, or the self diffusion coefficients
through the use of fixed or pulsed field gradients). It is
expected that improved manufacturability or performance
will be achieved with further modifications of the apparatus.
In one embodiment, the electron spin resonance image has an
electron spin sensitivity of 10° spins per voxel for 60 min
acquisition at room temperature. It is believed that the elec-
tron spin resonance image can have an electron spin sensitiv-
ity of 10° spins per voxel for 60 min acquisition at room
temperature.

Detailed Hardware Description

CW ESR Microscope

FIG. 1 shows a block diagram of an exemplary CW ESR
microscope 100. The CW ESR microscope instrument com-
prises: (a) a conventional CW ESR spectrometer 105, for
example a commercially available CW ESR spectrometer
such as a Varian, Bruker, or JEOL instrument, modified with:
(b) an imaging probe 110 that includes a microwave resona-
tor, a mechanical fixture for holding the sample, one or more
gradient coils (preferably for three orthogonal axes), and a
magnetic field modulation coil (which is similarto aCW ESR
resonator); (¢) a dedicated computer 115 which controls the
imaging process and acquires the ESR signal; (d) at least one
current driver 120 for the gradient coils (and preferably three
current drivers for driving three gradient coils); and (e) a
baseband (up to ~250 kHz) amplifier and filter unit (signal
conditioner 125) which obtains the raw ESR signal from the
CW ESR spectrometer and preconditions it to enable the
signal to be digitized, for example by an A/D card. The
computer can be any commercially available general purpose
programmable computer having sufficient computational
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power to perform the required computations. The computer
can be, for example, a desktop computer, a laptop computer,
or another commercially available computation device hav-
ing memory for holding programmed instructions and data,
and input and output ports and devices for accepting instruc-
tions from a user and for reporting information to the user in
any convenient form. The computer can run data acquisition
software (for example LabView version 7 software available
from National Instruments, or another user interface compris-
ing a graphical user interface (GUI)), and comprises an ana-
log-to-digital (A/D) card 130 (for example, the PCI-6023
from National Instruments) for data digitization and acquisi-
tion. The computer also comprises a digital-to-analog (D/A)
card 135 (for example, a PCI analog output card with 8
outputs and an update rate of up to ~200 kHz, such as the
PCI-6713 from National Instruments) to generate analog out-
put signals, such as the gradient waveforms for the three
imaging axes and the waveform for the modulation coil. The
current waveform in the gradient coils can be generated either
directly at the computer analog output card or in a control unit
as described in the alternative embodiment hereinbelow.

In operation, a sample is loaded into the imaging probe
110. The CW ESR spectrometer 100 applies electromagnetic
energy to the imaging probe 110 and receives return signals.
The return signals are communicated to the ESR signal con-
ditioner 125 and then passed to the A/D 130 for digitization.
The digital signals produced are communicated to the com-
puter 115, which is operating software to analyze the digital
signals and to display results to a user. The computer 115 can
also communicate control signals to the imaging probe 110
by way of D/A 135 that converts digital signals generated by
the computer 115 to analog signals that are communicated to
the current drivers 120 which control the signals applied to
gradient coils operating in conjunction with the imaging
probe. The gradient coils apply gradient signals to the imag-
ing probe 110, thereby spatially encoding the signal detected
by the CW ESR spectrometer 105, which spatially encoded
signals are then fed back to the computer 115 as previously
described. A user or a programmed sequence can command
the computer 115 to modify the gradients according to prin-
ciples that will allow the discovery of useful ESR information
about the sample of interest.

FIG. 1A shows a block diagram of an alternative embodi-
mentofa CW ESR microscope, according to principles of the
invention. The second embodiment of the CW ESR micro-
scope has the following components: a. conventional CW
ESR spectrometer; b. dedicated computer which controls the
imaging, process and acquires the ESR signal; c. current
drivers for the gradient coils; d. baseband (up to ~250 kHz)
amplifier and filter unit (signal conditioner); e. control unit;
and f. imaging probe that includes the microwave resonator,
mechanical fixture for holding the sample, and gradient coils.

To image a sample, one must first attach the imaging probe
(described in greater detail with respect to FIG. 3a-3d here-
inbelow) to the CW ESR spectrometer (by replacing the
conventional resonator). The imaging probe is connected to
the spectrometer through the microwave (MW) input/output
of the spectrometer and the modulation coils line (similar to
any CW-ESR resonator). In addition, the probe is connected
to the gradient current drivers and to air and water cooling
lines. The water and air cooling lines are useful to maintain a
stable resonance frequency of the high permittivity resonator
(FIG. 3b). The investigated sample should be sealed (under
normal or deoxygenated atmosphere) between two flat glass
cover slips and inserted, with the help of the sample holder, to
a well-defined, closely controlled position in the center of the
resonator. Following this, the ESR spectrometer is set to
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acquire the signal of the sample at the required conditions of
MW power, static magnetic field, and main modulation. After
fixing the spectrometer on the maximum of the ESR signal,
the computer controlled imaging procedure is initiated, and
the gradient coils are activated to obtain the image. In some
embodiments, the ESR microscope incorporates a Field Fre-
quency Lock (FFL) system that adjusts the main (static) mag-
netic field by biasing the modulation coils of the imaging
probe, and maintains the on-resonance condition throughout
the period of the imaging experiment. The FFL. mechanism
uses the ESR signal to correct for any magnetic field drifts by
means of a bias coil within the imaging probe that determines
the local static field at the sample (large electromagnet field+
bias coil field). Thus, the basic commercial CW ESR spec-
trometer is completely “unaware” of the imaging procedure,
with the interfaces between the spectrometer and the imaging
probe/system being kept to a minimum. The image is dis-
played on a monitor connected to the computer in real time
during the acquisition process and then can be saved and/or
manipulated as necessary.

CW ESR spectrometer. Most commercial CW ESR spec-
trometers (e.g. from Bruker, Varian, or JEOL) can be used as
a basis for the imaging module. The spectrometer serves as a
stable, amplitude controlled, MW source that is indepen-
dently frequency locked on the resonance frequency of the
imaging probe, by means of the spectrometer Automatic Fre-
quency Control (AFC). The spectrometer also provides a
current drive for the regular modulation coils of the imaging
probe and should allow for the operator to fix the external
static magnetic field close to the resonance field of the imaged
sample. The MW ESR signal returning from the imaging
probe is detected by the spectrometer and is pre-amplified
(and otherwise conditioned) at the spectrometer MW bridge.
In the case of a spectrometer (Varian E-12), we inserted prior
to the diode detection of the ESR signal from the resonator a
low noise X-band pre-amplifier (Miteq AFS3-08001200-14-
ULN). This amplifier improves the SNR of the spectrometer
by a factor of ~5 and its amplification gain (~25 dB) enables
the AFC of the Varian bridge to lock on the returning signal
even for low MW power (~1 uW), a power level that is
common in the present imaging technique. The diode
detected baseband signal is directly fed from the bridge pre-
amplifier (similar to the case of Time Resolved ESR measure-
ments) to a signal conditioning unit and then goes to the PC
for sampling and further analysis.

Control computer and imaging software: The entire imag-
ing process is controlled by a computer, such as a standard
personal computer (PC), equipped with an analog input+
digital I/O card (for example, National Instruments 6023E)
and an analog output card (for example, National Instruments
6713). These cards enable arbitrary waveform generation and
fast sampling of signals up to several hundred kHz. The
digital analysis of the sampled diode detected ESR signal
supersedes the need to employ a conventional lock-in ampli-
fier while simultaneously obtaining all the ESR signal har-
monics, in the correct phase, with respect to the main modu-
lation current. In one embodiment, the software operating on
the system is capable of acquiring 2D images at any given
location (using 3D slice selection), 3D images, and 4D spa-
tially resolved ESR line shape (spectral-spatial projection
reconstruction imaging). The imaging methods that can be
employed are either the PR or the MFG method. Both meth-
ods can in principle employ the MFG method for Z slice
selection. The control software (based on LabView) obtains
the imaging parameters from the user. These parameters
include, for example, the number of pixels in the image (along
the x and y axes), the current amplitude in the gradient coils,
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the waveform and frequency used in the modulated gradient
coils (e.g., sine, serrasoid, etc.), the image extent in mm, and
parameters related to the functionality of the FFL system. The
software can also acquire the normal ESR signal (first and
second harmonics), by sweeping the magnetic main (static)
field with the probe’s gradient coils. At the end of the imaging
process the data can be saved and/or further processed with
the aid of Matlab software or other similar mathematical
manipulation software. Such post processing includes, for
example, in the case of image acquisition through the PR
method, de-convolution of the projections and inverse Radon
transformation to obtain the image.

Current drivers for the gradient coils: The gradient coils are
driven by six programmable current sources, one current
source for each coil, each capable of supplying up to 3 A of
arbitrary waveform current, in the DC-10 kHz range. Each
current driver is based on a simple feedback loop. In practice,
the coils in the present system do not require more than 1 A to
generate high enough gradient fields. The low current con-
sumption of the system greatly simplifies the design and
space requirements for the driver unit.

Baseband amplifier and filter unit (signal conditioner): In
most ESR spectrometers, the ESR signal, detected by the
MW diode, goes through a baseband preamplifier that is part
of the commercial bridge. In some embodiments, the signal
level after this pre-amp is not high enough to be sampled
directly by the A/D card in the computer. To facilitate proper
A/D sampling we employ a signal conditioning unit compris-
ing band-pass filters and a high gain amplifier. The dual
band-pass filter transfers only signal at the regular modula-
tion frequency generated by the CW spectrometer, and its
second harmonic. In one embodiment, there is provided a
filter that transfers 25 kHz and 50 kHz and the spectrometer is
operated at 25 kHz modulation frequency. The high gain
amplifier (such as the Tektronix AM502) that follows the dual
band-pass filter produces variable gain (which in some
embodiments can be manually controlled) in the range of
40-100 dB.

Control unit: The current waveform in the gradient coils
can be generated either directly at the computer analog output
card or optionally in the control unit. If the computer analog
output card is used, the control unit is optional. The control
unit receives commands from the computer via the 8 bit
digital Input/Output (I/O) bus of the 6023E card and subse-
quently synthesizes the required waveforms. The control unit
is limited in the complexity of the waveform it can generate
(as compared to the arbitrary waveform generator of the ana-
log output card), but for most imaging tasks it has sufficient
capabilities. Its usefulness is that it reduces the overhead time
in the imaging procedure related to the calculation and gen-
eration of the different waveforms in the computer and thus
shortens the actual acquisition time by a factor of ~2. Com-
puter systems operating a high enough clock speeds do not
require the use of a control unit, but can perform all of the
necessary calculations and control operations directly.

Imaging probe: The imaging probe is an important com-
ponent of the CW imaging system. A schematic drawing of
the imaging probe is given in FIG. 3a. The probe is based on
adouble stacked ring resonator, machined from SrTiOj; single
crystal (Commercial Crystals, FL.. USA). This crystal has
permittivity of ~300 at room temperature and tan 3~5x107%.
Each one of the resonator rings is 0.55 mm in height with
outer diameter of 2.31 mm and inner diameter of 0.81 mm.
When the two rings were placed at a separation of ~0.4 mm,
the fundamental resonance frequency of this structure was
found to be ~9.15 GHz (in the center of the working fre-
quency of the Varian E-12 ESR spectrometer). The resonator
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is excited by a microstrip transmission line on a low-loss
substrate (GE electromaterials GTEK MIL200D Epoxy/
Polyphenylene Oxide resin). The excitation geometry and the
calculated fields of this resonator at the resonance frequency
have been calculated using CST Microwave Studio. The
“effective volume” of the resonator, as derived from the cal-
culated magnetic fields is ~3 mm?® for a ring separation of 0.4
mm. The two high permittivity rings are held by a Delrin part
ata fixed distance (see FI1G. 3b). This Delrin spacer also holds
the flat sample and enables precisely controllable positioning
of the imaged object in the center of the resonator. Variable
coupling is achieved by changing the distance between the
resonator rings and the microstrip line using a linear 1D stage
(for example, the non-magnetic model MDE 255 from Elliot
Scientific, GB). In addition, the vertical position of the rings
with respect to the microstrip line can be varied slightly by
moving the Delrin part up and down and/or adjusting the
vertical microstrip line position. This variability enables opti-
mal control of the rings’ coupling, for a wide variety of
samples.

The resonator rings are surrounded by a thin (for example,
0.12 mm thick) hollowed brass cylinder that shields the reso-
nator at the microwave frequencies, but is transparent to the
low frequency magnetic field gradients. The regular modula-
tion of the CW spectrometers (commonly at 25-100 kHz)
penetrates through the shield opening along the cylinder axis.
The loaded Q of the resonator was found to degrade slightly,
from ~1200 to ~900, when inserting it into the brass shield.
The gradient X, Y, and Z coils are arranged around the cylin-
drical shield, along with the regular modulation coils. The
gradient coils are made from bondable 38 AWG copper mag-
net wire, and the modulation coils are made from bondable 32
AWG wire. The innermost coils are the Y and Z gradient coils
respectively, which are based on a “Golay” design. The X
gradient coils (for example, a standard Maxwell pair), are
positioned in the outermost layer of the gradient coils, fol-
lowed by the main modulation Helmholtz pair. Gradient effi-
ciency is 4, 5, and 1.2 T/(m*A), and coil resistance is 9, 8.5,
and 4.4 Q for the X, Y, and Z coils respectively. These figures
significantly improve upon an earlier 2D probe design, which
achieved gradient efficiency of ~1.5 and 2.5 T/(m*A), for the
Y and X coils respectively, with coil resistance of 8 Q.

The probe structure is cooled by water flow, which main-
tains the entire brass structure at constant temperature. In
addition, the rings themselves are cooled by air or He flow to
maintain a stable resonance frequency, since the SrTiO; is
highly sensitive to temperature changes (at X-band the drift is
~20 MHz per ° K.). In principle, the water/air flow system can
be temperature controlled to regulate the temperature in the
range (~0-50° C.). The imaging probe can accommodate flat
samples with dimensions of ~1.5x1.5 mm (corresponding to
the active area/volume of the probe) and a height of up to ~0.5
mm (depending on the separation of the resonator rings). In
practice, for liquid samples, one should contain the sample in
a glass structure. It is convenient to employ thin cover slips
with a small acid etched “well”, as a convenient container for
the liquid samples, as described hereinbelow (FIG. 4). Such a
design enables one to measure a net sample size of ~1.5x1.5
mm and a height of ~0.25 mm. These samples can be sealed,
if necessary, under Argon atmosphere, by the use of UV
curable glue.

The spin sensitivity of the imaging probe was measured
with a 1 mM deoxygenated water solution of protonated trityl
radical. An SNR of 1.6x10* was obtained for a 0.06 pL
sample, with 1 s time constant and ~0.2 G field modulation.
This SNR is in good agreement with the results of our recent
prediction of an SNR of 1.8x10* for such a trityl sample. The
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measured SNR corresponds to a spin sensitivity of 2.2x10°
spins//Hz, and a concentration sensitivity of ~6.2x107®
M/ Hz, for the flat sample considered here. The combination
of high spin and concentration sensitivities, for samples of
small volume, is very helpful to facilitate high resolution
imaging capability.

Asnoted above, the system can employ two different imag-
ing methods to obtain the ESR image, within the framework
of CW acquisition. Some of the results discussed herein were
obtained with the PR method, which is a common method
used to acquire in-vivo CW-ESR images. This tomographic
imaging technique has been described in detail in many pre-
vious publications, and we shall not elaborate on it herein.
Other results presented here were collected employing the
MFG method. This method is less commonly employed since
it is mainly advantageous for microscopic applications. The
MFG method has been described previously, with discussions
of the image acquisition technique, image Signal-to-Noise-
Ratio (SNR), and gradient coil requirements. Nevertheless,
we include here, for clarity, a short outline of this method, and
also present a discussion of image resolution in 2D and 3D
imaging, as a function of the modulated field gradient ampli-
tude.

The idea behind the MFG method is to over-modulate the
entire imaged sample, apart from a single voxel, from which
the ESR signal is obtained. The over-modulation of the
sample is achieved by a set of gradient coils excited by a low
frequency periodic current. These coils have anull field point
that can be swept in space by changing the relative current
amplitude in each coil that produces the gradient field. Let us
analyze more quantitatively the imaging scenario and obtain
the image resolution for various cases. The time domain CW
ESR signal in the case of conventional field modulation is
given by (equation [1]):

S(t, Bs)=So/{[AB /52 P+(Bs+B,, sin ©,,£)°}

where AB, ,, is the Full Width Half Maximum (FWHM) of the
ESR line; Bs=(B-B,), where B, is the center of the line; B,, is
the modulation field amplitude (at a frequency of e.g. 100
kHz). The addition of sinusoidal modulation fields, whose
amplitudes depend both on time and the spatial location,
results in the following spatial/time domain signal (equation
[2]):
S, 3, 2, 1, Bs)=So/{ {AB /21 +[Bi+B,,, il 0,,1+5" (x)
sin (DXZ+ByZ(y)Sin((Dyl+¢y)+BZZ(z)Sin((;)zl+¢z)]2}

The modulated field gradients for the X, Y, and Z axes—
B*,, B”,, B”,, and of course the main modulation field, B,,, are
all in the direction of the laboratory Z-axis (determined by
B,). The field B,, is assumed to be homogenous over the entire
sample volume (i.e., without any spatial dependence). The
modulated field gradients are employed at much lower fre-
quency (e.g. 10-1000 Hz), and have the following spatial
dependence (equations [3]):

B ,=xG,
B”.=G,
B?, =G,

It is thus clear that at the origin, where (x,y,2)=(0,0,0), the
second equation simplifies to the first equation. At other loca-
tions however, the ESR signal is greatly attenuated, due to the
over-modulation induced by the modulated gradients, and
this attenuation increases as the voxel is more distant from the
origin. The origin (null field point) can be moved by changing
the ratio of the currents in the pairs of coils, which generate
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the modulated field gradients. The entire image is obtained by
electronically scanning the imaged voxels within the sample
volume.

We shall now address the issue of image resolution. Quali-
tatively, it is clear that the image resolution should be finer as
G,, G, and G, increase. In addition, the gradient modulation
frequencies w,, ,, w,, the relative phases between the gra-
dient modulation (¢,, ¢,), and also the time constant of the
CW ESR signal acquisition affect the image resolution. In
order to provide quantitative analysis of these factors, we
examine the ESR signal harmonics (with respect to the main
modulation frequency). These harmonics are detected by the
CW ESR spectrometer and are given (for the p™ harmonic)
by:

a,=[T0S(, . 7, 1, By)sin(pw,, 1)t [4]
It B* =B” =B°_,=0, then each harmonic signal has a specific
field, Bg=B™, for which it is maximal (for example, for the
second harmonic signal, B”;=0). As one increases B*,, B”_,
and/or B°,, the amplitude of a, at B™; will decrease and
quickly reach zero. To calculate the image resolution, for a
specific signal harmonic p, we first find the field B” 5 and then
increase B*,, B”,, and/or B?, (depending on the dimensional-
ity) in our numerical calculations of a,, until a, at B"y
becomes zero. The values of B*,, BY,, and/or B?, for which
a,=0, divided by the applied gradient (equation [3]), provides
us the image resolution. This resolution is analogous to the
Rayleigh criterion for resolution in optics.

The calculations of the resolution were performed numeri-
cally for several representative cases. We assumed for pur-
poses of this analysis that o, =w,=w, (although the system can
support different frequencies for the X, Y, and Z gradient
coils, see below). Also G,=G,=G,=G, and the integration
time, T, in equation [4] was taken as the period time of ... The
relative phases, ¢,, and ¢,, are determined according to the
dimensionality of the problem: When increasing the dimen-
sionality of the image (e.g., from 1D to 2D), every point in
space experiences the added fields of more than one coil pair.
This can lead to “interference effects,” through which strong
image artifacts are created if ¢,=0, since the resolution
depends on the direction taken from the null point. To avoid
such artifacts, one should apply a phase difference between
the modulated fields of the different axes. In the 2D calcula-
tion, we employed an optimal ¢,=90°, and in the 3D example
we applied ¢,=120°, ¢,=240°. This approach tends to mini-
mize the spatial dependence of the resolution (i.e., image
artifacts) by averaging out the positive and negative interfer-
ence effects. Similar artifact cancellation can be achieved by
employing different modulated gradient frequencies for each
axis. Both methods (i.e., phase and/or frequency variation
amongst the imaging axes) can be employed in our imaging
system.

Imaging procedure. We have outlined the imaging process
from the perspective of the operator of the system. The actual
processes that occur “behind the scenes” are more involved
and warrant some discussion. Two representative examples
are described for the MFG and the PR imaging methods.

We describe typical representative input and output signals
for a3D MFG imaging experiment with FFL control, namely
the current in the gradient coils (channels X, X,,Y,,Y,,Z,,
Z.5), the regular modulation coils (mod) and the resulting first
and second harmonics ESR signals (S1 and S2 respectively).
The modulated gradient coils operate at a typical frequency of
~10-200 Hz. Each imaging axis may have its own distinct
frequency or relative phase (to control and avoid image arti-
facts). The current ratio between the amplitudes of the coil
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pairs (for example X,/X,) determines the position of the null
field for that specific pair while the current amplitude of both
coils determines the resolution of that axis. At the end of the
acquisition period of a single voxel (typically 1-1000 ms), in
one embodiment, the system pauses to process the data,
update the output buffer of the computer/controller and
observe the signal without any modulation to correct for any
frequency/field variation (the FFL mechanism). The current
in the gradient coils is set to zero at the “rest” period to
observe the bulk sample signal. The current in the X coils is
not zero at the “rest” period since it includes a common-mode
DC bias employed for the FFL field corrections, which is why
the sine modulation of this coil pair is offset from zero. The
FFL correction mechanism relies on the first harmonic signal,
S, (which should be zero at resonance), while the image
signal is obtained from the second harmonic signal S, during
the modulation period.

Typical representative input and output signals for 2D/3D
projection reconstruction (PR) imaging experiment with FFL.
control are described. The X and Y coil pairs provide a gra-
dientalong a specific angle (tan =Y /X, ). The current within
a certain coil pair (for example X, and X,) is not necessarily
equal. This enables one to shift the origin in the XY image
plane. The scan of the main (static) magnetic field (to obtain
the projection) is performed with the Z coils. For optional
Z-slice selection by the modulated field gradient method, one
can superimpose a sinusoidal waveform on top of the scan
Z-field. In some embodiments, the superimposed modulated
field is at a typical frequency of ~10-200 Hz. In addition, in
this case the Z coil pair also compensates for field drifts (FFL)
so the waveform of these coils also has some DC bias super-
imposed. As in the previous case, at the end of the scan (or
possibly several times within the scan, if the scan is long) the
acquisition process pauses to obtain the un-modulated/zero
gradient signal from the sample and to correct the FFL
accordingly. The signals S, and S, show a typical projection
(e.g., asignal reminiscent of the second derivative of a square
wave, or the first derivative of a pulse) that occurs at each of
two small point-like radical grains.

Pulsed ESR Microscope

We now turn to the description of a 3D electron spin reso-
nance (ESR) micro-imaging system, operating in pulse mode
at9 GHz and 16 GHz. This pulsed-mode system is capable of
obtaining 3D images with typically 256x256x64 voxels in a
resolution of ~5x5x10 pm (9 GHz), and ~3x3x8 pum (16
GHz), at ~10 min of acquisition time and with voxel SNR of
up to ~200. The detection sensitivity at room temperature is
~1.2x10" spins/yHz (9 GHz), and ~6x10® spins/Hz (16
GHz), which enables the measurement of 2x107 (9 GHz),
~1x10 (16 GHz) spins in each voxel after 60 min of acquisi-
tion. The resolution and detection sensitivity are the best
obtained so far for ESR at ambient conditions of temperature
and pressure. This ESR microscope can be employed to study
a variety of problems in botany, life and materials science.

The high spatial resolution, image size, SNR and short
acquisition time is the current state-of-the-art of any magnetic
resonance microscopy technique (ESR and NMR), which can
be readily applied to a wide variety of biological, botanical
and materials science applications. In contrast to NMR, the
short time scale of ESR experiments (ns up to us) makes it
difficult to employ many pulsed imaging techniques, which
require short microwave pulses, short and intense pulsed field
gradients, and a fast acquisition and data averaging system.

FIG. 2 shows a block diagram of an exemplary pulsed ESR
microscope 200. The pulsed ESR microscope comprises a
control computer 210 which in some embodiments includes a

20

25

40

45

60

65

16
General Purpose Interface Bus (GPIB) card 212, a timing
system card 214, a digitizer-averager 216, and an analog
output card 218. The pulsed ESR microscope 200 also com-
prises a microwave reference source 220. The pulsed ESR
microscope 200 also comprises a pulsed microwave bridge
230 that includes a microwave transceiver 232 and a micro-
wave solid state power supply 234. The pulsed ESR micro-
scope 200 also comprises an imaging probe 240, one or more
(and preferably three orthogonal) gradient coil drivers 250,
high voltage preregulators 260, a high voltage tracking power
supply 265, and an output device such as a monitor scope 270.

The control computer 210 and the pulsed microwave
bridge 230 can communicate with all of their respective com-
ponents. In FIG. 2, additional communication paths in the
pulsed ESR microscope 200 are indicated by arrows. In the
pulsed ESR microscope 200, the GPIB card 212 signals the
microwave reference source 220. The timing system card 214
signals the microwave transceiver 232 and the gradient coil
drivers 250. The analog output card 218 signals the gradient
coils drivers 250 and the high voltage preregulators 260. The
microwave reference source 220 signals the microwave trans-
ceiver 232. The microwave transceiver 232 signals the digi-
tizer-averager 216 and the microwave solid state power
amplifier 234 and receives back the ESR signal from the
imaging probe 240. The microwave solid state power ampli-
fier signals the imaging probe 240. The gradient coils drivers
250 signal the imaging probe 240 and the monitor scope 270.
The high voltage preregulators 260 are in bi-directional com-
munication with the high voltage tracking power supply 265.

The computer 210 controls the overall image acquisition
process through the use of software that provides a user
interface, for example LabView version 7 or other software
that provides a GUI with general purpose hardware control.
The timing system card 214 is some embodiments is a com-
mercial PCI card with multiple TTL outputs, time resolution
of 10 ns, programming time of ~10 ps and minimal pulse
length of 50 ns, such as the PulseBlaster Model 100-24 from
SpinCore, FL., USA. In a preferred embodiment, the timing
system has a time resolution of 1 ns. In some embodiments,
the digitizer-averager 216 is a commercial 8-bit digitizer card
for raw data acquisition and can average two (2) channels at a
sampling rate of 100 MHz or greater, can average up to 1 M
waveforms/sec, and has a memory depth of 1 Mbyte, such as
the AP-240 from Acqiris, Switzerland. In some embodi-
ments, the analog output card 218 is a PCI-6711 or a PCI-
6713 card from National Instruments. In some embodiments,
the microwave reference source 220 is a synthesized source
having power output of ~10 dBm at the 2-18 GHz range, such
as HP8672 A or the HP8620C. In a preferred embodiment, the
microwave reference source 220 is a stable phase locked
dielectric resonator oscillator (DRO) source. In some
embodiments, the low power pulsed microwave bridge 230
comprises a 6-17 GHz low power transceiver 232 and a solid-
state power amplifier 234, such as an amplifier having 2 W
output, 40 dB gain such as those of Quinstar, CA. USA.Ina
preferred embodiment, the solid state power amplifier is an
amplifier with power output of 4-10 W. In one embodiment,
the transceiver 232 is a homodyne transceiver that incorpo-
rates one transmission channel with bi-phase modulation,
which controls the individual pulse phase (e.g. 0° or 180° for
echo phase cycling), or with quadrature phase capability (0°,
90°, 180° or 270° phase cycling).

In overview, the operation of the pulsed ESR instrument
may be described as follows: the system computer 210 con-
trols the timing system card 214 to initiate a pulse sequence in
the microwave bridge transceiver 232 and in the pulse gradi-
ent current driver unit 250. The excitation pulses (after ampli-
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fication) and the gradient current go into the imaging probe
240. The echo signal from the imaging probe 240 is detected
in the transceiver 232, sampled and averaged by the fast
digitizer 216 and then processed in the computer 210.

In operation, the timing system triggers the transmission
pulses, determines the bi-modulator phase, and provides trig-
gers for the PIN diode protection of the receiver while trans-
mitting the high power pulses. The relatively low power out-
put of the transceiver is sufficient to provide hard 90° pulses
of ~50-80 ns with the small resonator used. The pulsed gra-
dient coils in the imaging probe are driven by a pair of gra-
dient coil drivers fed by pre-regulated high voltage power
supplies. The gradient coils driver has four channels. Two of
the channels can generate large (up to ~8 A peak) half sine
current pulses by pre-charging a capacitor and subsequently
discharging it into the gradient coil. The capacitor voltage is
determined by the pre-regulated high voltage power supply,
and is proportional to the analog voltage it receives from the
analog-output card. The two remaining channels produce
constant DC current into one of the axes of the gradient coils
and into a bias coil, which produces a static field and is used
to lock the magnetic field on the resonance frequency of the
spins by sampling the FID signal without any gradients and
correcting for any field drifts.

The imaging probe is shown generally in FIG. 3 hereinbe-
low, and is similar to the 9 GHz miniature 3D probe employed
for CW ESR imaging. The main differences between the CW
and the pulsed probes are in the structure of the gradient coils
and the microwave resonator shield. The y- and z-axis gradi-
ent coils (based on Golay geometry) are optimized for pulsed
currents, and have relatively small inductance of ~6.5 pH.
They produce a gradient of 1.6 and 1. 1 T/(m*A) (for the y-
and z- axis respectively, measured with pick-up coil at 1
MHz), when the coil pairs are connected in parallel. The
x-axis gradient coil operates in DC mode (Maxwell pair), and
has inductance of ~90 pH, and a gradient efficiency of 3.5
T/(m*A) (when the coil pair is connected in series). In one
embodiment, a very thin gold foil (~0.2 um) is used as a shield
between the coils structure and the microwave resonator. This
prevents the microwave field from escaping the resonator
structure, while simultaneously enabling the transmission of
the magnetic field pulse gradients into the resonator structure
without producing any potentially disturbing eddy currents.
The resonator has a loaded quality factor at critical coupling
of ~400, and an effective volume of ~3 mm?>.

The performance of the system was verified with respect to
theoretical predictions of SNR and image resolution. The
SNR was measured at 9 GHz for 0.05 mm? sample of 1 mM
water solution of protonated trityl radical containing ~3x10*>
spins. The measured single shot SNR (without any gradients)
of ~100 agrees well with theory, which predicts an SNR of
~75 for this small sample. This corresponds to detection
sensitivity at room temperature of ~1.2x10” spins/ /Hz, which
enables the measurement of ~2x107 spins in each voxel after
60 min of acquisition. Similar measurements at 16 GHz found
detection sensitivity of ~6x10® spins/ Hz,.

Imaging Probe

FIGS. 3a, 3b, and 3¢ show schematic drawings of an exem-
plary imaging probe. FIG. 3a is a diagram showing the imag-
ing probe in perspective view. In FIG. 3a one can see the
relative positions of a support, for example made of brass,
which includes a water cooling circuit (not shown, that is
provided with cooling water by the inlet/outlet show. A one-
dimensional (1D) precision linear translation stage is pro-
vided to permit the movement of the sample/sample holder
within the probe. In more complex devices, a plurality of
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precision translation stages can be provided to allow the
sample to be manipulated in a plurality of directions. In FIG.
3a, one also sees the sample and resonator holder, the modu-
lation coils, the X, Y, and Z gradient coils, and an air cooling
aperture. Microwave power is applied by a microstrip trans-
mission line that is connected to a power supply with a micro-
wave coaxial line.

FIG. 3b is a perspective drawing showing the resonator, a
microstrip transmission line, and a Delrin sample and reso-
nator holder when the various modulation coils are absent.

FIG. 3¢ is a drawing showing the probe structure as seen
from the direction of an air cooling hose, showing the layout
of the modulation coils with respect to the resonator rings.

FIG. 3d is an exploded view of an embodiment of three
orthogonal gradient coil pairs. The dimensions are given in
millimeters for the embodiment shown. The main modulation
coils that are used with this embodiment are a Helmholtz pair
having a separation of 5 mm and a radius of 6 mm.

As shown in FIGS. 3a-3d, the miniature ESR imaging
probe comprises a resonator and at least one gradient coil. In
preferred embodiments, there are provided gradient coil pairs
for each of three orthogonal axis directions. In one embodi-
ment, the microwave resonator is made of high permittivity
material (typically €>100). In one embodiment, the micro-
wave resonator is made from SrTiOj; single crystal rings. In
one embodiment, the resonator material possesses at least one
of the following unique features and advantages for ESR
microscopy: a high concentration of electromagnetic [EM]
field by high-permittivity dielectric (thereby yielding a high
SNR, and a small “effective volume” from which the signal is
obtained); a proportional concentration of B, field and corre-
spondingly reduced r.f. (radio-frequency/microwave) input
power; a proportional reduction of power dissipation in gra-
dient and modulation coils; a smaller resonator and conse-
quently reduction in the requirement for the volume of
homogenous B, which allows the use of a smaller primary
magnet; a minimized resonator volume that alternately per-
mits the use of a permanent magnet assembly (with vernier
scan coils) for the By, field; a non-conducting dielectric ring
structure that is inherently immune to eddy current effects. In
one embodiment, the construction features facilitate speci-
men insertion and manipulation (e.g., for precise positional
adjustment of high permittivity bio-samples). In one embodi-
ment, the open design permits unimpeded gas flow for tem-
perature stabilization of resonator (for controlled-tempera-
ture experiments and removal of heat generated in gradient
and modulation coils). In one embodiment, the microwave
coupling scheme utilizes microstrip or thin coaxial antenna to
obtain high coupling coefficient in limited space without
introduction of a deleterious metallic ground plane in sensi-
tive regions (which can cause the reduction of the resonator Q
or enable Eddy currents that disturb the magnetic field near
the sample). Coupling may also be achieved through the use
of a dielectric waveguide or wire antenna. Such antennas
allow the elimination of any metallic parts in the vicinity of
the resonator and consequently provide better immunity to
eddy currents effects that may arise due to the pulsed field
gradients.

The gradient coils shown in FIGS. 3a-3d are efficient mag-
netic field gradient coils for CW imaging. In the CW embodi-
ment, the coils consume current of less than 1 Ampere (1 A)
to produce the necessary gradients. The X, Y, and Z gradient
coils are arranged around the cylindrical shield, along with
the regular modulation coils. In one embodiment, the gradient
coils are made from bondable 38 AWG copper magnet wire,
and the modulation coils are made from bondable 32 AWG
wire. The innermost coils are the Y and Z gradient coils
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respectively, which are based on a “Golay” design. The X
gradient coils (which in some embodiments are a standard
Maxwell pair), are positioned in the outermost layer of the
gradient coils. The main modulation Helmholtz pair of coils
are outside the X gradient coils. In some embodiments, gra-
dient efficiencies 0f 4, 5, and 1.2 T/(m*A), and coil resistance
of'9, 8.5, and 4.4 Q for the X, Y, and Z coils, respectively, are
observed. In general other similar arrangements can be made
in which the order of the coils (e.g., which is innermost and
which is outermost) may be interchanged.

The efficient magnetic field gradient coils shown in FIG.
3a-3d canbe used for pulsed imaging. The same resonator can
be used for CW and pulse with only the gradient coils inter-
changed. The gradient coils for pulse differ from the CW by
their lower inductance, which enables them to exhibit the fast
response necessary for pulsed imaging (rise and fall times of
~50ns). Also, in the pulse mode the shielding for the imaging
probe that comprises a material having electromagnetic
shielding properties in the microwave regime, while provid-
ing electromagnetic transparency in the megahertz spectral
regime, of the applied pulsed field gradients.

Sample Container

FIG. 4 shows an exemplary sample container 400. In one
embodiment, the sample container 400 is fabricated in a glass
slide 405 or cover slip. A circular sample well 410 is etched in
one surface of the sample container 400. A rectangular trough
420 is etched along the periphery of the glass object, which
rectangular trough 420 serves as a stop line for cement that is
applied to the glass cover slip for bonding to a similar glass
cover slip (not shown) that is used as a cover to protect the
sample. When the cement is applied to the periphery of the
glass slip and the cover is positioned, the rectangular trough
420 prevents the cement from being squeezed into the sample
well 410. As may be understood, the rectangular trough 420
can be replaced with a trough of a different geometry that
circumscribes the sample well 410.

The sample container of FIG. 4 is used for lossy liquid-like
samples. In one embodiment, it is made of thin ~100-500
micron rectangular (3-5 mm wide, ~10-20 mm long) cover
glass 405 that is etched by acid to produce the patterns as
shown. The sample is placed in the circular etched groove
410, which conforms to the location of the magnetic field RF
lines of the ESR resonator (once the sample is centered in the
imaging probe). In some embodiments, the diameter of the
etched circular groove 410 is ~200-2000 microns, and the
depth is ~50-400 microns. These dimensions are useful for
minimizing the dielectric losses. The sample container is
sealed by a similar cover glass with UV curable glue applied
along the borders of the container (separated from the liquid
sample by the rectangular groove).

FIG. 5 shows an exemplary imaging sequence for pulsed
ESR imaging. In one embodiment, the imaging sequences
employed in the pulsed ESR micro-imaging system are based
on a simple primary-echo with constant gradient that encodes
the spins along the x-axis with different frequency, and two
phase gradients for encoding the information on the yz plane.
Hard 90° and 180° pulses are used to excite all the spins in the
sample. This sequence can be repealed every ~T,. In this
embodiment, because of limits in available amplifier power,
we employed two 80 ns 90° pulses rather 90° and 180° pulses.

Examples of Image Acquisition

We now present some examples of information obtained
using the instruments and methods described hereinabove.
The examples include both CW and pulsed imaging method-
ologies, and include a number of different specimen types. In
CW, these observations enable us to quantify the resolution,
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SNR and image quality obtained in 2D and 3D measurements
with the MFG and the PR methods, which provides a good
basis for comparison and discussion about their different
advantages and disadvantages. In pulse mode, these results
demonstrate the upper limits of the system performance.

A small phantom of LiPc (lithium phthalocyanine radical)
crystal was used to examine the resolution limits of an
embodiment of a CW ESR imaging system, since this mate-
rial has high spin concentration in each voxel (resulting in
high SNR) and narrow linewidth, <0.01 mT (under nitrogen
atmosphere). FIG. 6a shows an optical image of the phantom
at low magnification, with the Nylon mesh seen at the left of
the image serving as a scale. FIG. 65 shows atypical CW ESR
imaging result for this sample, obtained with the MFG
method when employing gradients of 1.2 T/m. The net image
acquisition time (for 64x64 pixels) is 2 min. However, due to
current limitations of the data acquisition equipment, the
experiment actually took ~15 min. The image SNR (max
signal from a voxel divided by the RMS of the noise in areas
of the image where no radicals are present) was found to be
~110. These images can be compared with our theoretical
estimates of image SNR, and the spin sensitivity of the probe
described above. The radical concentration is ~102° spins in 1
cc (provided that the material density is ~1), which implies
that there are 8x10"! spins in an image voxel of 10x10x80
microns. We know that Q~1000, and the resonator active
volume is ~3 mm?® and we also assume T, and T, values
similar to that of 1 mM trityl radical in water solution. All
these parameters result in an estimated SNR of ~150 for the
MFG method (considering the 2" harmonic signal ). Accurate
absolute predictions of the image SNR (and the ESR signal in
general) are somewhat problematic and the present results
provide relatively good agreement to the theoretical predic-
tions, and are also compatible with the measured probe spin
sensitivity described herein.

With respect to the image resolution, a reasonable defini-
tion for resolution would be: “the smallest distance between
two point samples, which still enables them to be resolved
separately.” However, it is difficult to produce such “point”
samples of spins accurately in the micron scale. Nevertheless,
the resolution of the image can be estimated from a one
dimensional cut through the object, similar to what is done in
NMR microscopy.

Thus, after analyzing the ESR images by taking a 1D cut at
certain locations one reveals that the measured resolution is
~10x10 microns for the 2D images acquired with both meth-
ods, and ~30 microns for the z slice separation in the 3D
images (the latter number is less reliable due to the difficulty
of accurately measuring the crystal Z dimension, which is
estimated to be ~80 microns). The image in FIG. 65 involves
gradients of 1 T/m, radical linewidth of 0.01 mT and main
modulation field of 0.015 mT, which results in the calculated
2D resolution of 9.5 um (for the second harmonic signal).

The 2D ESR image of FIG. 65 does not correspond exactly
to the optical image of FIG. 6a. This may be caused by 1) an
inhomogeneous distribution of spins within the phantom
(corresponding to the weak signal on the right side). In addi-
tion, 2) application of cyanoacrylate glue, during sample
preparation, destroyed some of the radicals in the lower part
of the phantom. The very similar results using both ESR
imaging methods reinforces our belief that the ESR images
are correct, and it shows that the optical image and ESR image
do not have to be the same (as one would expect), since they
measure different properties.

LiNc-BuO radical: Recently, a new type of LiPc derivative
was synthesized. This material, termed LiNc-BuO (Lithium
octa-n-butoxy-substituted naphthalocyanine radical), can be
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applied to biological samples in-vivo/in-vitro as a high con-
centration micro-particulate liquid suspension. The linewidth
of'this radical increases significantly with increasing oxygen
concentration. FIGS. 7a-7f present 2D and 3D ESR images,
acquired with the MFG and PR methods, of a test sample,
which contains these radicals in a solid form. The sample was
prepared in the following manner: A UV laser (A=193 nm,
Lumonics PM-848k excimer laser) was used to drill three
small pits in a thin (150 um) glass cover slip. The position of
the center of the pits can be controlled to a high degree of
accuracy (~0.2 um) with an XY table. However the geometry
of'the pits depends on the shape of the laser beam, which tends
to be oval rather than perfectly round, and also changes along
the pit depth. A high resolution optical microscope (Olym-
pus) was used to measure the typical pit dimensions (~25-40
um, depending on the position along the depth), and to esti-
mate the depth of the pits (as marked on FIG. 7f). The glass
with the 3 pits was placed in a 10 mM LiNc¢c-BuO suspension
and then was taken out and its surface was cleaned with a
sharp knife.

The line width of the LiNc-BuO radical in the partially
oxygenated sample is 0.03 mT. FIG. 7a shows part of a 2D
ESR image acquired with the PR method. The original image
was obtained using 128 sampling points of 128 projections
(in equal intervals at 0-360 deg), gradients of 2 T/m, time
constant of 100 ms per point, and image acquisition time 0f 27
min. FIG. 756 shows a 2D ESR image of the same glass target
(without any Z-slice selection), acquired with the MFG
method, XY gradients of 1.2 T/m, a time constant 0of 0.4 s. The
total image acquisition time for the 64x64 pixels is 27 min.
FIG. 7¢ shows a 3D ESR image acquired with the MFG
method employing Z-slice selection to observe only the upper
part of the glass. The X, Y and Z gradients were all ~1.2 T/m,
the microwave power used was ~40 uW (larger than the LiPc
case due to the relatively wide linewidth of this radical), and
regular modulation amplitude of ~0.05 mT was applied. The
time constant was 0.4 s, and the image acquisition time (for
64x64 voxels) was 27 min. FIG. 7d shows the same region as
FIG. 7a, but for Z slice selection of the center of the glass.
FIG. 7e shows the same region as FIG. 75, but for Z slice
selection of the bottom of the glass. FIG. 7f'shows an optical
microscope image of the measured sample. The numbers near
each radical spot represent the depth of the pit.

The 2D images of this sample (FIG. 7a-b), acquired with
the PR and MFG methods, show good agreement with one
another and also correspond well to the optical image (FIG.
7f). The apparent increase in image “noise” (as compared to
the 3D images in FIGS. 7¢-7e) is probably due to the signal
from residual radicals left on both sides of the glass (that are
largely eliminated in the 3D image). One important issue that
is evident from these 2D images is that the PR image has
fewer pixels than the MFG image. This is due to the fact that
in the PR method one has to acquire information from the
entire sample and cannot collect information from only a
small part of the sample (as the MFG can). In the present case,
there were residual signals from the glass surface and the
edges of the glass. These signals had to be collected with the
PR method, which resulted in a rather large image of ~2x2
mm, with only 90x90 pixels (after inverse Radon transform of
the 128 projections, each with 128 samples). This is a disad-
vantage for PR in microscopy applications. The 3D ESR
image of the upper side of the glass (FIG. 7¢) follows closely
the optical image, but with an additional small signal that is
probably due to some residual radicals that were not removed
from the glass surface. FIGS. 7d-7e show the gradual disap-
pearance of the signal from two out of the three pits, due to
their different depths (FIG. 7f), as the imaging slices observe
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different parts of the glass. Again, some residual signal may
arise from radicals left on the upper and lower surfaces of the
glass.

It is difficult to supply meaningful quantitative analysis of
image SNR in this case due to the lack of a good assessment
of'spin density in the pits and the problem of residual radicals
on the glass surface that create effective “noise”. However it
is clear that this radical provides the possibility to look at very
fine details on the order of ~30 microns in a short acquisition
time of several minutes. In terms of image resolution, the
theoretical resolution for this radical, that (for the present
sample) has a linewidth of ~0.03 mT, is ~36 microns. This
rather low resolution is apparent in the broadening of the
signal from the small pits, but still enables good separation
between the pits that are separated ~70 micron apart (from
edge to edge).

Another imaging example, which is more relevant to bio-
logical applications involves a liquid suspension of the same
LiNc-BuO radical, obtained with the PR method for a sus-
pension (10 mM concentration) embedded within a fine nylon
mesh (obtained from Goodfellow USA; mesh aperture 50 um,
and wire size 39 pum). FIG. 8a is an optical image of the
LiNc-BuO liquid suspension in the thin nylon mesh. FIG. 85
is an ESR image of the liquid suspension. The gradients in X
and Y were 2 T/m and regular modulation field was 0.05 mT.
The image was acquired by collecting 128 projections (0-360
deg) with 128 sampling points at each projection, using a 20
ms time constant per sampling point. The total image acqui-
sition time was 6 min.

The PR is the method of choice when one requires fast
imaging of the entire sample in order to obtain, for example,
morphological information. Following the acquisition of the
PR image one can optionally observe in more detail some
specific voxels within the sample (employing the MFG). The
ESR image (FIG. 85) clearly shows: 1) the separation of the
compartments in the mesh, and 2) that the signal is obtained
only from the active area of the resonator. An interesting point
that should be noted is that such radical suspensions are
usually employed in in-vivo imaging studies with ~1 mm
resolution, and in this scale the suspension is rather uniform.
However, at the 10 micron scale, the suspension is not uni-
form and some of the areas contain larger grains than other
areas (as can also be seen in the optical image). This non-
uniformity is manifested in the ESR micro-image.

FIG. 9 shows an example of a pulsed ESR image of a liquid
sample typical of a biological specimen. This specimen was
prepared using a trityl solution embedded in a fine woven
Nylon mesh with mesh aperture of 50x50 pm and wire diam-
eter of 39 pum. This type of sample has well defined 3D
geometry and known spin concentration. In FIGS. 94 and 95,
the optical images show the circular area inside the imaging
probe (the white annular ring in FIG. 956). In FIG. 9c¢, there is
shown a single z slice of the 3D ESR image showing the mesh.
In FIG. 94, there is shown another z-slice which corresponds
to the slice of the solution below the mesh. In FIG. 9e, a
vertical cut through the sample (in the zy plane) is observed.
In FIG. 9, there is shown a reconstruction of the total solution
volume shown in FIG. 9d. The sample x axis is the vertical
axis in all images. The limited bandwidth of excitation with
the 80 ns pulse restricts the image extent along the x-axis.

The 3D image comprising 256x256x50 voxels was
acquired after 40 min. The theoretical calculated image reso-
Iutionis 8.8%10.5x19 um. The actual measured resolution can
be estimated from the sample features as they resolve in the
ESR image. If we adopt the Rayleigh resolution criterion, we
should be able to resolve in the xy-plane two ~10 pm voxels
with signal separated by a ~10 pm voxel without signal. The
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sample is not fine enough to directly obtain such information
but it readily shows excellent separation between the 50 um
voxels separated by the 39 pum wires. The separation along the
y-axis is of better quality than that along x-axis. This is due to
the Lorentzian line shape that decreases very slowly and
results in less resolved image when operating constant gradi-
ents than in the case of phase gradients. The z axis shows good
separation along the ~90 um high sample wherein the lower
part of the image, one clearly see only the solution and on the
upper part, the ~39 micron high mesh. The single voxel SNR
is ~40. Since we have 6x10° spins per [1 pm]?, or ~10° spins
per imaged voxel, the agreement between the image SNR and
the predicted/measure results is very good.

Machine-readable storage media that can be used in the
invention include electronic, magnetic and/or optical storage
media, such as magnetic floppy disks and hard disks; a DVD
drive, a CD drive that in some embodiments can employ DVD
disks, any of CD-ROM disks (i.e., read-only optical storage
disks), CD-R disks (i.e., write-once, read-many optical stor-
age disks), and CD-RW disks (i.e., rewriteable optical storage
disks); and electronic storage media, such as RAM, ROM,
EPROM, Compact Flash cards, PCMCIA cards, or alterna-
tively SD or SDIO memory; and the electronic components
(e.g., floppy disk drive, DVD drive, CD/CD-R/CD-RW drive,
or Compact Flash/PCMCIA/SD adapter) that accommodate
and read from and/or write to the storage media. As is known
to those of skill in the machine-readable storage media arts,
new media and formats for data storage are continually being
devised, and any convenient, commercially available storage
medium and corresponding read/write device that may
become available in the future is likely to be appropriate for
use, especially if it provides any of a greater storage capacity,
a higher access speed, a smaller size, and a lower cost per bit
of stored information. Well known older machine-readable
media are also available for use under certain conditions, such
as punched paper tape or cards, magnetic recording on tape or
wire, optical or magnetic reading of printed characters (e.g.,
OCR and magnetically encoded symbols) and machine-read-
able symbols such as one and two dimensional bar codes.

Those of ordinary skill will recognize that many functions
of electrical and electronic apparatus can be implemented in
hardware (for example, hard-wired logic), in software (for
example, logic encoded in a program operating on a general
purpose processor), and in firmware (for example, logic
encoded in a non-volatile memory that is invoked for opera-
tion on a processor as required). The present invention con-
templates the substitution of one implementation of hard-
ware, firmware and software for another implementation of
the equivalent functionality using a different one of hardware,
firmware and software. To the extent that an implementation
can be represented mathematically by a transfer function, that
is, a specified response is generated at an output terminal for
a specific excitation applied to an input terminal of a “black
box” exhibiting the transfer function, any implementation of
the transfer function, including any combination of hardware,
firmware and software implementations of portions or seg-
ments of the transfer function, is contemplated herein.

While the present invention has been particularly shown
and described with reference to the structure and methods
disclosed herein and as illustrated in the drawings, it is not
confined to the details set forth and this invention is intended
to cover any modifications and changes as may come within
the scope and spirit of the following claims.

What is claimed is:

1. An electron spin resonance (ESR) instrument for pro-
ducing a magnetic resonance image of a specimen compris-
ing:
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a miniature gradient coil; and

aminiature microwave resonator operably connected to the
miniature gradient coil, wherein:

the magnetic resonance image is an electron spin reso-
nance image,

the electron spin resonance image has a resolution of at
least 10x10x30 microns,

the electron spin resonance image is acquired in a time
period of less than 10 minutes, and

the miniature microwave resonator applies an RF magnetic
field for electron spin excitation and receives a resulting
ESR signal.

2. The electron spin resonance instrument of claim 1,
wherein said electron spin resonance image has a resolution
of 5x5x10 microns.

3. The electron spin resonance instrument of claim 1,
wherein said electron spin resonance image has a resolution
of 3x3x8 microns.

4. The electron spin resonance instrument of claim 1,
wherein said electron spin resonance image has a resolution
of 1x1x5 microns.

5. The electron spin resonance instrument of claim 1,
wherein said electron spin resonance image has an electron
spin sensitivity of 10° spins per voxel for 60 min acquisition
at room temperature.

6. The electron spin resonance instrument of claim 1,
wherein said electron spin resonance image has an electron
spin sensitivity of 10° spins per voxel for 60 min acquisition
at room temperature.

7. The electron spin resonance instrument of claim 1,
wherein said instrument operates at a frequency in the range
of 9 to 60 GHz.

8. The electron spin resonance instrument of claim 1,
wherein said electron spin resonance is continuous-wave
electron spin resonance (CW ESR).

9. The electron spin resonance instrument of claim 8, com-
prising:

(a) a conventional CW ESR spectrometer;

(b) an imaging probe comprising a microwave resonator,
and one or more gradient coils in electrical communica-
tion with said CW ESR spectrometer;

(c) a signal conditioner for receiving, amplifying and con-
ditioning said signal from said ESR spectrometer and
providing an amplified and conditioned signal as output;

(d) a computer which controls an imaging process and
processes said conditioned output signal; and

(e) at least one current driver for the gradient coils, said at
least one current driver being controlled during said
imaging process and driving at least one of said gradient
coils.

10. The electron spin resonance instrument of claim 9,
wherein said signal conditioner is a filter and a base band
amplifier.

11. The electron spin resonance instrument of claim 10,
wherein said baseband amplifier operates up to a frequency of
250 kHz.

12. The electron spin resonance instrument of claim 9,
further comprising a mechanical fixture for holding a sample.

13. The electron spin resonance instrument of claim 9,
further comprising:

(1) a control unit.

14. The electron spin resonance instrument of claim 1,
wherein said electron spin resonance is pulsed electron spin
resonance.

15. The electron spin resonance instrument of claim 14,
comprising:
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(a) acomputer which controls the overall image acquisition

process through a user interface;

(b) a timing system;

(c) a digitizer;

(d) an analog output device;

(e) a microwave reference source;

(®) a low power pulsed microwave bridge;

(g) a low power microwave transceiver;

(h) a solid-state power amplifier;

(j) at least one pair of gradient coil drivers;

(1) at least one power source for driving said at least one

pair of gradient coil drivers;

(k) an imaging probe;

(1) a high voltage tracking power supply; and

(m) a monitor scope.

16. The electron spin resonance instrument of claim 15,
wherein said computer is a personal computer.

17. The electron spin resonance instrument of claim 15,
wherein said user interface is a graphical user interface.

18. The electron spin resonance instrument of claim 15,
wherein said timing system comprises a plurality of TTL
outputs, time resolution of less than or equal to 10 ns, pro-
gramming time of 10 ps or less, and minimal pulse length of
less than or equal to 50 ns.

19. The electron spin resonance instrument of claim 15,
wherein said analog output system comprises at least four
analog outputs and an update rate of at least 200 kHz.

20. The electron spin resonance instrument of claim 15,
wherein said microwave reference source comprises a power
output of approximately 10 dBm through the 2-18 GHz range.

21. The electron spin resonance instrument of claim 15,
wherein said low power microwave transceiver operates in
the 6-17 GHz range.

22. The electron spin resonance instrument of claim 15,
wherein said low power microwave transceiver is a homo-
dyne transceiver that comprises one transmission channel
with bi-phase modulation, which controls the individual
pulse phase.

23. The electron spin resonance instrument of claim 22,
wherein said individual pulse phase is a selected one of 0°,
90°, 180°, and 270°.

24. The electron spin resonance instrument of claim 1
further comprising a signal conditioner.

25. The electron spin resonance instrument of claim 24
further comprising means for coupling the miniature micro-
wave resonator to the signal conditioner.

26. The electron spin resonance instrument of claim 1
further comprising a microwave bridge.

27. The electron spin resonance instrument of claim 26
wherein the microwave bridge is a CW ESR spectrometer.
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28. The electron spin resonance instrument of claim 26
wherein the microwave bridge is a pulsed microwave bridge.

29. The electron spin resonance instrument of claim 1
wherein the RF magnetic field is a microwave magnetic field.

30. A miniature imaging probe for an electron spin reso-
nance imaging apparatus, comprising a miniature microwave
resonator and at least one gradient coil, wherein:

the miniature microwave resonator applies an RF magnetic

field for electron spin excitation and receives a resulting
ESR signal, and

the gradient coil is compatible with ESR operation at a

frequency in the range of 9 to 60 GHz.

31. The miniature imaging probe for an electron spin reso-
nance imaging apparatus of claim 30, wherein said miniature
microwave resonator comprises high permittivity material.

32. The miniature imaging probe for an electron spin reso-
nance imaging apparatus of claim 31, wherein said high per-
mittivity material has a non-conducting dielectric ring struc-
ture.

33. The miniature imaging probe for an electron spin reso-
nance imaging apparatus of claim 30, wherein said miniature
microwave resonator is temperature stabilized by gas flow.

34. The miniature imaging probe for an electron spin reso-
nance imaging apparatus of claim 30, further comprising a
selected one of a microstrip, a dielectric antenna, and a
coaxial antenna to obtain a high coupling coefficient.

35. The miniature imaging probe for an electron spin reso-
nance imaging apparatus of claim 30, wherein said at least
one gradient coil exhibits fast response to driving-current
pulses when operated in pulsed mode.

36. The miniature imaging probe for an electron spin reso-
nance imaging apparatus of claim 30, wherein said at least
one gradient driver and coil minimizes power dissipation
when operated in constant-gradient (CW-emulation) mode.

37. The miniature imaging probe for an electron spin reso-
nance imaging apparatus of claim 36, wherein said at least
one gradient coil consumes less than 1 Ampere when oper-
ated in constant-gradient (CW-emulation) mode.

38. The miniature imaging probe for an electron spin reso-
nance imaging apparatus of claim 30, further comprising a
shield material having electromagnetic shielding properties
in the microwave regime, wherein the shield material pro-
vides electromagnetic transparency in the megahertz regime.

39. The miniature imaging probe for an electron spin reso-
nance imaging apparatus of claim 30, wherein the miniature
microwave resonator facilitates detection of an ESR signal.

40. The miniature imaging probe for an electron spin reso-
nance imaging apparatus of claim 30 wherein the RF mag-
netic field is a microwave magnetic field.

#* #* #* #* #*
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